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GENERAL INTRODUCTION

SECONDARY FORESTS IN THE TROPICS: A GENERAL CONTEXT
Tropical forest landscapes are changing rapidly. A growing human population and
economy lead to rising resource demands and hence increasing and intensifying landuse (Geist & Lambin 2002; DeFries et al. 2005; Foley et al. 2005; Perz et al. 2005).
Agricultural expansion and timber extraction have already caused the net loss of over
half of the original tropical old-growth forests, although estimations of total
accumulated deforestation and current rates of deforestation vary much due to
differences in definitions of forest, methods and interpretations (Achard et al. 2002;
Hansen & DeFries 2004; Wright 2005; FAO 2006; Wright & Muller-Landau 2006).
Estimations of deforestation rates in the 1990s and the first five years of this decade
vary between 5.8 million (Achard et al. 2002) and 13 million hectares (FAO 2006).
Natural old-growth forests are also being replaced by intensively managed plantations
for the production of e.g. timber, pulpwood or palm-oil (Sampson et al. 2005; FAO
2006), or degraded because of practices such as selective logging, infrastructure
development, hunting, or over-harvesting of NTFP’s (Robinson & Bennett 2000; Hassan
et al. 2005). Although such changes may imply serious degradation in terms of
structure, species diversity and ecosystem services, they hardly appear in statistics on
forest cover changes (Foley et al. 2005; Shvidenko et al. 2005; Foley et al. 2007). At the
same time forest planting and especially natural regeneration of secondary forests led
to significant reforestation; secondary forest succession on abandoned lands is
estimated to have reclaimed one of each six to seven deforested hectares in the Tropics
(Wright 2005).
There is, however, considerable ambiguity and confusion in the use and perception of
the term ‘secondary forest’. Two primary considerations may lead to divergent views
(and therefore statistics) on secondary forests (Chokkalingam & Jong 2001; Geldenhuys
et al. 2003). A first question is whether we should refer to secondary forest only when
they are the result of anthropogenic disturbances, or also of large-scale natural
disturbance, such as by hurricanes, fires or landslides. A second question is whether
intensity and scale of disturbance matters. The prevailing view is that secondary forest
is regrowth occurring on land that was totally cleared from its original vegetation on a
scale larger than naturally occurring disturbances (e.g. tree-fall). Particularly in tropical
Asia, however, logged-over forests are also considered to be secondary forests (Sist et
al. 1999; de Jong et al. 2001). As large-scale statistics on the extent and dynamics of
secondary forests are mainly based on satellite imagines, definitions of secondary
forests seem to be based on technical possibilities and restraints as much as on
conceptual issues though (e.g., Kuntz & Siegert 1999; Helmer et al. 2000).
Patterns, causes and dynamics of forest cover changes differ greatly within and
between regions (Lambin et al. 2001; Geist & Lambin 2002; DeFries et al. 2005; FAO
2006). In consequence, the context of land-use dynamics in which secondary forest
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succession takes place can be very different from one location to another. Most
secondary forests are part of swidden fallow or shifting cultivation agricultural
systems. These systems are, broadly speaking, any temporally and spatially cyclical
agricultural system that involves clearing – usually with assistance of burning – of land
followed by phases of cultivation and secondary forest regeneration during fallow
periods for the purposes of soil restoration. This type of agriculture is very common
throughout the Tropics and held responsible for deforestation and the formation of
secondary forests in large areas in the tropics (e.g., Myers 1993; Richards et al. 1996;
Brown & Schreckenberg 1998; Fox et al. 2000). An extensive review of 152 case studies
on net losses of tropical forest cover indicated that shifting cultivation is associated
with 48% of deforestation cases, although underlying economic, institutional, political,
social, and demographic driving forces were manifold and highly variable between
regions (Geist & Lambin 2002).
Furthermore, the term ‘shifting cultivation’ lumps a wide variety of very different
systems (Fig.1; Sunderlin 1997). On one side there still exists a large variety of smallscale traditional systems by indigenous communities. Indigenous people over vast – if
not all - parts of the Tropics practiced shifting cultivation over centuries, and still do so
in many areas. Their systems mostly consist of a sequence of short cultivation and long
fallow periods, combined with complex management of - and the use of a range of
products from fallow vegetation (e.g. Gómez-Pompa 1991; Remmers & Koeijer 1992;
Wal 1998; Cairns & Garrity 1999; Schmidt-Vogt 1999; Coomes et al. 2000; Floret &
Pontanier 2000). In many regions these land use systems are becoming increasingly
unsustainable as a consequence of a complex interplay of economic, social,
demographic and political pressures, acting in various combinations in different
regions. Population increase is mostly mentioned, but is not always the main driving
variable. Whatever combination of variables may play a role, the result is generally an
expansion or intensification of agriculture, based either on the clearing of old-growth
forest or an increasingly intensive use of agricultural areas, the latter normally through
reduction of the fallow period (Remmers & Koeijer 1992; Cairns & Garrity 1999;
Coomes et al. 2000; de Jong & Chokkalingam 2001; Geist & Lambin 2002; Metzger 2002;
Shriar 2002; Choudhury & Sundriyal 2003; Toledo et al. 2003; Perz et al. 2005).
An important factor is also the growing incorporation of cash crops (e.g. Lawrence et al.
1998) and livestock in the farming systems. Both encompass more extensive, (semi-)
permanent and intensive types of land-use. In Latin America for example, large scale
land-use conversion to pastures for cattle raising is among the major factors in tropical
deforestation (Nepstad et al. 1997; Mendoza & Dirzo 1999; Walker et al. 2000). This may
affect the extent and dynamics of (secondary) forest cover through different processes.
Rates of secondary forest development, in terms of biomass, canopy structure, soil
properties and species composition may be considerably slower on abandoned
pastures compared to abandoned agricultural fields, due to stronger absence of - and
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FIGURE 1. Schematic typology of shifting cultivation farming systems. Elaborated from
Sunderlin (1997), based further on references on shifting cultivation mentioned in the text.
OGF = Old Growth forest, SF = secondary forest. Most agricultural landscapes are highly
dynamic, with continuously changing patterns of land-use. Arrows give the direction of
changes that appear to prevail in tropical regions (see discussion in text).

isolation from propagule sources and more severely degraded soils (Nepstad et al. 1991,
see next sections). Furthermore the extensive nature of cattle farming may cause or add
to land scarcity, and hence to old-growth forest clearance and shorter fallow periods..
At the other end of the gradient of shifting cultivation systems (Fig. 1) are the so-called
frontier communities, consisting of recent settlers from other areas. Over-populations
and shortage of land elsewhere generally drives such migration, often stimulated by
government resettlement and transmigration schemes. Immigrants are usually
associated with large-scale deforestation in areas such as the Amazon (Walker &
Homma 1996; Nepstad et al. 1997) and the Lacandon and El Peten regions in Mexico
and Guatemala (Mendoza & Dirzo 1999; Cairns et al. 2000; de Jong et al. 2000; Shriar
2002). Often – but not always – they apply extensive forms of shifting cultivation with
very short fallow periods with a preference for old-growth forests for field
establishment and without management or further use of fallows (Myers 1993;
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Sunderlin 1997; Schmidt-Vogt 1999). In-migration is often from other ecological
regions, for example from highlands and temperate zones to lowland tropical zones as
in Mexico (Mendoza & Dirzo 1999). Hence knowledge on ecological conditions might
be limited among migrants and their agricultural practices less productive and
sustainable.
A particular case of land-use dynamics consists of natural post-abandonment forest
succession in areas where rural-urban migration, following socio-economic and
demographic changes, leaves marginal agriculture. In this case, the driving factors are
the decreasing local labor demand and crop prices due to large-scale high-input
agriculture, the increasing job opportunities in the cities due to developing industry
and services, and a range of local or regional problems including natural catastrophes,
conflicts, and environmental degradation (e.g., Aide & Grau 2004). Large scale
agricultural land abandonment and forest regrowth occurred before in the eastern
United States and in parts of Europe since as early as the late 19th and the early 20th
centuries, resulting in what is now part of the permanent forest cover in these regions
(Flinn & Vellend 2005). Puerto Rico and the Dominican Republic provide examples
from the Tropics. Formerly a large part of their land was under agricultural use, but
since the 1940s (Puerto Rico) and 1970s (Dominican Republic) economic changes
caused the abandonment of most of these areas (Thomlinson et al. 1996; Pascarella et al.
2000; Aide & Grau 2004; Lugo & Helmer 2004). In the Amazon (Moran et al. 1994;
Moran et al. 1996) and Costa Rica (Helmer 2000) other examples of long-time
abandoned pastures exist. However, similar processes seem not always to result in land
abandonment. In colonization zones in the Ecuadorian Amazon, short-cycle shifting
cultivation of crops for expanding urban and export markets were found to replace
semi-permanent land-use practices such as cattle ranging (Rudel et al. 2002). The result
was a net reforestation, but, different from the examples from Puerto Rico, consisting of
temporal young secondary vegetation.
Viewpoints on the role of shifting cultivation agriculture and secondary fallow
vegetation in the maintenance of biodiversity and sustainable local livelihood diverge
widely. Arguments that they are essential for the long term conservation and
management of forests and biodiversity (e.g., Kammesheidt 2002; Finegan & Nasi 2004)
are based on examples from the left-hand end of the continuum depicted in Fig. 1.
Moreover, optimism on recovery of forested landscapes and accompanying
environmental services by natural secondary forest succession on abandoned
farmlands seem to lean strongly on the many publications on such developments in
Puerto Rico, the Dominican Republic and some few other sites (e.g. Foster et al. 1999;
Grau et al. 2003; Aide & Grau 2004). In contrast, examples from the right-hand end or
cases in which a shift to the right is occurring may have fueled the opinion of many of
those who consider shifting cultivation a threat to forests and secondary forests of
limited value (e.g., Green 2005). These widely divergent views underline that

Chapter 1 – GENERAL INTRODUCTION – 5

perspectives on the role of secondary forest in maintaining ecosystem services on
landscape scale must be seen in the context of the local and regional land-use dynamics
(Chazdon 1998; Kammesheidt 2002; Finegan & Nasi 2004; DeFries et al. 2005).

PATTERNS OF TROPICAL FOREST SUCCESSION
Within the field of secondary forest succession in the Tropics, changes in community
structure and species composition with fallow age have been documented by
numerous studies (Brown & Lugo 1990; Guariguata & Ostertag 2001). Most commonly
studied variables are basal area, biomass, stem density, species richness and species
diversity. The most common approach to study such successional patterns is to select a
range of plots with different times since abandonment, assuming that they represent
different stages of a similar successional development; the so-called chronosequences
(see below). A classic example of such a chronosequence study is the work of
Saldarriaga and co-workers (1988). They studied the patterns of stem density, basal
area, biomass and species richness over a chronosequence of 80 years and their findings
are exemplary for the fairly general trends found across most studies (Fig. 2).
STEM DENSITY
Saldarriaga et al. (1988) found decreasing stem density with fallow age (Fig. 2A),
although age explained only a small proportion of between-plot variation. Quite
different patterns were observed in other studies. In a chronosequence on central
Amazonian abandoned pastures that covered 15 years post abandonment succession,
tree stem density followed a modal distribution over time with a peak between 6-8 y
(Feldpausch et al. 2005). In Puerto Rico, stem density increased up to ca. 25 years postabandonment and then stabilized for the next 35 years of succession (Aide et al. 1995).
In Panama, Denslow & Guzman (2000) found that density decreased over the first 70
years and increased over the following 30 years. Studies on succession on abandoned
agricultural fields (e.g. Peña-Claros 2003: 0-40 y; Toledo & Salick 2006: 1-36 y), on
abandoned pastures (e.g. Moran et al. 1996: 0-20 y; Rivera et al. 2000: 15-35 y), or on
coffee plantations (e.g. Marcano Vega et al. 2002: 10-40 y) however failed to find a
relation between stem density and fallow age, as did most comparable studies I am
aware of.
Hence, stem density does not appear to follow a predictable pattern with successional
age. Density is the result of recruitment, growth and mortality; i.e., it is potentially
influenced by a wide variety of factors, operating at a range of spatial and temporal
scales that vary in their effects on different size classes. For example, competition may
result in thinning among the smallest individuals, while growth of the survivors results
in an increasing stem density in larger size classes (Compare Fig. 2A with Fig. 2B).
Pioneer trees may attract dispersal vectors (e.g. bats and birds) (Guevara et al. 1992;
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FIGURE 2. Successional trends on abandoned agricultural fields in the Colombian and
Venezuelan Amazon near San Carlos de Rio Negro. Plot size was 0.09 ha-1, inventory
included all woody stems with dbh ≥ 1 cm. A) Stem density of stems with dbh ≥ 1 cm (R2 =
0.37, P = 0.006). B) Stem density of stems with dbh ≥ 10 cm (R2 = 0.64, P < 0.001). C) Basal
area (m2 ha-1, R2 = 0.64, P < 0.001). D) Living above and belowground biomass (Mg ha-1, R2 =
0.70, P < 0.001). E) Species density (species 0.09 ha-1, R2 = 0.65, P < 0.001) of stems with dbh ≥
1 cm (black dots); of stems stems with 1 cm ≤ dbh < 10 cm (open dots, R2 = 0.60, P < 0.001),
and of stems with dbh ≥ 10 cm (grey dots, R2 = 0.65, P < 0.001). F) Number of species whose
relative importance values accumulated up to 50% (R2 = 0.24, P = 0.033). Data from
Saldarriaga et al. (1988, their Tables 1 and 2 and Appendix 1).
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Duncan & Chapman 1999; Garcia Queila et al. 2000; Wijdeven & Kuzee 2000; Holl 2002),
or eliminate competition from forbs and grasses (Aide & Cavelier 1994; Zimmerman et
al. 2000), enhancing subsequently recruitment of more shade tolerant species below
them and thus increasing understory density. Stem density will also depend upon
which species was able to colonize the area first, as some species form and/or tolerate
much denser stands than others. As early secondary forests are mostly dominated by
only few secondary forest species of similar age (Finegan 1996), processes affecting
these cohorts may add to an erratic behavior of stem density during succession. A
species that establishes itself at high densities at a particular site might experience
subsequently high mortality due to density dependent factors such as competition or
outbreaks of specific pathogens (Castello et al. 1995; Toyohara & Fujihara 1998). At the
end of the maximum lifespan of a dominant species, high mortality could open up the
stand for a new wave of recruitment (Saldarriaga et al. 1988). Analyzing stem density of
specific functional groups or within specific size classes therefore might be more
informative (e.g. Saldarriaga et al. 1988; Peña-Claros 2003), especially when actual
dynamics over time are included.
BASAL AREA AND BIOMASS
Changes of basal area and biomass during succession appear to be much more
predictable than stem density. In the calculation of stand biomass, allometric equations
for relating stem diameter to total biomass are commonly used, including regularly tree
height and wood density. Most of such equations are not species-specific, but
developed from a mix of species (Brown et al. 1989). In addition most studies used
generic regression equations that were developed elsewhere (e.g. Jepsen 2006).
Obviously there are problems and limitations to such an approach, and especially
between-site comparisons have to be done cautiously (Overman et al. 1994; Brown et al.
1995; Ketterings et al. 2001; Chave et al. 2004; Chave et al. 2005). Nonetheless the method
is widely used in assessing biomass accumulation in secondary forests, as it was for the
calculation of the values of figure 2C. It might therefore not be much of a surprise that
successional trends for biomass and basal area are generally found to be very similar.
Most studies are limited to estimations of aboveground living biomass, but several
others include belowground living biomass and dead organic matter (e.g. Uhl & Jordan
1984; Hughes et al. 1999; Hughes et al. 2000a).
The findings of Saldarriaga et al. (1988; see Fig. 2B, C) are qualitatively the same as have
been found by most comparable studies. In general, both variables increase linearly or
asymptotically with fallow age (see overviews of Brown & Lugo 1990; Moran et al. 2000;
Silver et al. 2000; Guariguata & Ostertag 2001). These trends appear to be rather robust:
Lumping 134 plots differing in past land-use (pasture, agriculture fields, only cleared)
and life-zones (wet, moist, dry) from a wide range of tropical chronosequence studies,
Silver et al. (2000) found a good and highly significant fit (R2 = 0.66, p < 0.0001) between
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aboveground biomass and fallow age. Accumulation rate was much higher during the
first 20 y (6.2 Mg ha-1 y-1) than over a larger period (2.9 Mg ha-1 y-1 over the first 80 y).
The shape of the trend will always depend to some extent on which part of the
development trajectory is covered by the chronosequence (See Fig. 4 and
accompanying discussion below). In the youngest plot (9 y) of Saldarriaga et al. (1988)
basal area and biomass already reached values of respectively 12 m2 ha-1 and 51 Mg ha1, indicating that the accumulation rate in the first years must have been much higher
than in the following years. In contrast, the chronosequence of Feldpausch (2004) on
light-moderately used pastures in central Amazonia did cover the first 12 years of
succession. He found hardly any biomass accumulated in the first 2 yrs; then, following
12 years, biomass increased almost linearly to 128 Mg ha-1. Biomass accumulation can
also slow down very early in succession. In swidden fallows from 1 to 12 y old in
Kalimantan, Indonesia (Hashimotio et al. 2000) and from 2 to 15 y old in Sarawak
Malaysia (Jepsen 2006), accumulation stagnated in respectively 12 and even 5 years
after abandonment.
As with density, dynamics of basal area and (living) biomass is the outcome of the
patterns of recruitment, growth and mortality, hence it may be governed by a variety of
factors. The slowing down of biomass accumulation may be related to size- or agerelated diminishing growth rate of the dominant trees, while trees in the understory are
still suppressed as found in temperate forest succession (Peet & Christensen 1980;
Oliver & Larson 1996). Saldarriaga et al. (1988) proposed that the accumulation of basal
area and biomass was offset by the death of the dominant long-lived successional
species after ca 40 years of succession (Fig. 2B, C). Results of Fehse and colleagues
(2002) suggest that productivity, expressed as annual aboveground biomass
accumulation, was highest during the establishment phase (14.2-15.0 Mg ha-1 y-1 at 6-8
y) due to high recruitment of saplings, and then slowed down significantly as number
of saplings decreased substantially (5.9 -6.9 Mg ha-1y-1, at age 30). As chronosequence
data are not actually measuring processes of mortality, growth and recruitment, any of
these explanations are merely hypotheses. In one of the very few studies that followed
successional dynamics in time, Uhl (1987) concluded that the rate of biomass
accumulation declined beyond ten years because the dominant tree species began to
die out and to be gradually replaced by more slow-growing, primary forest species.
SPECIES
Across a wide range of studies, ranging from small swidden fallow fields, abandoned
coffee and cacao plantations to extensive pastures, species density has been found to be
related to fallow age (see e.g. Fig. 2 and Aide et al. 1995; Chinea & Helmer 2003;
Gemerden et al. 2003b; Peña-Claros 2003; Toledo & Salick 2006). Species density can
increase very fast, and has been found to reach old-growth forest values in 40 y in
abandoned pastures (Aide et al. 1996), in 25-30 y in abandoned pastures and coffee
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plantation (Pascarella et al. 2000) and within 20 y on abandoned agricultural fields
(Dewalt et al. 2003; Peña-Claros 2003). In all cases however, species composition was
still very distinct and estimated to take much longer (>100 y) to get to resemble the
species composition of nearby old-growth forests (see also Turner et al. 1997).
The patterns generally observed in tropical forest succession is that initial colonization
is dominated by relatively short-lived, fast-growing, pioneer species that dominate the
canopy of secondary forests during the first decades after abandonment, after which
they are succeeded by long-lived pioneer species that dominate the canopy until
senescence or disturbance cause their dead (see overviews in Finegan 1996; Richards et
al. 1996; Guariguata & Ostertag 2001). Cronosequences that covered a period long
enough (> 40-50 years) to observe these trends confirmed such trends (e.g. Saldarriaga
et al. 1988). In general, stands are dominated by only very few species in the sense of
stem density and basal area. Saldarriaga (1988) found an across-plot average of 4
species whose relative importance value accumulated to 50%, and this number was
only weakly related to fallow age over a age range of 9-80 year (Fig. 2F). Other studies
had similar findings (e.g., Rivera et al. 2000). As some pioneer species can be very long
lived, their dominance may persist for decades or even centuries. In nine of sixteen 1-ha
old-growth – apparently ‘primary’ – forest plots in Cameroon, the tree species that
dominate the canopy preferred shifting cultivation fields for recruitment while trees of
species below the canopy preferred gaps and closed forest conditions (Gemerden et al.
2003a). Several species of the first group, like Lophira alata, are among the main (in
terms of quantity and economic value) timber species of the region (Parren 2003). This
indicates that, even several centuries after human land-use, this forest can be
considered to be a secondary forest (Gemerden et al. 2003a).
Some studies explicitly examined patterns of species richness and composition
separately for canopy and understory (see e.g. Figs. 2E). They found invariably that
understory species density was much higher and species composition approached the
species composition of old-growth forest more rapidly (e.g. Guariguata et al. 1997; PeñaClaros 2003; Toledo et al. 2003; Lawrence 2004). This reflects two processes: the
sequential canopy dominance of a few pioneer species, and a continuous recruitment of
shade tolerant species in the understory. Species of the first group often occur at very
low numbers in old-growth forests, while the second group represents species that may
be more typical for old-growth forests. Just as successional patterns in stand structure
mainly reflect the dynamics of the larger trees, patterns of diversity and composition
appear to reflect largely the dynamics (recruitment and mortality) of the smaller
individuals. The latter may only very slowly grow into the canopy, hence canopy
species may add substantially to stand diversity only relatively late in succession (see
e.g. Fig. 2E). Rates of recruitment, dead and growth may vary much between sites, and
hence the resulting patterns of species accumulation and replacement.
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Few studies on tropical forest succession examined individual species distribution
along a succession gradient, despite the fact that the individualistic nature of succession
has been stressed since long by many ecologists (e.g. Gleason 1939; Peet & Christensen
1980). Two studies in Bolivia assessed patterns of relative abundance with fallow age
(Peña-Claros 2003; Toledo & Salick 2006). Both found various trends, including a rise, a
decline, an optimum and no change in abundance, indicating that species achieve their
highest abundance at different times during succession. Kammesheidt (2000) compared
functional traits of 21 early and late successional species with abundance patterns.
Finding of these studies broadly confirm earlier classifications in functional groups of
tree species, but clearly suggest that across and within classes a continuum of responses
exist.
Patterns of species richness, composition and abundance are the net results of species
dynamics, i.e. recruitment, growth and mortality, and the subsequent population
changes of the constituent species. However, very few studies actually monitored
either community or population dynamics over time. Findings from permanent plot
studies in stands with initial fallow age ≥ 55 years (Lang & Knight 1983; Milton et al.
1994), in sites with initial fallow age between 12–25 y (Chazdon et al. 2005; B. Fingegan
unpublished data), and two further studies that monitored the first years of post
clearance succession (Uhl et al. 1981; Swaine & Hall 1983; Uhl 1987), confirm largely the
general patterns found by chronosequences. However, the detailed descriptions of
species dynamics of Uhl and co-workers (1981; 1987) and Swaine & Hall (1983) indicate
that population dynamics of individual species, interactions between species and
individuals, and stochastic processes may result in community dynamics that are much
more complex and more erratic than can be inferred from the chronosequence studies.
Comparing the latter studies with the studies in older secondary forests also suggest
decreasing rates of change in community parameters with time.
Observations on secondary forests seem to suggest that secondary forests within a
certain region are dominated by the same early or long-lived pioneer species (Finegan
1992; Richards et al. 1996). Moreover, many of these species appear to occur over a wide
range of environmental conditions and have a wide geographical distribution (Finegan
1996; Richards et al. 1996). Some typical pioneer genera such as Cecropia and Vismia,
that are widely distributed throughout the Neotropics, have been found to be dominant
(in terms of relative number or basal area) in many studies. Within the Amazon basin,
studies near Manaus (Steininger 2000; Mesquita et al. 2001; Lucas et al. 2002), in Para
(Uhl et al. 1988; Parrotta et al. 1997), in Rondondia (Alves et al. 1997), in Bolivia
(Steininger 2000; Peña-Claros 2003), in the upper Rio Negro region in Venezuela (Uhl et
al. 1981; Uhl 1987) and in Colombia (Vester 1997) found dominance of species from one
or both genera in a significant proportion of their sample plots. Much further north, the
same was found in the Los Tuxtlas region (Purata 1986) and southern Chiapas (this
thesis), both in Mexico. See Finegan (1992) for examples on other species. Within
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regions, most studies report a small number of dominant species across their sample
plots. It remains the question, however, how typical such observations are for the
secondary forests and the pioneer species in a region. In other words, are the species
that dominate individual secondary forests also the most frequent across the secondary
forests of a particular region, and are most or only few pioneer species widely
distributed and dominant across a region? Surprisingly very few studies addressed
these question explicitly and quantitatively, likely because only few chronosequences
included enough plots to assess such patterns of dominance and frequency across a
region (but see Saldarriaga et al. 1988; Finegan 1992; Rivera & Aide 1998; Aide et al.
2000).

FACTORS INFLUENCING SUCCESSIONAL TRENDS
The rate of successional stand development may depend on a wide array of factors. In a
survey across five regions of the Amazon basin, inter-regional differences in the
average rates of basal area and height growth were best explained by differences in soil
types, reflecting differences in soil fertility (Moran et al. 2000). Similar findings were
reported before by Tucker et al. (1998). Zarin et al. (2001) found soil texture to be a
nearly unbiased linear predictor of forest regrowth in terms of biomass across seven
Amazonian sites, while they did not find a significant difference between regrowth on
abandoned pasture land vs. slash-and-burn agricultural fields. Within regions, the
type, duration and intensity of land-use prior to abandonment has been demonstrated
to have a strong effect on rate of forest regrowth, most commonly expressed in basal
area, biomass or canopy height (e.g. Chinea 2002). Regrowth on pastures for example
has been found to be delayed in comparison with regrowth on agricultural fields (e.g.
Moran et al. 2000; Steininger 2000) or coffee plantations (e.g. Zimmerman et al. 1995;
Pascarella et al. 2000).
Differences between land-use types relate to typical practices that differentiates them,
such as the prolonged use and large extent of pastures compared with swidden fallow
fields. Purata (1986) compared the effects of different crops (maize, coffee, pasture),
length of the past cropping period, fallow age and forested perimeter on stand
structure and composition. All variables except crop type significantly influenced
species richness and composition, while only fallow age and cropping period had
(opposite) effects on structure. Within one land-use type, differences in management
and cultivation practices influence rates of regrowth. Secondary forest regrowth varied
between areas in Thailand that had similar edaphic conditions, but were farmed by
different ethnic groups. Major factors influencing these differences were cultivation
period; fallow length and mode of site preparation prior to cultivation, which were on
their turn related to the socio-economic and demographic factors discussed earlier
(Schmidt-Vogt 1999). When fallow periods are long enough, soil fertility can be
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maintained, even after centuries of shifting cultivation. Lawrence & Schlesinger (2001)
found no significant differences in total soil phosphorus across 24 sites in West
Kalimantan, Indonesia, although number of prior cultivation cycles differed between 2
and 10. In this region fallow periods were on average 20 year. In the Amazon and in
Mexico, increasing intensity of cattle-grazing (Uhl et al. 1988), length of the land-use
prior to abandonment (Hughes et al. 1999; Steininger 2000), and different clearing
treatments such as burning, weeding and bulldozer treatments (Uhl et al. 1982; Moran
et al. 2000; Chinea 2002) had a negative impact on rates of forest regrowth (basal area
and biomass). At the same time, environmental factors and patterns of land use history
will be easily confounded. After all, land-use type and variables such as intensity and
duration of land-use are closely linked farmer decisions and, on their turn, these are
strongly related to soil conditions (Chinea 2002).
Duration and intensity of land-use affect rates of secondary forest regrowth through
different processes. First, they strongly affect depletion of soil organic matter and
nutrient and alter soil physical properties prior to regrowth (Buschbacher et al. 1988;
Aide & Cavelier 1994; Reiners et al. 1994; Hughes et al. 2000b; Hughes et al. 2002), which
directly affects site productivity and therefore tree growth (Buschbacher et al. 1988;
Aide & Cavelier 1994; Fetcher et al. 1996; Lawrence 2001). Moreover, adverse soil
properties may impede the establishment of species, or affect one species stronger than
another, thus giving it a relative competitive advantage (Bazzaz 1996). Across studies,
results are equivocal with respect to the influence of soil conditions on species
diversity. Lawrence (2004) found no effect of soil fertility on species density across and
within sites. In several studies in near Manaus, in the Amazon, Vismia species occurred
on more deteriorated sites that had more intensive or prolonged land-use, while
Cecropia species occurred more abundantly on sites with less intensive land-use (Uhl et
al. 1988; Mesquita et al. 2001; Lucas et al. 2002).
Secondly, the on-site availability of propagules in the form of a seed bank and
resprouts will be greatly reduced by intensive or prolonged land-use (Uhl et al. 1981;
Nepstad et al. 1999). Resprouting can be an important regeneration mechanism that
influences stand development (Kammesheidt 1999; Bond & Midgley 2001). An extreme
example is given by comparing post-agricultural - with post-hurricane succession
(Boucher et al. 2001). The abundant presence of residual vegetation and propagule
sources at the beginning of the post-hurricane succession, steered forest development
in a very different direction compared to post-agricultural, considering both structure
and composition. Rates of forest regrowth and biomass accumulation has been found to
decline when residual vegetation and propagule sources are lacking due to the nature
of former land-use, e.g. burning, intensive and long-term use as rangeland (Hooper et
al. 2004).
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Thirdly, in highly disturbed sites such as abandoned pastures, various other factors
may constitute major selective barriers on colonization of woody species, even ‘typical’
pioneer species, (Aide et al. 1995). Elevated seed predation (Holl et al. 2000; Wijdeven &
Kuzee 2000; Myster 2003), low germination success due to unfavorable soil (Aide &
Cavelier 1994) and microclimate conditions (Holl 1999), and slow growth and high
mortality of seedlings due to strong competition from grasses and forbs (Aide et al.
1995; Holl et al. 2000) may be important barriers preventing tree establishment and
inhibiting fast secondary forest development.
When past land-use eliminated most on-site propagules, regeneration will depend
largely on seed rain from outside (Wijdeven & Kuzee 2000; Benitez-Malvido et al. 2001;
Cubina & Aide 2001). The abundance and species richness of seeds is found to be
strongly negatively related to distance from (old-growth) forests. In abandoned
pastures (Aide & Cavelier 1994; Wijdeven & Kuzee 2000) seed rain of woody species
was concentrated near forest edges and dropped sharply beyond 10-20 m distance. In
9-12 year old swidden fallows, seed rain of woody species was much higher and
species richer in sites close (< 100 m) to old-growth forests than in sites beyond 300
meter distance from old-growth forests (Lawrence 2004). Seed rain has also been found
to be much higher below remnant trees and shrubs than elsewhere in pastures, due to
their attraction of seed-dispersing birds and bats (Guevara et al. 1986; Guevara et al.
1994; Harvey & Haber 1998; Duncan & Chapman 1999; Galindo-Gonzalez et al. 2000;
Holl et al. 2000; Slocum 2001; Holl 2002). Generally, seed rain (of woody life forms) is
overwhelmingly dominated by pioneer species, with a smaller proportion of smallseeded, bird and bat dispersed late successional species, and a near absence of largeseeded species (references above). Such results demonstrate the major importance of
the landscape matrix (how much forest and where).
However, a chain of events, from seed dispersal through seedling establishment and
subsequent survival, controls recruitment (Houle 1995). As stated before, various
barriers may prevent tree establishment after on-site arrival. Hence the question is if a
higher and more diverse seed rain translates in faster regrowth with higher tree
diversity. In seven 9-12 year old swidden fallows, Lawrence (2004) found highest
species density in sites close to old-growth forests. This pattern of declining species
density with distance from old-growth forests could largely be accounted for by a
similar pattern of stem density. Within 6-10 years old secondary forest patches
(Mesquita et al. 2001) and in 10-year old plantations, (Parrotta et al. 1997) in the
Amazon, similar patterns were observed. In the latter study, the dominance of smallseeded, animal-dispersed late successional tree species among the colonizing species
and the mere absence of large-seeded species were consistent with the results of the
wildlife surveys. These indicated that the most common frugivorous bat and bird
species fed on small-seeded plant species, while typical dispersers of larger-seeded tree
species were absent or rare. Thus, the relationship between distance to old-growth
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forest and species density in part reflected long-distance dispersal limitation of late
successional species.
After woody colonizers grow big enough, interactions between individual neighbor
trees will start to play a role as well. Any factor that steers initial stand composition
may thus influence further stand development, due to the differential effects of
dominant species on smaller individuals. An example is given by the Cecropia- and
Vismia-dominated stands near Manaus that I discussed earlier in this section.
Regeneration in Cecropia-dominated stands was more divers than in Vismia-dominated
stands. Several mechanisms may have played a role (Mesquita et al. 2001). In a
permanent plots study, establishment of a variety of species with significant numbers
started only with the decline of the dominant Vismia, suggesting competitive
suppression (Uhl 1987). Cecropia litter was more effective than Vismia litter in restoring
soil properties such as organic matter content, water retention capacity and microarthropod biomass (Betsch & Betsch-Pinot 1983 in Maury-Lechon 1991). Hence,
facilitation may have played a role as well. Studies in plantation forests in Amazonia
(Parrotta 1995) and in Costa Rica (Guariguata et al. 1995; Powers et al. 1997) found that
understory species richness and seedling densities were affected significantly by
overstory composition. This effect was attributed to differences in canopy openness
(suppression of grasses), humus depth and attraction of seed-dispersing birds and bats.
The preceding review demonstrates that the rate and direction of post-agricultural
secondary forest succession are regulated by a complex set of interactions between
landscape configuration, local site factors, biotic interactions and species life histories
(see also Pickett 1976; Chazdon et al. 2003). Keddy (1992) defined assembly rules – that
determine which components of a regional species pool will form a local community –
as a hierarchical set of filters removing species which lack traits for persistence under a
particular set of circumstances. Following his approach, landscape configuration, site
factors and biotic interactions can be considered examples of such filters (Fig. 3). The
nature of regional shifting cultivation agriculture is particularly important in such a
framework. The spatial-temporal scale, patterns and intensity of agricultural practices
shape landscape configuration and influence local site factors (Lawrence et al. 1998;
Helmer 2000). Along a gradient of intensifying agriculture as depicted in figure 1, the
proportion of agricultural fields, pastures and young secondary forests will increase at
the expense of older secondary and old-growth forest. There will be thus an
increasingly selective filter, screening strongly for specific traits such as early prolific
reproduction, efficient dispersal mechanisms, seed dormancy and resprouting capacity,
and short lifespan. A more intensive agriculture (e.g. stronger site preparation,
prolonged land-use, shorter fallows) will have an adverse impact on soil properties and
survival of on-site propagules. Among the individuals that were able to arrive at the
site (or survived), a next filter will select for those physiological and morphological
traits enabling establishment under the prevailing conditions. One of the main biotic
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interactions may be competition for resources, which can be between woody seedlings
and aggressive grasses or ferns, between seedlings and earlier established overstory
trees, or between the trees of the overstory. Local site conditions and the nature of
biotic interactions will continuously change as a secondary forest develops. Established
vegetation may change soil properties, eliminate competition from grasses, change the
microclimate and increase the degree of competition for resources. Moreover a
developing stand structure may favor attraction of seed dispersers, implying a
changing role in the landscape matrix. Traits being selected for will thus depend on
both phase of secondary forest development and of tree phase being considered.

MODELS AND PROCESSES OF SPECIES REPLACEMENT
A strong focus in the studies on forest succession has been on the patterns of floristic
change. Egler (1954) proposed two alternative models of forest succession. In the “relay
floristics” model, successive groups of species arrive and replace earlier groups as a
result of site modification. According to the ‘Initial floristic composition” model (IFC),
all species may be present or arrive at the onset of succession in the form of seeds or
propagules. Species come to prominence at different times due to differences in life
history traits such as growth rate, longevity and shade tolerance reach peak

Land-use patterns

Regional
species pool

Landscape
configuration

Local
site factors

Biotic
interactions
Secondary
Forest site

FIGURE 3. Assembly rules - that determine which components of a regional species pool will
form a local community – may be defined as a hierarchical set of filters removing species that
lack traits for persistence under a particular set of circumstances (Diaz, 1998; Keddy, 1992).
The combination of nature and intensity of the environmental filter and the specific traits of a
species affect the probability that a species establishes and/or survives as part of a specific
secondary forest site.
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abundances at different points in succession. Connell and colleagues (Connell & Slatyer
1977; Connell et al. 1987) proposed three models – representing a continuum of possible
interactions – in which succession is steered by the net effects of earlier species on later
ones: facilitation, tolerance and inhibition. In the first two models, competition for
resources kills the earlier species, while disturbance or age kills the dominant species in
the last model. According Gomez-Pompa & Vazquez-Yanes (1981) and Finegan (1984;
1996), tropical post-agricultural secondary succession resembles most the IFC model.
They described succession in terms of four phases, characterized by different sets of
species. The initially dominant grasses, forbs and shrubs are replaced within a few
years by early pioneers that dominate the canopy for 10-30 y, depending on their
lifespan. Long-lived pioneers then replace them and dominate the canopy for a period
that depends again on their lifespan. The more shade tolerant species colonize the site
continuously from the beginning of succession, but likely at a slow pace due to
dispersal limitations, while early and late pioneers only establish under the high light
conditions early in succession (Henceforth the GVF-model).
Which of the models most adequately describes succession in a certain area depends on
factors such as site conditions and species availability. Real succession will likely be a
mixture of models. Finegan (1984; 1996) recognized explicitly that the GVF-model
represents succession under a specific set of conditions, viz. low-intensity past land-use
and proximity of seed sources. Such conditions are found where small-scale shifting
cultivation practices still prevail (left side Fig. 1).
Findings of studies on succession under such conditions indeed indicate that species
from all functional groups (including shade-tolerant species) established very early in
succession, that pioneer trees come to dominance within 1-2 years, that many species
of early successional pioneers fail to recruit after canopy closure, and that shade
tolerant species continued to establish after canopy closure (e.g. Swaine & Hall 1983;
Uhl & Jordan 1984; Uhl 1987; Peña-Claros 2003). In more severely degraded or more
isolated sites however, unfavorable site conditions and absence of (off- and on-site)
seed sources can slow down succession, as discussed in the former section. Under such
conditions facilitation by the earliest colonist or remnant vegetation can be important
not only by attracting seed-dispersers but also by modifying soil and microclimate
conditions and suppressing competition from grasses and forbs (see references in
former sections)
In a critical review of these and a series of other successional models, McCook (1994)
pointed out that most of them are implicitly based on a whole range of species
interactions and trade-offs between species attributes such as wide dispersal, fast
growth, longevity, maximum size, and shade tolerance. Qualitatively similar
interactions will govern succession in all situations, and facilitation and inhibition
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FIGURE 4. A hierarchy of successional causes, going from the most general phenomenon of
community dynamics, through the intermediate level of aggregated processes of site
availability, differential species availability, and performance to specific interactions,
constraints, and resource conditions that govern the outcome of intermediate-level processes at
particular sites (Based on Picket et al. 1987). The factors at each level are related and/or
interacting. As an illustration, some of such relationships are indicated. A) The different aspects
of disturbance affect, or even determine, the different aspects of species availability, e.g.
landscape configuration is determined by the spatial and temporal patterns of disturbance. B)
Competition between individuals or between species is determined by both resource
availability and the characteristics of the participating species. C) One aspect of the
reproductive strategy of a species is its dispersal type; there are many more of such links. D)
Resource availability will for example depend on the severity and intensity of the disturbance.
The effects of each factor or process and their relative importance in shaping succession will
vary between sites and in time.
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effects are the empirical summaries of their relative effects (see for extensive discussion
McCook 1994). In an earlier modeling study (Huston & Smith 1987; Smith & Huston
1989), recruitment, growth and dead of individual trees was modulated by competition
for light, which on its turn was modulated by neighbors. In this model, an inverse
correlation between traits favoring rapid colonization (e.g. wide dispersal, fast growth,
early reproduction,) and favoring long term dominance (e.g. longevity, shade tolerance,
height) across a range of simulated species resulted in a sequential species replacement.
Varying the nature of the initially dominant species, e.g. succession without typical
pioneer species, resulted in sequential succession patterns only as long as the beforementioned trade-off was maintained. It did also result in differences in dominance
patterns and rates of species replacement, as relative impacts of species on each other
shifted (see Huston & Smith 1987; Huston 1994). Such an approach goes back to the
earlier ideas of for example Gleason who saw succession as the result of individualistic
species responses to temporal gradients of changing conditions (Gleason 1926, 1939).
Similarly, Peet & Christensen (1980) described succession as a population process, with
species replacement occurring through differences in species performance at each point
along the succession gradient and through stochastic means, resulting in different
establishment and mortality rates.
The concept of secondary forest succession is thus based on the fundamental idea that
plants have different capacities to match with the prevailing environmental conditions
at any moment. When an agricultural field becomes available because it is abandoned
or left in fallow, differential availability of species and differential performance of the
species that were able to arrive will drive secondary forest succession, i.e. a change in
vegetation structure and composition. On their turn, these processes are composed of a
combination of more specific conditions, constraints, interactions and mechanisms such
as regional species pool, resource availability, and competition. Pickett et al. (1987)
organized these causes, processes and factors that drive succession in different
hierarchical levels in an orderly framework (Fig. 4). The different hypotheses on
succession may not be conflicting hypotheses, but indicate different possible outcomes
of the processes and mechanisms that are listed in figure 4. Thanks to the numerous
studies on secondary forest succession, reviewed in the preceding sections, general
successional patterns are well-established by now. In particularly they contributed to
our understanding of the role and importance of specific constraints and conditions
(e.g. time since disturbance, propagules availability, soil properties) with regard to
community-level patterns of vegetation structure and composition. Much less
understood are, still, the dynamics of secondary forest succession, inclusive spatialtemporal patterns of dispersal, recruitment, growth and mortality and their
relationship to the factors and interactions by which they are governed.
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STUDYING SECONDARY FOREST DYNAMICS
As I put forward earlier, a large proportion of research efforts have focused on the
evaluation of patterns of e.g. species replacement or stand structure development using
chronosequences. Such an approach is based on assumptions of the same successional
processes in stands with similar conditions (e.g. land-use history, soil), i.e. sites
represent points along a continuum, rather than points on independent trajectories.
This basic assumption of chronosequence studies has been questioned (Pickett 1989;
Bakker et al. 1996; Foster & Tilman 2000). Because chronosequence studies are based on
single-time information from a range of sites, these data emphasize cumulative or net
effects of ecological processes. Chronosequence data, however, only permit inferences
of successional changes rather than the direct analysis of the underlying processes
mediating these changes (growth, mortality, and recruitment). Long-term studies in the
temperate zone demonstrated that actual developments may diverge considerably form
chronosequence patterns because of many reasons that may reflect specific processes
on a very local spatial scale in vegetation dynamics (Hibbs 1983; Pickett 1989; Pickett et
al. 2001). The complexity of interrelated factors and processes that influence the course
of succession on any particular place (Fig. 4), and the probabilistic nature of many of
these ecological processes can not be captured by evaluating their net effects.
From the few permanent plot studies on forest succession in the Tropics that are
published, a picture emerges of highly dynamic patterns of growth, mortality and
recruitment, resulting in complex patterns of stand structure development and species
replacement. Complexity was found to be very high in the first years of succession
(Swaine & Hall 1983; Uhl 1987) and after many decades (Sheil et al. 2000). Ecological
theory stresses that successional changes in stand structure and species replacement are
driven by differential patterns of recruitment, mortality and growth, and that these
may be driven by intrinsic species life-history differences (e.g. in shade tolerance,
recruitment requirements and maximum growth) and competition for resources (e.g.
Peet & Christensen 1980; Huston & Smith 1987). The patterns of chronosequence
studies are often implicitly or explicitly interpreted to be the result of densitydependent processes and interspecific variation in tolerance to competition for
resources. However, many different mechanisms act in succession and each of these
mechanisms is affected by a range of conditions. The intensity and relative importance
of any of them will differ between successions and change during a succession.
Moreover, competition, as most processes, act on individual level, and may have
different effects on different levels (population, community) or spatial-temporal scales.
Longitudinal studies are thus necessarily to advance our understanding of successional
dynamics and underlying ecological processes beyond the interpretation of static data.
As yet permanent plot studies have been much less common in the research on tropical
forest succession. Even less studies examined the role of competition in successional
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population and community dynamics. Recently, however, permanent plot studies have
been initiated in various parts of the Neotropics. Permanent plot studies in the humid
tropics of Costa Rica (Capers et al. 2005; Chazdon et al. 2005; B. Finegan 2006, personal
communication) and Brazil started some years ago. More recently permanent plots
were established in dry tropical regions in Oaxaca (E. Lebrija and F. Bongers 2007,
personal communication), Yucatan (J. Dupuy 2006, personal communication) and
Jalisco (P. Balvanera, M. Martínez-Ramos and co-workers 2007, personal
communication), and in the humid tropical region of southern Chiapas (this thesis; M.
Martínez-Ramos, F. Bongers and co-workers 2007, personal communication) promise
important advances in our understanding of secondary forest dynamics, and an exiting
framework for future comparative studies of the role of processes and mechanisms in
very different successional settings.

AIM OF THIS STUDY
In the humid Tropics, secondary forest succession on abandoned agricultural fields is
highly dynamic and directed by a complex set of factors and interactions. Furthermore,
theory and field observations predict that competition for resources, and specifically for
light, is one of the main mechanisms that direct these dynamics in the humid Tropics.
Therefore the focus of this study is on the processes of growth, mortality and
recruitment of trees and species in young secondary forests and how these processes
are influenced by competition for resources on individual, population and community
level.
The aims of the present study are:
To evaluate the dynamics of young secondary forests on abandoned agricultural fields
in terms of community changes and to asses how these dynamics changes with
time since abandonment.
To evaluate the dynamics of young secondary forests in terms of growth, mortality and
recruitment, and how community changes are related to these processes.
To examine the role and importance of competition in the dynamics of young
secondary forests and, more specifically, to examine the degree to which
competition can account for (a) variation in growth and mortality of saplings
within a population and (b) variation in population dynamics across distinct
populations.
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FIGURE 5. A) General overview of the study area. The image is derived from the NASA global OnEarth 15m Landsat (Visible
Color) satellite image mosaic, accessed via NASA World Wind on 21 February 2007. Satellite images were taken from 1999 to
2003, with 2000 being the most active year. The river is the Lacantún River with the study area south of the river and Montes
Azules Biosphere reserve on the northern banks. The inlet gives the state and national boundaries of Mexico, with the arrow
indicating the location of the study area. The white dots indicate the approximate positions of the permanent sample plots. B)
The map on the right gives the location of the region Marques de Comillas, the Biosphere Reserve Montes Azules, de location
of the three ejido’s, the national border (dashed lines), roads (dashed-dotted lines) and rivers (continuous lines).
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REGIONAL CONTEXT
The study was carried out in the south-western part of the Marqués de Comillas
(approximately between N16 º08' - 16 º 16’ and W90 º 860’ – W91 º 02’), in the eastern
extreme of the state of Chiapas, Mexico (see Fig. 5). Field work was done in the ejido’s1
of Chajul, Loma Bonita and Playon de Gloria, south of the Lacantun river and adjacent
to the Biosphere Reserve Montes Azules on the northern side of the Lacantun (Fig. 5).
The region is part of the Selva Lacandona that contains the northernmost remaining
extensive track of tropical rain forests on the American continent. It continues into the
Péten region of Guatemala and Belize. Together these regions contain the most
extensive continuous rainforest in Mesoamerica (Challenger 1998; Mendoza & Dirzo
1999). About one-fifth of the original Selva Lacandona and 70% of the remaining
original vegetation is in the Montes Azules Biosphere Reserve, which encompasses
3312 km². Adjacent to the north-east an additional 663 km² of the forest is protected in
the Lacan-tún Biosphere Reserve and Bonampak Natural Monument (Challenger 1998).
The climate of the Marqués de Comillas region (henceforth MdC) is humid tropical.
The average annual temperature is 24 ºC. The mean annual rainfall is ~3000 mm, with
the greatest concentration in June-September, and a dry period with less than 100 mm
month–1 in February-April. In the study region four broad geo-morphological units are
defined based on soil and topographic criteria (Siebe et al. 1996; Celedón-Muñiz 2006):
Alluvial terraces along the rivers are flat, fertile soils along the margins of the Lacantun
River. Low hills consist of undulating hills with moderate-steep slopes (15°–30°). This is
the most common geo-morphological unit in the region and characterized by complex
nutrient-poor sandy and limestone soils. Flood plains are old meandric areas with
hydromorphic soil characteristics that are flooded for at least three months a year. The
Karst-formations consists of limestone rock outcrops and is only found north of the
Lacantun River in the Biosphere Reserve Montes Azules. Table 1 summarizes the main
soil and vegetation characteristics of these units.
The original vegetation consists mainly of tropical evergreen and semi-deciduous
forests that form a mosaic of vegetation types including lowland evergreen rain forest,
semi-deciduous forests on Karst formations, and savannah-like vegetation (Martínez et
al. 1994). Around 3400 species of vascular plants have been recorded for this region, of
which 573 are trees (Martínez et al. 1994). Dialium guianense (Leguminosae) and
Brosimum alicastrum (Moraceae) are among the most dominant canopy species. Other
dominant canopy tree species include Guarea glabra (Meliaceae), Ampelocera hottlei
(Ulmaceae), Spondias radlkoferi (Anacardiaceae), Licania platypus (Chrysobalanaceae);
and Cupania dentata (Sapindaceae). The structure and composition of the lowland rain

1 Land vested in peasant communities by agrarian reform for communal usufruct, portions
of which are often worked by individual farmers.
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TABLE 1. Characteristics of two dominant geomorphologic units of the study region,
southeast Mexico. Soil data from Siebe et al. (1996) and Celédon-Muñiz (2006). Tree
community attributes are based on censuses of trees with a DBH ≥ 10 cm in three 0.5 ha
plots on alluvial terraces and five plots in the low hills (M. Martinez-Ramos,
unpublished data). Canopy height was measured above a 5x5m grid in the 0.5 ha plots,
means (± s.d.) are based on data lumped per unit (M. van Breugel unpublished data).
Habitat
Units
Soil
HC (FAO)
Soil depth
Field Capacity
Available Water Capacity
P availability
N availability
pH
Tree community
Species richness
Canopy height
Tree density
Basal area

Alluvial terraces

Low Hill

cm
L m-2
L m-2
mg kg-1
mg kg-1

Haplic luvisol
77.6 ± 6.7
472.3 ± 115
220.6 ± 55.6
0.65 ± .29
29.4 ± 5.6
6.1 ± .5

Humic acrisol
57.6 ± 4.6
241.6 ± 63.5
103.1 ± 24.1
0.1*
20.2 ± 7.05
4.7 ± .7

0.5 ha-1
m
ind ha-1
m2 ha-1

43-58
23.09 ± 9.8
347 ± 29
30.1 ± 7.5

50-81
16.8 ± 8.9
434 ± 90
23.2 ± 6.6

* Data from one study plot only.

forest varies with soil and topography (Siebe et al. 1996). The Karst-formations and low
hills sustain highest stem densities and species richness, while basal area and canopy
height are highest in the alluvial terraces (Tabel 1).
Between the late 1960s and early 1990s, governmental programs stimulated migration
from other parts of Chiapas and central Mexican states to the then largely inhabited
MdC region (de Jong et al. 2000). Colonization started from the northwest and moved
rapidly towards the southeast, developing mainly along the rivers and roads. This
resulted in large scale deforestation, reducing the area of closed forest from 95% in 1976
to 56% in 1996 (de Jong et al. 2000). Since then deforestation continued and current
forest cover is probably much lower. Moreover, uncontrolled fires affected considerable
parts of the region, most notably in the El Niño year of 1998, but also at several earlier
occasions (Román-Cuesta et al. 2003; Román-Cuesta et al. 2004). Currently, a large part
of the landscape consists of temporarily and permanent grazing pastures, young
secondary forest and cultivated land (de Jong et al. 2000).
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In the study area, initial colonization was largely confined to the proximities of the
river Lacantun until a regional road was constructed in the late 1990s that connected
the area with the regional centers. The fertile alluvial terraces were the first to be
cultivated. The low hills followed mostly later, although at an accelerated pace since
the construction of the regional road. Currently, the prevailing land use types in the
three ejido’s are the cultivation of maize and some other crops, cattle ranging and some
permanent crop cultivation on the alluvial terraces. The cultivation of maize and other
crops generally imply the use of irregular slash-and-burn shifting cultivation practices
with usually one harvest followed by a short fallow of a few years. Most production is
for subsistence or regional use. Only few farmers cultivate cash crops such as the
jalapeño pepper (Capsicum annuum var. annuum). This happens mainly on the alluvial
terraces. However, high costs and labor input, and uncertain price developments keep
most farmers from such activities. Most farmers invest in cattle, which are maintained
in extensive pastures, and as a result pastures now occupy the larger proportion of the
study area. A consequence of this development appears to be reduced fallow periods,
as farmers have an increasing shortage of available land (i.e. old-growth forest and
secondary forest) for crop cultivation. For example, 18 of 19 secondary forests that were
sampled in 1995 (see chapter 2) were already cleared in 2000, and mostly converted to
pastures. These past and current land-use patterns result in considerable deforestation
and in a landscape currently dominated by pastures and young secondary forests,
mixed with agricultural fields and patches of old-growth forests. (Information based on
personal communication with various long-term inhabitants from the three ejido’s,
2000-2004).

THESIS OUTLINE
CHAPTER 2 describes patterns of species richness and of frequency and abundance of
tree species across a wide range of secondary forests sites. Patterns of species richness
are related to former land-use (pasture vs. crop cultivation) and soil types (Alluvial
terraces vs. Low hills). Differences in across-site frequency and dominance between
pioneers, and late-successional canopy and understory species are analyzed.
CHAPTER 3 examines patterns of species recruitment and mortality over a period of 18
months in 8 secondary forest sites with fallow age between 1 and 5 years to test the
hypotheses that: (i) both pioneer and shade-tolerant species colonize a site directly after
abandonment; (ii) as the canopy closes, the recruitment of pioneers sharply declines,
while recruitment of shade-tolerant species continues; (iii) mortality among pioneers is
highest; (iv) as a consequence from the preceding, recruited and dead trees are
expected to differ in species composition, with highest species richness for the recruits.
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CHAPTER 4 relates relative rates of change in stand structure variables during early
secondary forest succession to (i) fallow age and initial stand structure and (ii) to
community-level patterns of mortality, growth, and recruitment rates. This study uses
a combination of a chronosequence and a longitudinal study by following stand
dynamics over a two-year period in 11 secondary forest sites with fallow age ranging
from 2 to 17 years.
CHAPTER 5 reviews patterns and rates of change in tree communities of secondary
Neotropical forest and the factors and processes that direct them in the broader context
of different types of major disturbances, but with an emphasis on post-agricultural
succession. Furthermore the results of chronosequences and annual tree dynamics
studies are evaluated and compared with the use of two case studies in northeastern
Costa Rica and Chiapas, Mexico.
CHAPTER 6 tests the hypothesis that variation in asymmetric neighborhood competition
for light is the main factor that determines within-site variation in tree growth and
survival. The effect of neighborhood basal area on diameter growth, height growth,
height-diameter ratio, and survival is examined for saplings of two Cecropia peltata and
Trichospermum mexicanum, the two most abundant tree species in the secondary forests
of the study region.
CHAPTER 7 relates the between-site differences in demographic behavior of four pioneer
species (Cecropia peltata, Trichospermum mexicanum, Trema micrantha and Schizolobium
parahyba) to variation in population size structure and neighborhood structure.
Specifically, the hypothesis is tested that differences in growth and mortality between
the biggest and smallest trees of a population are related to differences in the average
level of asymmetric neighborhood competition in both size groups.
CHAPTER 8 summarizes and connects the different studies from this thesis.
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Chapter

2

DIVERSITY PATTERNS ACROSS YOUNG
SECONDARY FORESTS

Michiel van Breugel, Paulo van Breugel, Alfredo Mendez-Bahena, Marieke
Sandker, Frans Bongers & Miguel Martínez-Ramos

Abstract
Patterns of species diversity and dominance across the secondary forests of an
agricultural landscape, characterized by a mosaic of pastures, crop fields and patches of
secondary and primary forests, were examined using a chronosequence of 72 plots
ranging in age from 0.5 to 18 years, and 7 disturbed old-growth forest plots.
Diversity varied widely between the plots, which could be partly explained by
differences in time since abandonment and substrate while the influence of former land
use was more ambiguous. Changes of species diversity with time since abandonment
could largely be attributed to changes in species richness, with similar dominance
between plots of different ages. Similarly, species richness, but not dominance, differed
between secondary forests on low hills and alluvial plains.
Only a very small sub-set of the regional species pool dominated secondary forests, all
of them pioneer species. The variation in frequency and abundance patterns was very
high among pioneer species, with many of them occurring at very low frequencies. A
few shade tolerant canopy species were relatively frequent, but the majority had very
limited distribution and occurred at low abundance.
The observed patterns of species diversity across our study sites are broadly in
accordance with the expected tropical post-agricultural secondary succession observed
in many parts of the world. However, there is a need for a more integrated approach
combining information on patterns of frequency and abundance of species across the
secondary forests of a region and life history attributes and functional traits of species
to better understand developments of species diversity and composition under current
and future conditions.
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INTRODUCTION
Secondary forests occupy a large and growing proportion of the forest cover in the
tropics. Combined with the rapid decrease in primary forest (Achard et al. 2002; FAO
2006; Wright & Muller-Landau 2006; Foley et al. 2007), this expansion leads to
increasing importance of secondary forests for biodiversity conservation (Kammesheidt
2002; Blay 2003) as well as for their regulatory functions (Corlett 1995). Furthermore,
secondary forests can be important sources of timber and non-timber products and
services (Chazdon & Coe 1999), thus providing alternative sources of income for local
communities (Dourojeanni 1987; Brown & Lugo 1990; Pereira & Vieira 2001). Moreover,
interest in their role in carbon sequestration is growing (Silver et al. 1996; Fearnside
2000; Salimon & Brown 2000; Silver et al. 2000; Richards & Stokes 2004).
Secondary forests are the result of a multitude of interacting variables that determine,
at different spatial and temporal scales, their start and successional development
(Chokkalingam et al. 2001; Bongers & Blokland 2003; Chazdon 2003). One of the land
use practices that is responsible for the establishment and formation of secondary
forests in large areas in the Tropics is shifting cultivation (Fox et al. 2000; Chazdon 2003;
Geldenhuys et al. 2003). Shifting cultivation has been a common land use type for ages
throughout the tropics, including the Americas (Whitmore & Turner 1992; Richards et
al. 1996). However, the conditions that historically underpinned the sustainability of
rotations with long fallows have largely vanished in many parts of the world, with
increasing population and competition for land leading to land-use intensification and
increasingly short fallow periods (e.g., Cairns & Garrity 1999; Geist & Lambin 2002;
Metzger 2002; Choudhury & Sundriyal 2003; Perz et al. 2005). In many regions, fallow
periods are already as short as five years; and as a consequence, the secondary forests
become increasingly younger.
Tree species density can recover quickly to values of old growth forest (Finegan 1996;
Guariguata & Ostertag 2001). As soon as in 25-30 y on abandoned pastures and coffee
plantation (Pascarella et al. 2000) and within 20 y on abandoned agricultural fields
(Dewalt et al. 2003; Peña-Claros 2003), species density was found to have reached or
surpassed values from nearby old-growth forests. Species composition, in contrast,
remains distinct for much longer or may never fully recover (e.g., Corlett 1991; Turner
et al. 1997; van Gemerden et al. 2003). In a system with small scale shifting cultivation
with long fallow times in the Amazon, species composition was almost identical to
those of primary forest after approximately 80 years (Pavlis 2000). Most other studies
come to estimation of over 100 years and possibly much longer for species composition
in secondary forests to resemble that of the original old growth forests (e.g., Aide et al.
1996; Turner et al. 1997; Peña-Claros 2003). On the other hand, in many regions
secondary forests will become rarely older than a few decades and often much less (see
former paragraph). In order to understand the potential role of secondary forests in the
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maintenance of biodiversity and environmental services under such conditions, it is
relevant to focus on the dynamics and diversity of secondary forests in those younger
age classes that prevail across the landscape.
Across sites, species richness and composition may vary considerably, depending on
forest type, land use intensity and biophysical conditions, among other factors
(Guariguata & Ostertag 2001). Across different regions, variation in community
structure are found to relate to differences in soil types and attributes (Tucker et al.
1998; Moran et al. 2000; Zarin et al. 2001). Within regions, the differences in land-use
type prior to abandonment, for example pastures vs. agricultural fields, have been
demonstrated to affect strongly species composition and rate of forest development
(e.g. Moran et al. 2000; Steininger 2000). A wide variety of studies, covering very
different land-use systems and environmental conditions, found strong effects of, e.g.,
mode of site preparation prior to cultivation, length of land-use, intensity of cattle
grazing and fallow length (Uhl et al. 1982; 1986; Uhl et al. 1988; Hughes et al. 1999;
Schmidt-Vogt 1999; Moran et al. 2000; Steininger 2000; Mesquita et al. 2001; Chinea 2002;
Lucas et al. 2002).
Species richness is only one component of diversity. It gives the same weight to all
species, irrespective of their relative abundance; hence it is strongly influenced by the
number of rare species. Evenness, the other component of diversity, is strongly
influenced by the relative frequencies of the dominant species (Legendre & Legendre
1998; Magurran 2004; Kindt et al. 2006). Species density generally is much higher
among the smaller trees of a secondary forest community, while dominance of a few
(pioneer) species is stronger among the larger trees. Moreover, rates of change of
species density and composition are generally much slower among the larger trees (e.g.
Guariguata et al. 1997; Peña-Claros 2003; Toledo et al. 2003; Lawrence 2004). As a
consequence the use of different diversity indices will emphasize different diversity
patterns that emphasise different processes.
Observations on secondary forests seem to suggest that secondary forests within a
certain region are dominated by the a small group of pioneer species (Finegan 1992;
Richards et al. 1996). Surprisingly very few studies, however, examined explicitly
patterns of frequency and dominance across the secondary forests of a region, likely
because only few chronosequences included enough plots to assess such patterns (but
see Saldarriaga et al. 1988; Finegan 1992; Rivera & Aide 1998; Aide et al. 2000). Most
studies report, indeed, a small number of dominant species across their sample plots. It
remains the question, however, how typical such observations are for the secondary
forests and the pioneer species in a region. There is very scant information whether the
species that dominate individual secondary forests are also the most frequent across the
secondary forests of a particular region, if most or only few pioneer species are widely
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distributed and dominant across a region, and if they differ much from shade tolerant
species with regard to these patterns.
This study examines patterns of species diversity as well as patterns of abundance and
frequency of the most abundant tree species in young secondary forests in the Marques
de Comillas region in Chiapas, Mexico, in relation to fallow time, land use before
abandonment and site conditions. The aim is to get a better insight in patterns and
dynamics of species diversity in and across the secondary forests of the study region.
More specifically, we address the following questions: (1) How variable is species
diversity across young (≤ 18 y) secondary forests in a region and to what extent this is
related to fallow age, land-use and substrate origin? (2) Are successional changes in
diversity in these forests due to an increase in species richness, a shift in dominance or
both? (3) Are the species that dominate individual secondary forests also the most
frequent across the secondary forests of a particular region, are most or only few
pioneer species widely distributed and dominant across a region, and does the
frequency and dominance patterns of pioneers differ from those of shade tolerant
species?

METHODS
STUDY AREA
The study area of roughly 60 km2 is located in the in the Marqués de Comillas region
between N16.080 - N16.160 and W90.860 – W91.020 in Chiapas, Mexico (Fig. 5, chapter 1).
In the region, a mixture of lowland evergreen tropical rain forest, semi-deciduous
forests and rangelands can be found. For a more extensive description of the natural
vegetation in the region, see Ibarra-Manríquez & Martínez-Ramos (2002) and
Pennington & Sarukhán (2005). Average annual rainfall is about 3000 mm, and mean
annual temperature about 22º C. There is a dry season from February to April (< 100
mm month–1) that accounts for less than 10% of the total annual rainfall. The area is
characterized by (i) alluvial terraces along the rivers and (ii) undulating hills with
moderate-steep slopes (15°–30°) and altitudes between 115 and 300 m.a.s.l. The alluvial
terraces are characterized by flat and fertile soils with good availability of N, P and
water. The hill type is the most common geo-morphological unit in the region and
characterized by sandy Humic Acrisols with low pH (4-5), and low nutrients and water
availability (Siebe et al. 1996; Celedón-Muñiz 2006).
In the 1970s and -80s many people migrated from central Mexican states to new lands
in Chiapas, contributing to doubling of the population since the 80s (Ramírez León &
Carrera Pola 2004). This has resulted in large scale deforestation, strongly reducing the
total area of closed forest. In the Marqués de Comillas region mature forest coverage
decreased from 95% in 1976 to 56% in 1996. In the same period the secondary forests

Chapter 2 – DIVERISTY PATTERNS – 33

and shrub coverage increased from 1.5% in 1976 to 27% in 1996 (de Jong et al. 2000).
Currently irregular shifting cultivation practices with short rotation cycles are the
prevailing land use type, alongside pastures for cattle breeding, resulting in a mosaic of
pastures, crop fields and patches of secondary and primary forests. Moreover,
uncontrolled fires affected considerable parts of the region, most notably in the El Niño
year of 1998, but also at several earlier occasions (Román-Cuesta et al. 2003; RománCuesta et al. 2004).
DATA COLLECTION
We selected 79 secondary forest patches on abandoned agricultural fields, pastures or
disturbed old-growth forest. Nineteen plots were sampled in 1995 and 60 in 2000. In
each site, three transects of 2 x 25 m were located randomly within a 0.5 ha area in the
centre of the forest patch. All trees with a diameter at breast height (1.30 m, dbh) of ≥ 1
cm were identified to species and their dbh and height were measured. Unnamed
species were numbered and matched within sites, but across sites only for the 19 plots
sampled in 1995. Of the in total 8643 individuals 7.5 % (655 trees) could not be
identified to their scientific name. Identification and nomenclature was based on
(W3TROPICOS; Pennington & Sarukhán 2005). In the text, repeatingly mentioned
species will be refered to by genus name only after the first time they are mentioned.
As far as possible, species were classified into three functional groups (pioneers, shade
tolerant canopy species and shade tolerant understory species). The classification was
based on data and observations from long-term studies conducted at Los Tuxtlas
Tropical rain forest (Bongers et al. 1988; González-Soriano et al. 1997; Ibarra-Manríquez
et al. 2001) and in our own study region (M. Martínez-Ramos et al., unpublished data)
using maximum stature and the distribution of seedlings and young saplings as
criteria. We defined pioneers as those light-demanding species that establish and
persist only under higher-light conditions and, accordingly, their distribution as
seedlings and saplings is largely confined to gaps and early secondary vegetation. We
defined shade-tolerant species as those able to establish and persist below the closed
canopy of old-growth forests. Note that this classification includes a wide array of
alternative life-histories (Martínez-Ramos et al. 1989). Of identified trees and species,
we could classify 76% and 73% into one of the functional groups respectively.
We used semi-structured informal interviews with the landowner and/or relatives to
determine the time since last abandonment (fallow time) and type of land use before
abandonment of the plots. We distinguished two main groups of former land use:
pasture (18 plots) and milpa (54 plots). Seven additional plots were selected in
disturbed old-growth forest (showing signs of extraction of forest products, indications
of wind damage or a burnt understorey). Furthermore, plots were selected in the two
contrasting geo-morphologic units described (i) alluvial terraces along the rivers (20
plots), and (ii) low hills (52 plots).
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ANALYSIS
Diversity
Diversity is made of two components, the number of species and the evenness of their
frequency distribution (Legendre & Legendre 1998; Purvis & Hector 2000; Magurran
2004). There are many ways to combine richness and evenness, each with its own
merits and pitfalls; see e.g., (Magurran 2004) for an extensive discussion. As argued by
(Ricotta & Avena 2002; Ricotta 2005), diversity indices such the Shannon Wiener index
and Fisher alpha supply point descriptions of community structure with one specific
combination of these two diversity components. Alternatively, a whole array of indices
representing varying sensitivities to the presence of rare and abundant species can be
used (Ricotta 2003). One such array is given by the Rényi’s generalized entropy (Rényi
1961). This is one of the several diversity ordering techniques (Tóthméresz 1995)
available and is calculated using equation 1 (Legendre & Legendre 1998):

⎞
⎛ s
ln⎜ ∑ piα ⎟
H α = ⎝ i=1 ⎠
1− α

Equation 1

where s is the total number of species and pi is the proportion of the ith species in the
sampling unit (Orlóci 1991). Alpha is a scale parameter that can range from 0 to infinity
(Tóthméresz 1995; Legendre & Legendre 1998). Hα thus gives a continuum of possible
diversity measures, which differ in their sensitivity to the rare and abundant species in
the community. With increasing alpha Hα becomes increasingly dominated by the
commonest species (He & Orlóci 1993; Ricotta & Avena 2000).
A convenient property of Hα is that a number of traditional diversity indices are special
cases of Hα. When α = 0, H = ln S, where S is species richness. For α = 1, H equals the
Shannon Wiener index and for α = 2, H = ln 1/D, where D is the Simpson dominance.
Finally, when α = ∞, H = ln 1/p, where p is the relative abundance of the most frequent
species in the assemblage (Lövei 2005; Ricotta 2005). Another desirable property of Hα
is that it conforms to the definition of diversity by combining species richness and
evenness (Kindt 2002; Kindt et al. 2006).
We constructed so-called 'diversity profiles' by plotting Hα against α for different
values of alpha (α = 0, 0.25, 0.5, 1, 2, 4, 8, and ∞). Where H0 gives information about
species richness (see above), the shape of the profile gives information about the
evenness; from equation 1 it can be deduced that more equality in the relative
frequencies of the different species (is more evenness) will give more horizontal
profiles. It is thus possible to order communities from lowest to highest diversity
explicitly based on number of species and evenness. A community X is more diverse
than community Y if all values of the diversity profile (H0 ≤ α ≤ ∞) of X are larger than
for Y. Two communities that have intersecting profiles consist of one community that is
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richer but not more evenly distributed than the other, and consequently cannot
generally be ordered in diversity (Kindt 2002; Oksanen et al. 2007).
To account for the effects of tree abundance on diversity (Sanders 1968; Denslow 1995;
He et al. 1996; Chazdon et al. 1998), we calculated rarefied diversity profiles. For each
plot we calculated the mean Hα of 10.000 random samples (without replacement).
Sample size was equal to the number of trees in the plot with the lowest abundance (N
= 36, the number of stems varied between 36 and 299 stems). All calculations were
carried out with the vegan package (Oksanen et al. 2007) for R (R Development Core
Team 2006).
To analyse the effect of fallow time on species diversity and whether this differed
between old pastures and old milpa fields and between alluvial plains and low hills,
we carried out ANCOVA' s of H0 ≤ α ≤ ∞ against fallow time, with as covariates former
land use (LU) and substrate (ST). Because of the low sample size for the combination
old pastures – alluvial plains (two plots) we did not use a two-way ANCOVA. Instead
the following one-way ANCOVA'S were carried out to examine the effect of LU and ST
respectively: (1) Hα vs. fallow time and LU for all plots on low hills and (2) Hα vs.
fallow time and ST for all plots on former milpas. First we tested whether there was a
significant interaction between fallow time and LU (first model) and ST (second
model). If this interaction was not significant, then the analysis was repeated excluding
the interaction effect.
Residual error and quantile-quantile plots of the models were examined for
heteroscedasticity and departure of normality. When needed, Hα was transformed
using the Box-Cox power transformation (Box & Cox 1964; Sokal & Rohlf 1995). When
within the 95% log-likelihood confidence interval for λ (Venables & Ripley 2002),
rounded values of -1, 0.5, 0, 2, or 1 were used. Given the strong heteroscedasticity
between plots on different LU, fitting of the parameters in the first model was done by
weighted least squares (Venables & Ripley 2002) with the weight Wi, being defined as
the squared sum of the standard deviations of Hα within LU group i.
Species composition and distribution
We used non-metric two-dimensional scaling (Legendre & Legendre 1998) with the
Bray–Curtis dissimilarity to examine dissimilarities in species composition of the most
abundant species (species in ≥ 10 plots and with ≥ 20 individuals in total). The run was
initiated from the ordination obtained using principle coordinate analyses (Legendre &
Legendre 1998). The species abundance data were square root transformed, and then
submitted to Wisconsin double standardization prior to the MDS (Oksanen et al. 2007).
In the ordination plot, weighted averages scores of the species for the ordination axes
were plotted. The same was done for fallow time, LU and ST and their significance was
calculated based on 5000 random permutations of the data (Oksanen et al. 2007).
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To examine if species that are widely found across the secondary forests of a region are
the same species that dominate (most/many of) the secondary forests in terms of stem
number or basal area, we examined across-sites frequency patterns of the most
abundant species and compared this with their within-site dominance. Therefore we
determined for each species the number of plots in which it occurred with (i) ≥ 1, 2 or 5
individuals per plot; and (ii) ≥ 1%, 2%, 5% or 10% of plot basal area. For each set of
frequency data, we constructed rank-frequency curves.
Furthermore we tested whether the three functional groups (pioneers, shade tolerant
canopy species and shade tolerant understory species) differed in their medians of
across-plots frequencies using the non-parametric Kruskal-Wallis test and Dunn’s
multiple comparison tests. We used the chi-square test to examine if abundant species
(occurrence in ≥ 10 plots) did occur significantly more in (1) plots on alluvial plains or
in low hills and (2) in plots on old milpa fields or old pastures. P-values were computed
by Monte Carlo simulation with 10000 replicates (R Development Core Team 2006).

TABLE 1. Averages and standard deviation of forest structure indices for three
fallow time (FT) classes, two land-use classes (LU) and two soil type classes
(ST). Hmean = average height, H90 = 90% quantile of the height, BA = basal area,
Density = number of trees / ha. Means of respectively the FT and LU classes
with the different letter super script did differ significantly from each other
(Tukey-Kramer test, p < 0.05). Similarly, means of the two ST classes with the
different letter super script did differ significantly (Welch Two Sample t-test, p
< 0.05).

i

Hmean

H90

BA (m2/ha)

Density (#/ha)

FTi
[0,5]
(5,10]
(10,18]

3.9 ± 0.9 A
5.2 ± 1.0 B
5.1 ± 0.8 B

6.2 ± 2.2 A
9.2 ± 2.2 B
8.7 ± 1.7 B

9.2 ± 6.7 A
16.3 ± 6.0 B
25.7 ± 15.9 B

8533 ± 4577 A
6252 ± 2478 A
6115 ± 2205 A

STi
alluvial
low hills

5.1 ± 0.9 A
4.4 ± 1.2 B

9.0 ± 2.4 A
7.2 ± 2.8 B

20.4 ± 13.6 A
13.4 ± 10.6 B

5403 ± 1843 A
7945 ± 4228 B

LU
milpa
pasture
disturbed

4.4 ± 1.0 A
4.4 ± 1.4 A
6.1 ± 0.7 B

7.5 ± 2.6 A
6.9 ± 2.4 A
11.1 ± 2.9 B

15.1 ± 11.0 A
9.6 ± 7.2 A
31.5 ± 14.4 B

8001 ± 4283 A
6214 ± 2357 AB
4342 ± 1390 B

All plotsi

4.6 ± 1.2

7.7 ± 2.8

15.3 ± 11.8

7260 ± 3895

plots in disturbed old-growth forest excluded
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FIGURE 1: (A) Average Renyi diversity profiles for the age classes 0-5 (43 plots), 5-10 (19
plots) and 10-18 yr (11 plots). Additionally, the average diversity profile for the forests that
underwent some light form of perturbation (6 plots) is given. (B) Average Renyi diversity
profiles for plots on former milpa fields (54 plots) and former pastures (19 plots). Differences
in mean Hα are significant for all alpha (Welch two sample t-test, p < 0.05). (C) Average
Renyi diversity profiles for plots on alluvial terraces (21 plots) and low hills (58 plots).
Differences in mean Hα are significant for all alphas (two sample t-test, p < 0.05 for 0 ≤ α ≥ 1
and p < 0.1 for 2 ≤ α ≥ ∞). The error bars give the standard error. Note that all profile values
were calculated for the same scales, but graphs were presented at slightly divergent scales
for better discrimination.
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RESULTS
STAND STRUCTURE CHARACTERISTICS
Plots were in general characterized by high tree densities (108 ± 58 trees / plot, see
Table 1 for trees / ha). Basal area, average tree height and 90% quantile tree height
were (mean and standard deviation): 15.3 ± 11.8 m2 ha-1, 4.6 ± 1.16 m and 7.7 ± 2.79 m
respectively. Forest structure parameters differed significant between plots on alluvial
plains and low hills, with secondary forests on alluvial plots being characterized by
larger trees and lower tree densities than those on low hills (Table 1). There were no
significant differences between secondary forests on old milpa fields and old pastures.
Both, however, had significant higher tree densities and smaller average tree height
and basal area than the disturbed old-growth forests.
Differences in forest structure between young [0.5 y], intermediate (5,10 y] and older
(10,18 y] plots were mostly significant. Average tree height, 90% quantile of the tree
heigh and basal area differed between the first and second and first and third classes,
but not between the second and third (Table 1), suggesting a particularly fast increase
TABLE 2: Linear models of Hα against fallow time (FT) and substrate (ST)
and fallow time and land use (LU). For all four models the interaction term
was not significant (F-test, p < 0.05), hence results of ANCOVA's without
interaction term are presented. FT gives the slopes. ST gives the differences
in intercept between low hills and alluvial plains and LU the differences in
intercepts between former pastures and old milpa fields. Variables were
excluded when their inclusion did not give a significant improvement of
the model (F-test, p < 0.05), in which case the results of a reduced model is
presented.
FT

LU

R2

H 20

0.17 **

0.83 *

0.17

0.21

H 20.25

0.17 **

0.90 *

0.17

1.26 **

0.20

H 20.5

0.17 **

0.95 *

0.16

0.19 **

1.24 *

0.18

H 21

0.16 **

0.98 *

0.15

H2

0.04 *

0.33 *

0.13

H2

0.04**

0.32*

0.14

H4

0.04 *

0.30 *

0.12

H4

0.03*

0.30 *

0.12

H8

0.04 *

0.30 *

0.12

H8

0.03 *

0.28 *

0.12

H∞

0.03 *

0.24 *

0.11

H∞

0.03 *

0.25 *

0.11

FT

ST

R2

H 20

0.19 ***

1.23 **

0.22

H 20.25

0.19 ***

1.25 **

H 20.5

0.19 **

H 21

* P < 0.05; ** P < 0.01; *** P < 0.001; ns P > 0.1
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TABLE 3: Across–plot averages of species density (SD) and four speciesrichness/diversity indices related to special cases of Hα, viz. species
richness (SR =exp (H0)), the Shannon Wiener index (SW = H1), the
Simpson dominance (D = exp(-H2)), and the relative abundance of the
most frequent species in the assemblage (Pmax = exp(-H∞)).

i

SD

SR

SW

D

Pmax

FTi
[0,5]
(5,10]
(10,18]

18.0
18.7
23.7

10.1
12.2
14.2

1.9
2.1
2.3

0.21
0.17
0.14

0.34
0.32
0.25

STi
alluvial
low hills

14.9
21.9

9.4
11.9

1.8
2.1

0.23
0.17

0.37
0.30

LU
milpa
pasture
disturbed

19.0
19.4
28.7

10.7
12.7
20.1

1.9
2.2
2.9

0.20
0.15
0.07

0.34
0.27
0.14

All plotsi

20.0

11.2

2.0

0.18

0.32

plots in disturbed old-growth forest excluded

in canopy height and basal area in the first years after abandonment. Variation in tree
density within the fallow time classes was higher than between the fallow time classes.
CHANGES IN DIVERSITY WITH TIME SINCE ABANDONMENT
The average Renyi diversity profiles for the age classes 0-5, 5-10 and 10-18 y show that
Hα values increased with fallow time over the whole range of alpha (Fig. 1), i.e.
diversity increases with time along the whole gradient of sensitivities to the presence of
rare and abundant species. However, the increase in Hα with fallow time is
considerably weaker for high alpha (Table 2), showing that i) the increase in diversity is
largely due to an increase in species richness, ii) the increase in species richness
resulted only in relative small changes in the proportions of the dominant species.
Renyi diversity profiles are not commonly used in similar studies, making it more
difficult to compare these results with those of other studies. Some special cases of Hα
can be easily converted to more traditional diversity indices, including species richness
(exp(H0)), the Shannon Wiener index (H1) and the Simpson dominance (exp(-H2)).
Moreover, the proportion of the most frequent species in the assemblage is given by
(Pmax = exp(-H∞)) (Table 3). So to take the extremes of the profiles: species richness
increases from 10 species in the 0-5 y age class to 14 species in the 10-18 y class, while
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the proportion of dominant species decreased from 0.34 to 0.25 respectively (Table 3).
Note the large difference with lightly disturbed forests, were species richness was on
average 20 and the most dominant species contained only 14% of all trees.
Rate of change of Hα with fallow time was independent of both LU and ST as indicated
by the non-significant interaction terms (i.e. fallow time x ST or fallow time x LU) in all
models. Differences in intercepts between plots on alluvial plains and low hills and
between plots on old milpa fields and old pastures were significant for all alpha (Table
2), thus providing some evidence for the observed higher diversity of old pastures (Fig.
1B) and higher diversity for low hills (Fig. 1C). However, when abandoned milpas on
alluvial and low hill sites were compared, only for H0 ≤ α < 1 differences in intercepts of
ST remained significant (Table 4). On the other hand, analyses carried out for plots on
low hills did not yield any significant difference between the two LU classes (Table 4).
Thus, only evidence for the observed differences in species richness between plots in
secondary forests on alluvial plains and low hills remained strong.
COMPOSITION AND DISTRIBUTION OF DOMINANT SPECIES
The composition of the most abundant (≥ 20 individuals) and frequent (≥ 10 plots)
species changed significantly with fallow time. Differences in species composition
between plots on former milpa fields and pastures and between plots on alluvial plains
and low hills were also significant (Fig. 2). Amongst these species, species composition

TABLE 4: The same models as in Table 2, but for old-milpa fields only (FT +
ST) and for low hills only (FT + LU). For all models the interaction term was
not significant (F-test, p < 0.05) and results of ANCOVA's without
interaction term are presented.
FT

LU

r2

H 20

0.20 ***

ns

0.2

0.21

H 20.25

0.21 ***

ns

0.18

ns

0.15

H 20.5

0.22 **

ns

0.18

0.19 **

ns

0.13

H 21

0.22 **

ns

0.16

H2

0.05 *

ns

0.10

H2

0.05 *

ns

0.12

H4

0.04 *

ns

0.09

H4

0.05 *

ns

0.11

H8

0.04 *

ns

0.09

H8

0.04 *

ns

0.10

H∞

0.04 *

ns

0.09

H∞

0.04 *

ns

0.10

FT

ST

r2

H 20

0.21 ***

1.1 *

0.22

H 20.25

0.21 **

1.1 *

H 20.5

0.20 **

H 21

* P < 0.05; ** P < 0.01; *** P < 0.001; ns P > 0.1
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FIGURE 2. Ordination graph for two-dimensional NMS based on the Bray–Curtis distance
(stress = 27) for dominant species (species in ≥ 10 plots and with ≥ 20 individuals in total).
The circles give the weighted average scores of the species, with their size proportional to
the percentage of plots in which the species occurs (species frequency). White = pioneer
species (21 species), light grey = shade tolerant canopy species (12 species), dark grey =
shade tolerant understorey species (2 species). The arrow gives the direction of fastest
change in time. R2 between ordination and fallow time is 0.23 (p < 0.01, based on 10000
permutations). P, M, AL and LH give the weighted averages ordination scores for plots on
old pastures, old milpa fields, alluvial terraces and low hills respectively. Goodness of fit
(R2, p-values based on 10000 permutations) for differences between the land use types P and
M and substrate types AL and LH are respectively 0.15 (p < 0.01) and 0.22 (p < 0.01).

was characterized by a stronger association of the less frequent species with plots with
longer fallow time (small circles, Fig. 2, e.g., Alibertia edulis, Bellucia grossularioides,
Casearia sylvestris, Luehea speciosa and Nectandra reticulata), while weighted average
ordination scores of the more frequent species (larger circles, Fig. 2) were in general
closer to zero (e.g., Vernonia patens, Bursera simaruba) or negative (e.g., Trema
micrantha, Cecropia peltata, Trichospermum mexicanum). Many of the shade tolerant
canopy species, which are in general less frequent, seemed to be closely associated with
low hill plots, some in plots with longer fallow time (e.g., Alibertia edulis, Nectandra
reticulata), and others appear not to have a preference (e.g., Cupania glabra and Xylopia
frutescens; Fig. 2).
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Not all relations suggested by the ordination graph (Fig. 2) are significant though. A
total of only 10 species showed a weak to strong preference for one of the substrate
types, of which 5 were pioneer (including the very abundant T. micrantha and T.
mexicanum, both with a strong preference for LH) and 5 shade tolerant canopy (inc.,
Alchornea latifolia (LH) and Lonchocarpus cruentus (AL)). Even less species showed a
preference for a particular former land use type, viz., 2 pioneer (Bellucia grossularioides
and Ochroma pyramidale) and 3 shade tolerant canopy species (inc., Lonchocarpus
cruentus, Table 5).
FREQUENCY PATTERNS
Only few species are widely distributed (i.e., high frequency of occurrence in sample
plots). Even less species are frequently abundant (i.e., occurring with ≥ 2 or with ≥ 5
individuals in sample plots) and/or relatively dominant (in terms of basal area) in the
secondary forests of the region (Fig. 3). These frequency patterns are not related to
fallow age as rank frequency curves (both with abundance and basal area) for three
separate age classes (<5 y, 36 plots; <10 y, 24 plots; >= 10 y, 15 plots) did show very
little of no differences.
The species that are widely distributed across the secondary forests are also the species
that dominate in individual forests (Fig. 4). However, only a few species were “topranked” in all cases, most notable Trichospermum and Cecropia. As noted above, Cecropia
was distributed independent of LU and ST, while Trichospermum was found
significantly more often in plots on low hills (Table 5). Shrub species such as Acalypha
diversifolia and Vernonia patens occurred frequently at relatively high stem densities but
with relatively low contributions to total plot basal area. Ochroma pyramidale, on the
64
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FIGURE 3: Rank frequency curves. Frequency based on number of plots in which a species
occurs with the on the corresponding lines indicated (A) number of individuals, and (B)
percentage of plot basal area. Not-identified species are not included.
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FIGURE 5: Comparison between the median rank of across-plot frequencies (A) of occurrence
with at least one individual per plot and (B) with >= 10 trees/plot. P = Pioneers, CT =
Canopy shade Tolerant species; UT = Understorey shade Tolerant species (UT). Black dots:
20 most frequent species per group; open dots: other species. Horizontal line: median of the
black dots. Medians of the three group differ significantly from each other A) Kruskal-Wallis
statistics 40.94, p<0.0001. Dunn’s multiple comparison test, P-CT: difference in rank sum
16.15, p<0.05; P-UT: 35.23, p<0.001; CT-UT: 19.08, p<0.01. B).

other hand, occurred in several plots at low stem density but representing an important
part of plot basal area (Fig. 5B). Most other widely-distributed species occur at low
(relative) numbers and with low basal area in most of the sites (Fig. 4, Table 5).
In all three functional groups, most species occurred at low frequencies across the
sample plots (Fig. 5). Respectively 44%, 48% and 75% of the pioneer -, canopy shade
tolerant - and understory shade tolerant species occurred at frequencies of < 5%, and
respectively 75%, 87% and 96% at frequencies < 15%. We could only classify part of the
species into one of the functional groups. Of the unclassified species 76% occurred at
frequencies of < 5% and all at frequencies < 15%, indicating that these percentages are
still underestimations. The groups differed most with regard to the most frequent
species in each group (Fig. 5). When only occurrences with at least 10 stems were taken
into account, differences became even more pronounced, with only 5 pioneer species
with a frequency of > 20% (Fig. 5B).
The medians of the percentages of pioneer species and of individuals of pioneer species
in the understory differed significantly between age-classes (Kruskal-Wallis rank sum
test,

χ 22 =

10.1, p = 0.007 and

χ 22 =

10.1, p = 0.011 respectively). The medians of the

percentages in the age classes 0-5, 5-10, and 10-18 year decreased from 83%, 70% to 59%
(percentage of individuals) and 84, 70 and 59% (percentage of species). Medians of the
percentages of pioneer species and of individuals of pioneer species in the canopy did
not differ, with in both cases an overall average of 81%.
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TABLE 5: All species with minimum frequency of 10 (out of 72 plots) and total number of
individuals over all plots ≥ 20. Regeneration type (RT): Pioneer (P), Shade tolerant canopy
(CT), and shade tolerant understory (UT); # trees: number of trees across all plots; Freq =
proportion of sites where the species occurs; P = average relative abundance ± standard
deviation (only plots were the species was found); ST: Observed number of plots on
alluvial plains (AL) and low hills (LH). Expected values are 20/72 and 52/72 x total
number of trees of given species. LU: Observed number of plots in old milpa fields (Mi)
and abandoned pastures (Pa). Expected values were 54/72 and 18/72 x total number of
trees of given species. The values that are significantly higher than expected are
underlined.
ST
species

Code

RT

No

Freq

AL

P(%)

Acalypha diversifolia

Ad

P

1092

0.33

40.2 ± 27

12*

Aegiphila monstrosa

Am

P

86

0.22

6.4 ± 9.6

Alchornea latifolia

Al

CT

65

0.25

4.9 ± 4.5

Alibertia edulis

Ae

CT

46

0.14

10.3 ± 15.4

Bellucia grossularioides

Bg

P

64

0.24

8.1 ± 8.0

Bursera simaruba

Bs

P

63

0.39

4.8 ± 4.9

8

Casearia sylvestris

Csy

UT

44

0.14

6.5 ± 5.3

1

Cecropia peltata

Cp

P

507

0.74

11.9 ± 14.1

13

LU

LH

M

P

12

21

3

2

14

15

1

0

18***

13

5

1

9

6

4

0

16***

6

10**

20

21

7

9

6

4

40

44

9

Cestrum racemosum

Cr

P

29

0.14

5.3 ± 5.5

5

5

9

1

Cordia alliodora

Ca

CT

78

0.31

5.0 ± 3.9

2

20*

18

4

Croton schiedeanus

Csc

CT

116

0.14

9.3 ± 8.1

2

8

9

1

Cupania dentata

Cd

CT

103

0.21

12.0 ± 12.6

0

15***

9

6

Cupania glabra

Cg

CT

74

0.18

7.6 ± 11.2

1

12

11

2

Inga pavoniana

Ip

CT

94

0.43

3.3 ± 2.9

9

22

29*

2

Inga vera

Iv

CT

136

0.31

8.1 ± 9.1

5

17

18

4

Lonchocarpus cruentus

Lcr

CT

48

0.18

10.5 ± 12.5

11***

2

13***

0

Luehea candida

Lca

P

91

0.28

5.8 ± 8.1

3

17

16

4

Luehea speciosa

Ls

P

185

0.29

12.6 ± 19.1

8

13

19

2

Nectandra reticulata

Nr

CT

27

0.17

2.9 ± 1.8

1

11

9

3

Ochroma pyramidale

Op

P

275

0.31

10.0 ± 13.2

4

18

22***

0

Piper aequale

Pa

P

34

0.14

8.0 ± 15.0

3

7

8

2

Piper hispidum

Ph

P

232

0.43

11 ± 13.7

10

21

22

9

Schizolobium parahyba

Sp

P

251

0.42

7.3 ± 9.9

6

24

24

6

Spondias mombin

Sm

P

30

0.17

3.5 ± 1.9

6

6

9

3

Spondias radlkoferi

Sr

P

136

0.39

6.6 ± 6.5

10

18

25

3

Tabernaemontana alba

Tal

P

85

0.33

5.9 ± 6.3

3

21

16

8

Thevetia ahouai

Tah

P

52

0.24

5.3 ± 10.9

2

15

10

7
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TABLE 5. continuation
Trema micrantha

Tmi

P

579

0.39

17.0 ± 19.7

3

25*

24

4

Trichospermum mexicanum Tme

P

1099

0.61

20.2 ± 20.9

5

39**

36

8

Trophis racemosa

Tr

UT

34

0.19

3.8 ± 4.8

7

7

13

1

Vernonia patens

Vp

P

352

0.61

12.1 ± 15.8

6

38*

29

15

Xylopia frutescens

Xf

CT

27

0.15

4.9 ± 4.3

0

11***

6

5

Zanthoxylum caribaeum

Zc

P

37

0.17

3.5 ± 4.1

2

10

8

4

Zanthoxylum kellermanii

Zk

P

40

0.15

4.9 ± 7.6

2

9

7

4

Zuelania guidonia

Zg

CT

44

0.22

8.7 ± 17.2

2

14

8

8*

* P < 0.05; ** P < 0.01; *** P < 0.001

DISCUSSION
SPECIES DIVERSITY
Changes with fallow time
Diversity and especially species richness increased with time since abandonment,
similar to what has been found in a wide range of sites that ranged from small swidden
fallow fields, abandoned coffee and cacaoplantations to extensive pastures (e.g. (Aide et
al. 1995; Aide et al. 2000; Kennard 2002; Gemerden et al. 2003b; Peña-Claros 2003;
Toledo & Salick 2006). Species richness and diversity have been found to approach
similar levels as that of mature forests in as little as a few decades ((Saldarriaga et al.
1988; Grau et al. 1997; Franklin et al. 1999; Aide et al. 2000; Pascarella et al. 2000) or even
less than twenty years (Kappelle et al. 1995; Peña-Claros 2003). Our secondary forests
were young (0-18 y) and diversity was still much lower than in some disturbed oldgrowth forest sites. These sites were similar to three 500m2 sample areas in old-growth
forests in the nearby Montes Azules Biosphere Reserve (unpublished data M. MartínezRamos) with regard to average species richness (number of species/25 stems:
respectively 16.4 ± 1.3 SD and 17.0 ± 1.1), tree densities (respectively 4480 ± 763 and
4343 ± 1390 individuals/ha) and basal area (26.7 ± 1.4 and 31.5 ± 14.4 m2 ha-1
respectively).
Where other studies report a fairly strong relation between diversity and fallow time,
the explanatory power of our models of Hα vs. fallow time were not particularly strong
(Table 2). The small size of our sites likely accounted for part of the large variation
observed. On the other hand, many chronosequences cover periods of several decades
with a relatively lower number of plots (e.g. Saldarriaga et al. 1988; Aide et al. 1996;
Peña-Claros 2003), while our study included a relatively larger number of plots, and
covered a shorter gradient of time since abandonment than most studies. Purata (1986)
sampled 32 sites with fallow age between 0.5 year and ~6 year, and found that species
density varied almost 8-fold. These observations demonstrate that diversity may vary
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very much between sites of relatively similar age, suggesting (i) the importance of
factors that operate on a very local scale and hence (ii) the importance of replicates
within age classes. Direct comparisons between studies remain difficult, however,
because the large differences in plot lay-out and size, lower size limits, range of times
since abandonment, and variation included with regard to site and landscape factors.
Influence of land use and substrate differences
Secondary forests on low hills appear to have higher species diversity than those on
alluvial plains and diversity on abandoned pastures appear to be higher than on
abandoned milpa’s (Hα for the whole range of alpha). Since only two abandoned
pastures were found in the alluvial planes, we were not able to examine the interaction
of both factors. Instead, we compared (i) abandoned milpa’s from the alluvial planes
with abandoned milpa’s from the low hill areas and (ii) abandoned pastures and
milpa’s from the low hills areas. In the first case only differences in H0 and H0.25
remained significant, i.e. species richness differed between substrate types. In the
second case there were no differences between land-use types. So, average species
richness on abandoned milpa’s is higher in low hill sites than in alluvial sites, while
across low hill sites, former pastures and milpa’s had similar diversity. The differences
between sites were constant, i.e. initial species richness was higher on low hill areas,
but the rate at which species richness increased was similar on both substrate types.
Many earlier studies found a strong effect of land use history on the actual recovery of
species diversity of a secondary forest (Pascarella et al. 2000; Rivera
et al. 2000; Mesquita et al. 2001; Chinea & Helmer 2003). Purata (1986) For example,
changes in terms of species composition and species density have been reported to be
slower on abandoned pastures compared to abandoned agricultural fields (Nepstad et
al. 1991; Aide et al. 1995). Effects of substrate type seem less clear. Across different
regions, soil type has been found to account for differences in stand structure
development (Tucker et al. 1998; Moran et al. 2000; Zarin et al. 2001). Within regions,
however, effects of soil type on species richness or composition has been demonstrated
by few studies only (e.g., Chinea 2002), while other studies did not find effects of soil
fertility (e.g., Lawrence 2004).
Factors such as former land-use, substrate type, and landscape configuration are often
correlated, confounding possible processes and mechanisms that influence patterns of
species richness and composition (Fuller et al. 1998; Lawrence 2004). In the research
area, low hills have generally poorer soils than alluvial soils (Siebe et al. 1996; CeledónMuñiz 2006). Species richness was found to be higher in nearby old-growth forests on
low hills than in alluvial planes (Ibarra-Manríquez & Martínez-Ramos 2002),
suggesting that differences in local species pools may play a role. Finally, past and
present land-use patterns and the resulting landscape configuration differ between
both substrate types. The settlement history followed the general settlement pattern
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described by de de Jong et al. (2000) for the whole Marques de Comillas region (see
Chapter 1, section ‘regional context’). As a consequence alluvial planes generally have a
longer history of land-use and a lower old-growth forest cover than low hill sites,
although there is important local variation (information from local villagers 2000-2003;
pers. obs. M. van Breugel 2003).
Size of the secondary and old growth forest patches and their configuration in the
landscape have a strong influence on local species diversity (Iida & Nakashizuka 1995;
Benitez-Malvido et al. 2001; Hill & Curran 2003), amongst others because it determines
proximity to nearby seed sources which in turn influences colonization rate (Cubina &
Aide 2001; Mesquita et al. 2001; Chinea 2002). Moreover, the landscape matrix of a site
may be constantly changing and diversity in a landscape will thus reflect present as
well as past conditions of the surrounding landscape matrix. Adding to the spatial and
temporal complexity of the landscape matrix, the region has experienced uncontrolled
fires that affected considerable parts of the region, most notably in the El Niño year of
1998, but also at several earlier occasions (Román-Cuesta et al. 2003; Román-Cuesta et
al. 2004). From local farmers we have fragmentary records of repeated burning of
secondary forests on both abandoned pastures and milpas, which sets back the
successional age and can affect further succession by inhibiting resprouting ability
(Hooper et al. 2004) or severely reducing the available seed in the soil seed bank (Miller
1999).
SPECIES COMMUNITY STRUCTURE
Rate of changes with fallow time differed considerably between Hα for low and high
order α, with a much lower rate of increase (and lower significance) for Hα>1. Because
increasing the order α diminishes the relative weight of rare species in the resulting
index (Hill 1973), this results signifies that changes in diversity are driven by the influx
of relative rarer species in the community and to a lesser extent by decreasing
dominance of the most abundant species. These results underpin the importance to
consider a whole continuum of possible diversity measures with shifting sensitivities
from the rare to the abundant species in the assemblage. When only taking into account
species that were relatively frequent (≥ 10 plots) and abundant (≥ 20 individuals) across
plots, composition changed with fallow age, with an increasing importance of the less
frequent species. Species from all three functional groups were, in general, represented
in all plots, including the youngest plots. The proportion of shade tolerant species
increased with time since abandonment in the understory (both in terms of individuals
and species), but not in the canopy.
These results are in concordance with the typical tropical post-agricultural secondary
succession pattern described by Gomez-Pompa & Vazquez-Yanes (1981) and Finegan
(1984): Species from different light requirements recruit at the onset of succession
(Swaine & Hall 1983; Uhl 1987; Chapter 3). Then, species dynamics during the first
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phases of tropical forest succession reflects two processes: continuous recruitment of
shade tolerant species, resulting in accumulating species densities or richness in mainly
the understory and the sequential canopy dominance of pioneer species that all
established at the start of succession, mediated by differential growth rates and
longevity (cf. Finegan 1996). Various chronosequence studies have demonstrated that
species density and composition change faster towards old-growth forests values in the
understory than in the main canopy (Saldarriaga et al. 1988; Guariguata et al. 1997;
Peña-Claros 2003; Lawrence 2004; Toledo & Salick 2006), providing support for the first
two points. Observed changes in the few studies that monitored early successional
species dynamics in permanents plots were also in line with these points (Swaine &
Hall 1983; Uhl 1987; Chapter 3), but also indicated that the processes of recruitment,
mortality and growth underlying these patterns may be more dynamics and complex
than can be inferred from chronosequence data (see Chapter 3).
PATTERNS OF DOMINANCE AND FREQUENCY
Observations on secondary forests seem to suggest that a small group of pioneer
species dominate the secondary forests within a certain region and age range
(Saldarriaga et al. 1988; Finegan 1992; Richards et al. 1996). The steep rank-frequency
curves demonstrate that there are sharp differences between species frequencies, and
support the notion that only few species are frequent across the secondary forests in a
region. The next question was whether frequently occurring species are generally
occurring at high stem density (abundance) and/or with a relative large proportion of
the plot basal area (dominance). The slopes of the rank-frequency curves increase
rapidly as higher abundance or dominance threshold values are applied, indicating
that even less species are frequently abundant and/or dominant. For example, species
with a frequency of ≥ 20% included six shade-tolerant and sixteen pioneer species, but
only five pioneer species occurred in more than 20% of the plots with at least ten stems.
Only three pioneer species (Cecropia, Trichospermum and Vernonia) occurred in ≥ 50% of
the plots, and only the first two were also relatively dominant (>10% of plot basal area)
and/or abundant (> 10 stems) in many of the plots they were found.
Striking is the large variation in frequency patterns between pioneer species. We found
Ochroma pyramidale in stands of all ages, but always in the main canopy and only very
rarely as smaller individuals below the canopy of other trees, hence the higher
frequency as dominant (> 10% of plot basal area) than as abundant (>10 stems/plot)
species. Other species are frequent or locally abundant without contributing
significantly to plot basal area. Examples are the shrub species Acalypha diversifolia, that
occurs locally in very high densities but is less frequent across the landscape, and
Vernonia patens that is frequent across the landscape but occurs in low densities in most
plots. Yet, most other species are neither frequent nor abundant. For a pioneer species,
a high frequency assumingly implies that a species must, first of all, be present at many
sites when these become available for establishment, and may thus reflect species
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attributes such as a wide ecological range, an efficient and long-distance dispersal
mechanism, and/or persistence in the soil seed bank. These elements are thought to be
part of the trade-off typical for pioneer species (Swaine & Whitmore 1988; Whitmore
1990), but results of this study suggest that only few pioneer species comply with most
of them.
However, data from chronosequences have to be interpreted cautiously, as they may
capture only a part of the underlying dynamics (Chapters 3-5; Bakker et al. 1996;
Herben 1996). Patterns of dominance in individual plots can change rapidly due to
interspecific differences in mortality and recruitment (Swaine & Hall 1983; Uhl 1987;
Chapters 3-5). Part of such dynamics may be explained by differences in lifespan. Some
species have a maximum lifespan that exceeds the length of our chronosequence (e.g.
Cecropia, Trichospermum, Ochroma), others do have a shorter maximum lifespan (e.g.
Vernonia patens), and for most species there is no information available. However,
several of the species that dominated (in number of stems or in basal area) our
secondary forests belong to the first group, indicating that other factors play an
important role, such as competition for resources (see Chapters 6, 7). Additionally,
episodic mass mortality, apparently caused by pathogen outbreaks, has been observed
to cause abrupt change in canopy composition and dominance (Chapters 3-4).
CONCLUSIONS
The patterns of species diversity and composition across our study sites are broadly in
accordance with the expected tropical post-agricultural secondary succession observed
in many parts of the world (Gomez-Pompa & Vazquez-Yanes 1981; Finegan 1984;
1996). The chronosequence of this study covers a relatively small range of successional
ages (0-18 y), yet across-site variability in species diversity and composition was very
high. Part of the observed variation in diversity between plots could be explained by
differences in time since abandonment, substrate and, more ambiguously, former land
use. However, they only captures a small part of the complex set of interactions
between landscape factors (e.g. local species pool, mature forest cover), local site factors
(e.g. land-use history, substrate), biotic interactions (e.g. competition, pathogens) and
species life histories that governs the species diversity in such sites (see e.g., Chazdon
2003; Pickett & Cadenasso 2005).
The results of this study explicitly demonstrate that the patterns of frequency, and the
abundance at which species occur, vary highly between species. As expected, a very
small sub-set of the regional species pool dominates secondary forests (cf. Finegan
1992), and all of them are pioneer species. There are a few shade tolerant canopy
species that are relatively frequents, but the majority has a limited distribution and
occurs at low abundances. But, also a large proportion of the pioneer species has a
limited distribution, and even a larger proportion occurs mostly at low densities.
Understanding patterns of frequency and abundance of species across the secondary
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forests of a region is an important challenge. As yet, only few studies on tropical
secondary forest succession have explicitly examined regional patterns of species
frequencies across secondary forests (but see Aide et al. 1995; Rivera & Aide 1998).
Moreover, we have very little or no data on life history attributes and functional traits
of most species. The combination of such data would allow us to better understand the
patterns (and variation) of species diversity and composition across secondary forests.
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ABSTRACT
The “Initial Floristic Composition” hypothesis is applied to secondary tropical rain
forest succession in abandoned agricultural fields with light previous land-use and
close to seed sources. This hypothesis predicts that both pioneer and shade-tolerant
species colonize a site directly after abandonment, and as the canopy closes, the
recruitment of pioneers sharply declines, while recruitment of shade-tolerant species
continues. It also predicts higher mortality among pioneers. Consequently, recruited
and dead trees are expected to differ in species composition, with highest species
richness for the recruits. During 18 months, we monitored recruitment and mortality of
trees with height ≥ 1.5 m in eight plots in abandoned corn fields with initial fallow age
of 1 to 5 y, in southeast Mexico. Shade-tolerant species established in the first years of
succession, albeit in low numbers. As predicted, recruited and dead trees differed in
species richness and composition, and in shade-tolerant frequency. In contrast to our
expectations, over 50% of recruits were from pioneer species, as high stand-level
mortality opened new opportunities for continued pioneer colonization. Species
turnover starts very early in succession but is not always a gradual and continuous
process, complicating prevailing succession models. The strong spatial and temporal
variability of succession emphasizes the need to monitor these dynamics in permanent
plots across a range of initial stand ages, with multiple plots in a given age class.
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INTRODUCTION
Secondary forest succession on abandoned agricultural fields has been described as the
colonization and replacement of functional groups of species, which differ in life
history attributes such as seed dispersal rates, establishment requirements, growth
rates, longevity and size at maturity (e.g., Huston & Smith 1987; Bazzaz 1996). The
variety of temporal patterns of species colonization and replacement is immense, and
depends on site and species availability and characteristics (Pickett & Cadenasso 2005).
Across-site variation in these patterns has been related to environmental factors such as
soil characteristics (e.g., Donfack et al. 1995; Chinea 2002; Lu et al. 2002), previous landuse (e.g., Uhl et al. 1988; Pascarella et al. 2000), distance to seed sources (e.g., Purata 1986;
Mesquita et al. 2001), and characteristics of dominant species (Lucas et al. 2000;
Mesquita et al. 2001).
The Initial Floristic Composition hypothesis (IFC) of Egler (1954) is predicted to apply
to tropical post-agricultural secondary succession where previous land-use was of lowintensity and seed sources are nearby (Gomez-Pompa & Vazquez-Yanes 1981; Finegan
1984). Such conditions are found in many regions of the tropics, especially where
traditional small-scale shifting cultivation practices still prevail or where agricultural
colonization is recent (e.g., Lawrence et al. 1998; Kammesheidt 2002; Gemerden et al.
2003b). According to the IFC hypothesis most species that will later dominate the
community will colonize the site at the onset of succession. The proposed sequential
physiognomic dominance of species, first light demanding species of increasing
longevity, and finally shade-tolerant species, unfolds largely due to differences in
growth rates, longevity, and shade-tolerance among tree species that happen to
colonize the site at abandonment (Gomez-Pompa & Vazquez-Yanes 1981; Finegan
1984).
The IFC hypothesis does not provide an unambiguous testable hypothesis, and
accordingly it has been interpreted in different ways (Wilson et al. 1992; McCook 1994).
Therefore, to address this hypothesis clear predictions have to be formulated about
successional replacement among functional groups, making interpretations and
assumptions explicit. In this study we formulated and evaluated the following
predictions. Both pioneer and shade-tolerant species are present in the first phase of
succession although pioneer species are more abundant (Gomez-Pompa & VazquezYanes 1981; Finegan 1996). After canopy closure, recruitment of the dominant pioneer
species becomes limited, while recruitment of shade-tolerant species continues (Swaine
& Whitmore 1988). Mortality is relatively high among the dominating pioneer species
compared to shade-tolerant species (e.g., Alvarez Buylla & Martinez Ramos 1992;
Davies 2001). In consequence of these three aspects, recruits and dead trees constitute
distinct groups of species, while the surviving initial assemblage can be expected to
represent a transitional species composition (i.e., high potential of species replacement).
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Shade-tolerant taxa form a much larger species pool than pioneer taxa (Budowski 1965;
Saldarriaga et al. 1988; Finegan 1992), though pioneer species seem to be more widely
distributed than many shade-tolerant species (Holmgren & Poorter in press). Unlike
shade-tolerant taxa, few pioneers have narrowly localized or disjunctive areas, and
generally occur at much higher densities (Richards et al. 1996; Holmgren et al. 2004).
Hence, we expect that species richness and evenness of recruits will be higher than that
of the species assemblage of earlier established trees. For the same reasons, we expect
that species richness and evenness of the group of trees that die will be lower than that
of recruited trees.
We know of only one community-level study that explicitly, but partially, addressed
these predictions in the context of tropical rain forest succession. This chronosequence
study in the Bolivian Amazon demonstrated that the understory had higher species
diversity and approached the composition of nearby old-growth forests faster than the
canopy (Peña-Claros 2003). However, a complete examination of the rate and patterns
of species colonization and replacement requires monitoring of permanent plots
(Pickett 1989; Bakker et al. 1996; Foster & Tilman 2000). We are aware of only two
studies focussing on advanced (initial fallow age ≥ 55 y) secondary succession (Lang &
Knight 1983; Milton et al. 1994), and of two studies in sites with initial fallow age
between 12–25 y (Chazdon et al. 2005; Chazdon et al. 2007; B. Finegan, unpublished
data), and two further studies that monitored the first years of post clearance
succession (Swaine & Hall 1983; Uhl 1987). These studies monitored mortality,
recruitment and changes in species composition over periods ranging between 5–17 y,
but none explicitly addressed the above stated predictions on species colonization and
replacement.
In this study we examine in detail community-level species dynamics in the initial
years of secondary tropical rain forest succession. We analyze mortality, recruitment
and subsequent changes in species abundance, diversity and evenness and composition
in eight 1–5 y old fallows in a swidden agricultural landscape with light previous landuse and in proximity of old-growth forest remnants over a period of 18 months. Our
specific objectives were: (1) to describe early secondary patterns of species richness and
composition and short-term changes therein; (2) to test the predictions derived from the
IFC hypothesis.

METHODS
STUDY AREA
The study was conducted at the Marquéz de Comillas region, to the south of the
Montes Azules Biosphere Reserve (approximately 16º 04' N, 90º 45' W), Chiapas,
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Mexico. Annual temperature and rainfall is ca 23ºC and 3000 mm. There is a dry season
from February to April (< 100 mm/month). The original vegetation consists mainly of
lowland tropical rainforests and semi-deciduous forests. A more extensive description
of the natural vegetation in the region is given by Ibarra-Manríquez and MartínezRamos (2002).
The region is a mosaic of small-scale agriculture, pastures, mostly young (< 10 y)
secondary forests, and remnants of old-growth forests. In Chapter 2, some indications
are found that secondary vegetation succession in the study region varied with former
land-use, more specifically abandoned pastures vs. abandoned cornfields, and with
geomorphology. It was not our objective to study such relationships; therefore, we
selected secondary-growth plots with similar geomorphology and land-use history.
Plots were selected on abandoned cornfields (‘milpas’) in areas with undulating hills,
between 115–300 m asl., with a complex acidic soil (pH 4–5), derived from sedimentary
rocks (sandy and clay) that have low total nitrogen and phosphorous content (Siebe et
al. 1996; Celedón-Muñiz 2006). The cornfields had been established after clear-cutting
the original old-growth forest, used for corn cultivation once, and subsequently
abandoned. Initial fallow age ranged from 1 to 5 y. All plots were bordering remnants
of old-growth forest or connected to them by another secondary forest plot. Fallow age
and land use history was determined based on information of landowners and other
local residents.
INVENTORY
We selected eight secondary forests, and established plots of 10 x 50 m in each of them.
At the beginning of the study all free standing woody perennials (trees, shrubs and
treelets) with a diameter at 1.3 m above ground (dbh) ≥ 1 cm were recorded, tagged,
and identified to lowest possible taxonomic level. In the case of individual plants with
multiple stems, all stems with dbh ≥ 1 cm were included. Henceforth we will refer to
individual plants as ‘trees’, independent of their life form, for convenience. After six
months, a census was conducted to record mortality and recruitment. At this time all
trees with dbh ≤ 1 cm but height ≥ 1.5 m were included as well, but dbh was not
measured. Hereafter we will refer to the first census as ‘census 0’ and to the latter as
‘census 1’. Approximately 18 months (± 15 days) after census 1, recruitment and
mortality were monitored again (census 2). Here we report data from this 18-month
study period. Henceforth, we will deal with five tree groups: (i) trees with height ≥ 1.5
m at census 1, initial assemblage (IA); (ii) trees with height ≥ 1.5 m at census 2; (iii) trees
of census 1 that survived until census 2 (surviving trees, ST); (iv) trees alive at census 1
and recorded dead at the end of the study period (dead trees, D); and (v) trees that
grew over the lower size limit of 1.5 m height after census 1 and were alive at census 2
(‘recruitment’, R).
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Based on data and observations from long-term studies on the distribution of seedlings
and young saplings, conducted at Los Tuxtlas Tropical rain forest (Ibarra-Manríquez et
al. 2001) and in our own study region (M. Martínez-Ramos et al., unpublished data), 118
of a total of 142 species were classified in two broad regeneration groups (pioneer and
shade-tolerant). We defined pioneers as those light-demanding species that establish
and persist only under higher-light conditions and, accordingly, their distribution as
seedlings and saplings is largely confined to gaps and early secondary vegetation. We
defined shade-tolerant species as those able to establish and persist below the closed
canopy of old-growth forests. Note that this classification includes a wide array of
alternative life-histories (Martínez-Ramos et al. 1989). For example, within the pioneer
group we included short- and long-lived species, and within the shade-tolerant group
understory, mid- and upper-canopy species.
ANALYSES
To measure species evenness we used Smith and Wilson’s index (Evar) (Smith & Wilson
1996):
S
⎞
⎪⎧ S ⎛
Evar = 1 − 2 / π arctan ⎨∑ ⎜ ln ( xs ) − ∑ ln ( xt ) / S ⎟
t =1
⎠
⎩⎪ S =1 ⎝

2

⎪⎫
S⎬
⎭⎪

With S = the number of species in a plot, xs = the abundance of the sth species, and
arctan in radians. Values range from 0–1, with 0 representing minimum evenness, and
1 the maximum (Smith & Wilson 1996).
We compared the similarity of species composition of groups (census 1 vs. census 2;
recruitment vs. dead trees; recruitment and dead trees vs. surviving trees from census
1) using the Chao-Jaccard abundance-based similarity estimator (Chao et al. 2005).
Standard errors and confidence intervals were calculated by a bootstrapping
procedure, with 200 resample trials. The estimator varies from 0 (no similarity) to 1
(complete similarity). Similarity index values differed significantly from complete
similarity when the value 1 fell outside the calculated confidence intervals. Note that
the Chao Jaccard Abundance Index provides a conservative estimate of similarity; the
Jaccard Index based on presence-absence data and the Morisita Index based on
abundance data (Krebs 1999) give much lower similarity values.
To evaluate whether these plot-wise analyses reflected a general pattern of successional
species replacement, we performed a detrended correspondence analysis (DCA) on
species abundance by plot x group combinations (24 combinations). Groups were:
Recruited (R); Dead (D); and Surviving trees from census 1 (ST). We performed the
DCA using the CANOCO (version 4.5) software (Ter Braak & Smilauer 1998), with
abundance data square-root transformed prior to analysis. We included only species
with five or more sampled individuals per plot (76 species). These species represented
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99 and 97% of the sampled individuals
and 61 and 75% of the total number of
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FIGURE 1. Early secondary succession
trends in community attributes of trees ≥
1.5 m height at Marquéz de Comillas,
Southern Mexico. (A) Species density
(number of species/500m2); (B) Fraction of
total number of trees belonging to shade
tolerant species; and (C) Smith & Wilson´s
measure of evenness (Evar). Closed circles:
census 1; Open circles: census 2. The bold
continuous and dashed lines give the
linear regressions of the variables of
census 1 and 2 respectively on fallow age.

Differences in species richness might
proceed from differences in tree density
(Denslow 1995; Chazdon et al. 1998).
Therefore, when indicated in the
results, we compared species richness
at the lowest abundance level among
groups
using
a
bootstrapping
procedure (Krebs 1999; Quinn &
Keough 2002). This procedure implies
random resampling, with replacement,
from the original group to calculate test
statistics. Calculations were done in the
EcoSim 7.0 package (Gotelli &
Entsminger 2001), using its rarefaction
procedure. Calculated test statistics
were the mean and 95% confidence
intervals.
We
used
the
same
bootstrapping procedure (using 1000
repetitions) to calculate the expected
species richness and Evar assuming
random mortality, and we tested
differences between expected and
observed values with one-sample t-tests
(Quinn & Keough 2002).

RESULTS
SPECIES RICHNESS
Across plots tree density varied
between 426 and 1786 (mean 906 ± 155
SE), and variation in species richness
can simply be a consequence of these
large differences (Denslow 1995; Condit
et al. 1996). There was no significant
relationship, however, between tree
density and species richness in any of
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the two censuses (least square
linear regression, census 1: P >
0.95, census 2: P > 0.47), and
therefore we used actual
observed species richness for
across-plot comparisons.
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FIGURE 2. Change in proportional abundance of
pioneer tree species during 18 months (from
census 1 to census 2) in young secondary forest
at Marquéz de Comillas, Southern Mexico. (A)
Species are grouped according to dominance and
every
symbol
represents
a
group-plot
combination. Closed circles: single most
dominant species per plot; open circles: 2nd to 5th
most dominant species: triangles: 6th to 10th most
dominant species; crosses: all other species. (B)
Individual species that had a relative abundance
of at least 10 percent in one or both censuses.
Every point is a species-plot combination and
different symbols represent different plots.
Species are indicated as follows: Te =
Trichospermum mexicanum.; Ti = Trema micrantha;
C = Cecropia peltata; L = Luehea speciosa; S =
Schizolobium parahybum; O = Ochroma pyramidale;
V = Vernonia patens
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At census 1 the number of
recorded species in the plots
(Si) ranged from 24 to 54 (mean
40 ± 3.6 SE) and was positively
related to fallow age (Fig. 1A).
During the 18-m study period,
species density increased to
32–62 species/plot (mean 47.5
± 3.6 SE), representing a 20%
increase on average (6.4–
42.9%).
Species
density
continued to be significantly
related to fallow age (Fig. 1A),
with
statistically
similar
regression slopes (F = 0.00, df =
12, P = 0.95) and interception
points (F = 0.10, df = 13, P =
0.75) compared with those of
the first census.
Shade-tolerant
species
constituted on average 7% (± 2
SE) of the total number of
individuals, but 42% (± 5 SE) of
all species. The fraction of
shade-tolerant trees increased
on average 2.3 (± 0.3 SE) times
to an average of 13% (± 2 SE).
In neither of the two censuses
was the shade-tolerant fraction
related to fallow age (Fig. 1B),
but the increase of this fraction
was negatively related to
fallow age (R2 = 0.59, P =
0.025).

SPECIES DOMINANCE AND EVENNESS
Evenness (Evar) values were low, varying between 0.20 and 0.37 (Fig. 1C), but increased
during the 18-m study period in all plots. At the beginning and end of this period, Evar
was positively related to fallow age (Fig. 1C) with statistically similar regression slopes
(F = 0.01, df = 12, P = 0.91) and interception points (F = 0.07, df = 13, P = 0.80).
Low evenness values reflect the dominance (high relative abundance) of few species in
these early successional assemblages. Across plots only 11 species (9% of total number
of species) had more than 50 individuals in census 1, while 62 species (51%) had less
than five individuals. Only seven species had a relative abundance (RA) ≥ 10 % in at
least one plot (Fig. 2B), of which Trichospermum mexicanum (DC.) Baill. (mean RA 26%,
range: 1.5–59%), Trema micrantha (L.) Blume (mean RA 19.6%, range: 0–64%) and
Cecropia peltata L. (mean RA 16.4%, range: 1–53%) were by far the most abundant ones.
At census 1, in one plot the single most abundant species alone comprised on average
48% (± 4 SE) of total number of trees and the group of five most abundant species on
average 82% (± 3 SE; Fig. 2A).
Changes in dominance over the 18 months study period seem to have been small, with
only a slight decline of the share of dominant species in all plots (circles in Fig. 2A).
However, the relative abundance of individual dominant species changed rather
drastically in several plots (Fig. 2B) due to high mortality (see below). Populations of
the early pioneer species T. micrantha dominated two plots (closed circles and open

FIGURE 3. Dynamics of the fraction of shade tolerant trees in early successional
communities. Shade tolerant fraction of the trees of the initial assemblage that survived the
study period (S) and of the groups of trees that recruited (R) and that died (D) between
census 1 and 2. Different lower size limits were used to define the initial group of trees as
well as recruitment: (A) height ≥ 1.5 m; (B) dbh ≥ 2.5 cm. Boxes show median, the 25th and
75th percentiles and the whiskers give the extent from lowest to highest values.
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TABLE 1. Similarity between species assemblage of census 1 (C1) and 2 (C2), and
between recruitment (R), dead trees (M) and surviving trees (S) assemblages.
Chao-Jaccard abundance-based similarity estimators are given ± standard error.
Bold values indicate that the value is significantly different from 1. The number
in the plot names indicate plot age at census 1.
Plot

C1 x C2

SxM

SxR

MxR

R1

0.98 ± 0.04

0.90 ± 0.14

0.83 ± 0.16

0.35 ± 0.16

F2

0.95 ± 0.05

0.87 ± 0.10

0.86 ± 0.15

0.74 ± 0.23

H2

1.00 ± 0.03

0.83 ± 0.17

0.96 ± 0.10

0.78 ± 0.27

P2

0.98 ± 0.04

0.83 ± 0.14

0.94 ± 0.14

0.73 ± 0.30

R2

0.97 ± 0.03

0.99 ± 0.07

0.54 ± 0.14

0.57 ± 0.20

G3

1.00 ± 0.00

0.98 ± 0.13

1.00 ± 0.06

0.85 ± 0.28

F4

1.00 ± 0.01

0.93 ± 0.17

0.78 ± 0.19

0.38 ± 0.21

R5

1.00 ± 0.01

0.97 ± 0.08

0.39 ± 0.13

0.39 ± 0.20

triangles in Fig. 2B) but collapsed due to extreme high mortality (89% and 93%) and
were replaced by the early pioneer T. mexicanum as the most dominant species. The
latter was partly the result of a high absolute increase (260% and 126% respectively)
due to recruitment, and partly a direct consequence of the decrease of T. micrantha. In
one plot (open diamonds, Fig. 2) 76% mortality of the most abundant species C. peltata
resulted in an increase of the relative dominance of T. mexicanum, even while absolute
number of T. mexicanum trees decreased by seven percent.
RECRUITMENT AND MORTALITY
On average, 59% (± 6 SE) of the recruits was classified as pioneer, 34% (± 6 SE) as
shade-tolerant, and 7 % (± 3 SE) was unclassified, although among-plot variation was
high (Fig. 3A). This variation is partly explained by among-plot differences in stand
basal area mortality. Between 22% and 74% of the initial basal area in our study plots
was lost due to the death of canopy trees during the study period, and the proportion
of pioneers among the recruits was positively related with this percentage (least square
linear regression, R2 = 0.69, P = 0.01).
Most recruits (across plot average 77% ± 7 SE) belonged to species with less than 1% of
total plot basal area at census 0 (including new species). Ten percent (± 7 SE) of recruits
belonged to species that constituted between 1–10% of the plot basal area, and 13% (± 5
SE) to the group of species that constituted at least 10% of the plot basal area (Fig. 4A).
For convenience we will refer to the latter group as ‘canopy dominants’. Only six
species belonged to this group in at least one of the study plots, all of them pioneer
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species. Four of these species hardly recruited in the plots were they formed the canopy
dominants, with across-plot averages (± SE; number of plots) of: T. micrantha 0.7% (±
0.5; 4); Schizolobium parahyba (Vell.) S. F. Blake 1.1% (± 1.1; 3); Ochroma pyramidale (Cav.
ex Lam.) Urb. 0.4% (± 0.4; 4); C. peltata 2.6% (± 1.2; 4). These averages were much higher
for two other pioneer species: T. mexicanum 17% (± 8.5; 4); and Luehea speciosa Willd.
18% (–; 1). In five plots the canopy dominants were represented by > 10% of the recruits
(Fig. 4A), and these percentages were largely due to high recruitment of these two
species.
Redefining the size class to take into account only larger stems with dbh > 2.5 cm
resulted in rather different recruitment patterns. A lower fraction of the recruitment in
this class was shade tolerant (Fig. 3B) and, on average, most recruits in this class
belonged to the group of species with more than 10% of total plot basal area (at census
0), with considerably higher between-plot variation (Fig. 4B). Comparing figures 3A
and 3B, on one hand, and 4A and 4B, on the other hand, show that most of the species
dynamics discussed in the former paragraph occurred in the lower size classes (notably
stems < 2.5 cm dbh) .
Mortality was high, ranging between 17% and 63% (mean 39% ± 6 SE) of the initial
individuals. The Smith & Wilson index (Evar) of the group of dead trees was lower than
expected by random mortality in all plots (bootstrap procedure, with plot-wise
repeated random sampling of a number of individuals equal to the number of dead
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FIGURE 4. Frequency distribution of recruitment among relative basal area classes. Relative
basal area: percentage of the plot basal area at census 0. Species were grouped in classes
according to their relative basal area, with class limits as indicated on the x-axis, and the
percentage of total number of recruits in a plot was calculated for each class. The amongplots means are indicated by horizontal lines. Different lower size limits were used to define
the initial group of trees as well as recruitment: (A) height ≥ 1.5 m; (B) dbh ≥ 2.5 cm
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FIGURE 5. Ordination of groups in secondary forest plots with species (letters) and samples
(circles). P: pioneer species; S: shade tolerant species; ?: not classified. Samples were plot x
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(census 1) that survived the study period (IA), black circles = recruits, and grey circles =
trees of the census 1 that died during the study period. Numbers indicate plots. Groups
were included as dummy variables (arrows). A detrended correspondence analysis (DCA)
was used, and species numbers were square root transformed prior to analysis.

trees in the plot, t-test, df = 999, P < 0.001). This suggests relatively high mortality
among the most abundant species in each plot. In all plots mortality among the pioneer
species (mean = 43.3% ± 5.8 SE) was more than three times higher than the across-plot
mean of the shade-tolerant group (13.0% ± 2.6 SE). Across plots this difference was
highly significant (paired samples t-test, t = 5.6, P = 0.001).
Species richness of the dead trees (Sd) ranged from 12 to 20 (mean 16) species, and
between one and six species per plot disappeared during the 18-months interval (mean
2.8 ± 0.6 SE). Species richness of recruited trees (Sr) varied between 19 and 40 (mean 28).
Between 5 and 19 new species entered the plots (mean 10.4 ± 1.4 SE) which constituted
on average 38% (23-61%) of the species richness of the recruited trees. In all plots, the
number of new species surpassed the number of species lost, and consequently
absolute species richness increased (Fig. 1A). The recruited community was not only
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richer in species than the group of dead trees, but also had higher evenness values
(mean ± SE = 0.63 ± 0.06, and 0.27 ± 0.02, respectively).
When the species richness of the initial assemblage (Si) was compared pair-wise with Sr
and Sd, considering the lowest abundance level of recruitment and dead trees (Si(rarefied),
Gotelli & Entsminger 2001), Sr was significantly higher than Si(rarefied) in seven out of
eight plots, and Sd was in all cases lower than Si(rarefied). Likewise we compared Sr with
Sd at the lower abundance level of the recruitment, and Sr was significantly higher than
Sd(rarefied) in all cases (data not shown).
SPECIES COMPOSITION AND TURNOVER
None of the eight plots showed a significant change in species composition over 18
months. Similarity values (Chao Jaccard Abundance Estimator; Chao et al. 2005) ranged
from 0.95–1.00 with none being significantly different from 1 (Table 1). In all but two
plots species composition of the assemblage of recruits did not differ significantly from
the assemblage of surviving trees. Similarity between dead and recruited trees was on
average lower, but the difference was only significant in 4 of the 8 plots (Table 1).
The three groups did differ with respect to the share of shade-tolerant trees. In all plots,
the fraction of shade-tolerant trees in the recruitment group was higher than in the
group of survivors from the initial assemblage (after log transformation, paired sample
t-test, t = –5.93, P = 0.006). The shade-tolerant fraction of the surviving trees was higher
than that of the dead trees (after log transformation, paired sample t-test, t = 4.81, df =
7, P = 0.002 (Fig. 3).
The variation explained by the first two axes of the DCA was only 27.6% (axis 1 =
19.8%; Fig. 5). The first axis was most strongly correlated with the variables ‘recruits’
and ‘dead’, but with opposite sign (r = –0.55 and 0.63 respectively), indicating a
separation between the composition of species that entered (recruitment) and left
(mortality) our secondary succession plots. Correlation of the first axis with fallow age
was r = –0.47. The shade-tolerant species had a significant lower mean score on the first
axis than the pioneer species (t = –4.8, df = 66, P < 0.001). These results suggest a
pattern of species turnover, starting the replacement of pioneer species by shadetolerant species as succession progresses.

DISCUSSION
In this study we addressed species colonization and replacement dynamics during the
first years of secondary succession. More specifically we evaluated the prediction that
the initial floristic composition (IFC) hypothesis (Egler 1954) applies to succession on
abandoned agricultural fields with light use and proximity to old-growth forests
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patches (Gomez-Pompa & Vazquez-Yanes 1981; Finegan 1984, 1996). To meet these
conditions, all sites were selected on abandoned milpas that had been in use for one
single harvest, and adjacent or close to other forest fragments. There is no clear
consensus regarding how to understand and interpret the IFC hypothesis (Wilson et al.
1992; McCook 1994). Therefore we formulated specific predictions concerning species
dynamics on community level that will be examined in the following paragraphs.
PATTERNS OF SPECIES RICHNESS AND COMPOSITION
Species density was as high as 54 species/500m2 in these very early stages of secondary
succession (Fig. 1B). When differences in density were taken into account, species
richness reached about one third of the values of old-growth forest within the same
region: after rarefaction, the mean old-growth forest species richness was 56
species/188 trees (M. Martínez-Ramos, unpublished data), while the average secondary
forest value was 17 species/188 trees (range 9–22, census 1). About 60% of the species
encountered in our sites were also found in five 0.5-ha old-growth forest plots in the in
the same region on similar soils (M. Martínez-Ramos, unpublished data). Dominance of
the species differed, however, between secondary and old-growth forests. While the
five most dominant species in the secondary forest plots represented 66% of all trees,
they represented less than 1.3% of all trees with dbh ≥ 10 cm in the old-growth forest.
On the other hand, five of the six most abundant species in the old-growth forest
(together representing 33% of total stems with dbh ≥ 10 cm in 2.5 ha), were present in 1
to 6 of our 8 secondary forest plots. They occurred in low numbers however (1–5
individuals per plot).
The relationships between species density and fallow age were the same for census 1
and census 2, suggesting that the chronosequences gave a good estimate of general
trends of increasing species density, at least over a time-interval of a few years. Despite
such consistent results, however, rate of increase of species richness varied
considerably among plots (Fig. 1B). This supports the suggestion that time-studies are
very much needed to recognize such variation and to analyse the underlying patterns
of mortality and recruitment, as advocated earlier by Swaine & Hall (1983), Finegan
(1996) and Chazdon et al. (2005).
RECRUITMENT
The predictions that both pioneer and shade-tolerant species co-occur since the initial
phase of succession is supported by our data. Because of differences in criteria used
and a degree of subjectivity in species grouping, comparisons between studies have to
be made with care. However, the 2% shade-tolerant trees in our one-year old site is in
the same order of magnitude as those in one-year old plots in Ghana (5.4%; Swaine &
Hall 1983), and in the Venezuelan Amazon (2%; Uhl 1987).
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Resprouting from surviving stumps from trees of the original forest can be an
important regeneration mode (Kammesheidt 1998; Bond & Midgley 2001, 2003) that
might make it inherently more likely that a succession will fulfill IFC predictions, as
opposed to a situation in which “shade-tolerant” species have to recolonize mainly or
totally through seed dispersal. Data on resprouting in secondary forest succession is
scarce though. In the Venezuelan plot of Uhl (1987) five years after abandonment 21%
of the shade-tolerant individuals were sprouts on stumps of trees from the original
forest. In the study site in Ghana (Swaine & Hall 1983) one year after abandonment all
shade-tolerant plants (13% of all plants) were coppice shoots of trees of the original
forest, but in the 5 years following the initial census no more resprouting was observed.
In our three-year-old site resprouts on surviving trunks constituted at least 32% of the
stems and represented 65% of the shade-tolerant species in the plot. In the other sites
resprouting from original vegetation seemed to be rare or absent. This was, however,
difficult to assess reliably, since resprouting also occurred from surviving below
ground root systems (M. van Breugel 2003, personal observation).
Our results contrast with the IFS prediction that dominant pioneer species recruit
poorly after initial canopy closure (Finegan 1984, 1996). All our plots had a closed
canopy at the time of the first census, yet on average more than half of the recruitment
belonged to pioneer species. Uhl (1987) also reported recruitment of pioneer species in
year 2–5 of post-agriculture succession, despite the presence of a relatively high leaf
area index in these years. High stand-level mortality in young secondary forests,
however, results in a highly dynamic stand structure (Chapter 4), and we found a
positive relationship between stand-level mortality and the proportion of pioneers
among the recruits. Uhl (1987) reports enhanced recruitment of pioneer trees following
increased mortality of the dominant Vismia spp. four year after succession started.
These findings suggest that high mortality rates during early succession might provide
new recruitment opportunities for pioneer species after initial canopy closure.
Swaine & Hall (1983) found that none of the species that dominated the canopy at the
end of the first year recruited thereafter, while the dominating Vismia spp. in Uhl’s
(1987) study plot continued to recruit in relatively large numbers up to the fourth year.
The contrasting results of these early single-plot studies could lead to different
conclusions, but in fact they fit well within the variation at local scale that we found in
this study (Fig. 4), stressing the necessity of using multiple plots within the same age
class.
MORTALITY
As predicted, mortality among pioneers exceeded mortality of shade tolerant species in
all plots. Moreover, mortality was biased towards the dominant species. These and
similar observations in 12–25 year old plots (Capers et al. 2005; Chazdon et al. 2005) and
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in a 60 year old plot (Lang & Knight 1983) indicate a gradual shift in canopy dominance
from pioneers to shade-tolerant species.
In the first years of succession shade-tolerant species are still mainly confined to the
understory (Peña-Claros 2003) and competition for a canopy position is mainly
between species with the same early successional status. In this study, all plots were
dominated by pioneer species with a maximum life span that exceeds the 6.5 years
covered by our chronosequence study system. Nonetheless inter-specific variation in
mortality rates was very high, and caused a strong shift in canopy dominance in five
out of eight study plots, despite the short study period (Fig. 2). Illustrative is the 1-year
old plot, where relative abundance of C. peltata and T. mexicanum was 53 and 31%,
respectively. Both species are early successional species with about the same maximum
life span of 25–35 years, and abundance and often co-occur in our study region. The
two species accounted for 86% and < 5% of total stem mortality respectively and, in
consequence, T. mexicanum replaced C. peltata as the canopy dominant. Similar patterns
were also reported for early succession in Ghana, where the initially dominating
Musanga cecropioides gave way to Harungana madagascariensis due to differences in
mortality rates (Swaine & Hall 1983). A different example is given by the catastrophic
mortality among the dominant Trema micrantha (> 90% of trees) in two other plots.
Mortality affected these trees irrespective of their size or canopy position (M. van
Breugel, unpublished data), suggesting an outbreak of pathogens as the more likely
cause of death, as has been shown earlier for cohorts of pioneer species in old growth
tropical forest (Augspurger 1984; Augspurger & Kelly 1984). This enabled another
pioneer (T. mexicanum) to recruit massively and dominate the canopy within 18
months. In old-successional (e.g., Lussier et al. 2002) and young-successional temperate
forests (Fujihara 1996; Toyohara & Fujihara 1998) pathogen outbreaks have been shown
to alter succession in a similar fashion. These examples indicate that inter-specific
differences in mortality rates play an important role in the dynamics of early years of
secondary forest succession.
SPECIES TURNOVER
The recruitment group showed consistently higher species richness and evenness than
the dead tree group, as predicted. On average, four times more new species entered
than disappeared from the plots, hence species diversity increased strongly in all plots.
Nonetheless, similarity estimates suggested that species composition hardly changed
after 1.5 years. An explanation of this lies in the strong dominance by few species, as a
result of which the numerical influence of the recruitment of new species was low. In
one plot with an initial richness of 35 species, for example, the 19 new species recruited
were represented by only 42 individuals, about 10% of the initial tree density in that
plot.
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A more sensitive indication for an ongoing shift in species composition was therefore
given by the dissimilarity between the species composition of the trees that entered
(recruitment group) and left (dead group) the tree community. The differences between
these two groups indicated successional species replacement that was not evident
when only net changes from census 1 to 2 were considered. The separation of the
composition of recruits and dead trees along the first axis of the correspondence
analysis suggested similar successional patterns. The shade-tolerant fraction was
relatively high in the recruitment group, while mortality was almost entirely confined
to pioneer trees. These results indicate that successional species turnover, in which
pioneer species are being replaced by shade-tolerant species as a consequence of
differential recruitment and mortality rates, already starts at the very early years of
succession.
Species composition of the recruited and dead tree groups did not, however, differ in
all plots. In some plots still a considerable fraction of recruits belonged to pioneer and
canopy dominant species. Consequently the degree of species turnover and functional
group replacement varied considerably among plots. Further studies should
disentangle effects of species differences (e.g., seed dispersal modes, establishment
requirements, susceptibility to natural enemies affecting growth and mortality rates)
and landscape factors (dispersal limitations, local species pool available for
colonization). Applying a larger size limit (2.5 cm dbh instead of 1.5 m height) clearly
showed that most of species and functional group recruitment in these initial years are
confined to the smaller size classes, in line with earlier suggestions from Okimori &
Matius (2000) and Peña-Claros (2003). This stresses the need to include small size limits
in the study of successional species dynamics, at least in these early communities.
CONCLUSION
We conclude that the highly dynamic and spatially variable nature of secondary
succession makes it difficult to explain successional species replacement patterns based
on static data, and support calls (Finegan 1996; Chazdon et al. 2005) for communitylevel studies that monitor recruitment, mortality and growth. This study demonstrates
the benefits of setting up permanent plots across a range of initial stand ages. This
approach effectively complements direct observation with space-time substitution
when long-term monitoring of secondary sites is problematic, and addresses questions
on community dynamics in different phases of secondary forest succession.
Successional species turnover, resulting in replacement of pioneer species by shadetolerant species already started in the beginning of succession. However, the fraction of
canopy dominants and pioneer species among recruits, and consequently the species
turnover rate, varied considerably among sites. We suggest that secondary succession
is not always a gradual and continuous process of functional group replacement, but
that high mortality during the first years of secondary forest succession may open new
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recruitment windows for pioneer species. Overall, our study supports the IFC
hypothesis, but we urgently need the development of new approaches (stochastic
and/or deterministic) to explain the high levels of inter-site variation observed in the
early stages of the secondary succession process in tropical abandoned agricultural
fields.
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ABSTRACT
Stand structure dynamics during early secondary forest succession were related to
mortality, growth, and recruitment rates, and the dependence of these demographic
processes on fallow age and initial stand structure attributes was evaluated. In 11
secondary tropical rain-forest sites (1.5-19 y) in Chiapas, Mexico, one plot of 10 × 50 m
was established. Diameter and height were measured for all trees ≥ 1 cm dbh, and their
survival, growth, and recruitment was monitored over a 2-y period. Changes in stand
structure were especially fast in the first 5 y of succession, and decreased rapidly
afterwards, which resulted from similar stand-level changes in relative mortality,
growth, and recruitment rates. Demographic processes were negatively related with
initial stand basal area, but independent of initial tree density. Basal area was a better
explanatory variable of the among-stand variability in these rates than fallow age.
Results suggest that asymmetric competition and resulting patterns of tree-thinning are
major driving forces determining secondary forest successional pathways. Fallow age
per se is a compound variable reflecting community organization at a certain point
along the successional axis, while community structure drives succession. Sudden mass
mortality among dominant species in some stands showed that early secondary forest
succession is not always a gradual and unidirectional process.
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INTRODUCTION
Succession in tropical secondary forests on abandoned fields has been studied with a
strong emphasis on describing temporal trajectories of community structure and
composition (Guariguata & Ostertag 2001). These studies, mostly based on
chronosequences, have shown that community structure and composition approach
those of old-growth forest as fallow age increases (Brown & Lugo 1990; Guariguata &
Ostertag 2001). However, recovery rates vary widely among sites of the same fallow
age and with the structural parameter being considered. Basal area and species density
sometimes attain the values of old-growth forest within a few decades (Saldarriaga et
al. 1988; Uhl et al. 1988; Guariguata et al. 1997; Tucker et al. 1998), while species
composition takes over a century to recover (Aide et al. 1996; Finegan 1996; Aide et al.
2000; Dewalt et al. 2003). Explaining variation in successional pathways has been
another major concern of studies of secondary forest, and important advances in
linking such variation with environmental heterogeneity and land-use history has been
made (Purata 1986; Uhl et al. 1988; Aide et al. 1996; Pascarella et al. 2000; Mesquita et al.
2001; Chinea & Helmer 2003; Ferguson et al. 2003).
Considering the asymptotic behavior of most successional trends, we could predict a
decreasing rate of change of community attributes with fallow age, i.e. community
dynamics lessen with fallow age. Until now, such a prediction has not been examined
explicitly and directly. Community dynamics (the temporal change in the structure and
composition of communities) emerge from the aggregated demographic changes of
constituent species in terms of growth, recruitment and mortality. For example, a
change in basal area of a tree community within a certain time period (∆BA) results
from the aggregated differences in growth, recruitment and mortality of all trees (i.e.,
∆BA = ∆BAgrowth + ∆BArecruitment – ∆BAmortality). Species turnover is a result of differential
patterns of recruitment and of mortality. Therefore, we propose that analysis of these
components of community-level dynamics is crucial to understanding the mechanisms
that determine secondary forest succession.
Studies of growth, mortality and recruitment in secondary forests are manifold, but
they chiefly cover a selection of species, and mostly under manipulated conditions (e.g.,
Gerhardt 1993; Guariguata et al. 1997; Pearson et al. 2003b; Pearson et al. 2003a; Walker
et al. 2003; Iriarte Vivar Balderrama & Chazdon 2005). To our best knowledge, examples
of studies on community-level dynamics and underlying mechanisms in young
secondary tropical forests are much less common. Recently Chazdon et al. (2005)
monitored recruitment, growth and mortality of trees ≥ 5 cm dbh annually for 6 y in
four 12-25-y-old sites on abandoned cattle pastures. In the same sites, Capers and coworkers (2005) studied recruitment and mortality of the seedling communityEarlier
Uhl (1987) examined growth, mortality, and recruitment over 5 y following slash-andburn agriculture in one plot in the Amazon of Venezuela.
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A current debate links community structural attributes (e.g. basal area and plant size
hierarchies) to concepts of asymmetric competition and density-dependent growth and
mortality (Condit et al. 1998; Enquist & Niklas 2001; Midgley et al. 2002; Coomes et al.
2003). These concepts have been studied extensively in even-aged monocultures (Yoda
et al. 1963; White 1980, 1981; Westoby 1984; Begon et al. 2006), and the debate concerns
the validity of extending them to mixed-species, mixed-aged forests (alien-thinning
sensu White 1980). Because life-history traits such as survival, growth and mortality
rates, longevity, and shade tolerance vary widely among species (Sarukhán et al. 1985;
Condit et al. 1995; Martínez-Ramos & Álvarez-Buylla 1995b; Davies 2001), the question
is if tree-thinning under size-related competition has a similarly important role in
species-rich successional forests as in single-species stands.
If so, we would expect to observe a relationship between successional dynamics and
forest community structure operating at a given time of succession. It has been
predicted that under asymmetric competition growth concentrates in the largest
individuals and smaller individuals suffer higher mortality rates, resulting in declining
density and an increasing average and maximum tree diameter (Huston 1994; Niklas et
al. 2003a; Niklas et al. 2003b). So community structure would determine the degree and
nature of competitive pressures operating on growth and survival of individual trees.
The aggregated response of these trees, in turn, would determine how community
structure changes during successional stand development.
In this study we monitored tree successional dynamics over 2 y in a chronosequence of
11 sites in young secondary tropical rain forests, with fallow age ranging from 1.5 to 17
y. First, we evaluate dynamics at tree-community level by quantifying mortality,
growth, and recruitment rates as well as the changes in community structure. Second,
we examine the effect of fallow age and community structure on these components of
forest dynamics. More specifically, we address the following questions:
1)

Do rates of change of community structural attributes (such as basal area, mean
canopy height, stem density, and species density) decrease with fallow age as
expected from the asymptotic behavior of successional trends in chronosequence
studies?

2)

How do such structural changes relate to mortality, growth and recruitment rates?

3)

Do community-level growth, mortality and recruitment rates depend on
community structure (basal area and tree density)?

4)

Do growth and mortality show the patterns that would be expected under the
assumption that asymmetric competition plays an important role during
successional stand development?
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METHODS
STUDY AREA
The study was conducted at the Marquéz de Comillas region, to the South of the
Montes Azules Biosphere Reserve (approximately 16º04’ N; 90º45’ W), within the
Lacandona rain forest area, Chiapas, Mexico. Average annual rainfall is about 3000
mm, and mean annual temperature about 22 ºC. There is a dry season from February to
April (< 100 mm month–1) that accounts for less than 10% of the total annual rainfall.
The research area consists mainly of three geomorphologic units defined on soil and
topographic criteria (Siebe et al. 1996). This study was conducted within the most
common geomorphologic unit in the region. This unit consists of topographically
irregular areas at 115-300 m a.s.l. with small hills and valleys with sandy and limestone
soils of low pH (< 5.5). The original vegetation consists mainly of lowland tropical
rainforests and semi-deciduous forests. For a more extensive description of the natural
vegetation in the region, see Ibarra-Manríquez & Martínez-Ramos (2002) and chapter 1.
SITE SELECTION AND PLOT LAYOUT
We selected the study sites in order to obtain as much environmental homogeneity as
possible with regard to soil, topography and management history. Earlier studies
demonstrated differences in secondary vegetation among the geomorphological units
present in the region ((Méndez-Bahena 1999; Chapter 2). The same studies
TABLE 1. Characteristics of the study sites at the time of the initial census. Column ‘SV’
(surrounding vegetation): OGF = old-growth forest; OSF = old secondary forest (±15 y);
YSF = young secondary forest (< 10 y); P = pastures; r = remnant OGF trees. Column
‘Land-use history’: F = fallow; m = milpa (corn field, one harvest only in all cases); OGF =
old-growth forest. Fallow length is indicated between brackets (in y). Symbols can be
used to identify the sites in Figures 1 and 4.
Site

Age (y)

F2
H2
P2
R2
G3
E4
F4
R4
S8
H10
H17

1.5
1.5
1.5
1.5
3
4
4
4
8
10
17

Area (ha) SV
8.5
1.1
4.0
3.0
10.0
1.0
1.0
2.8
2.3
6.0
5.5

Land-use history

OGF, P
OSF, P, r
OGF, P, YSF
OGF, P, YSF
OGF, P, r
P, r
OGF, P
OGF, P, r
OSF, P, r
P, YSF, r
OGF, P

F (1.5) - m - F(16) - m - OGF
F (1.5) - m - F(16) - m - OGF
F (1.5) - m - OGF
F (1.5) - m - OGF
F (3) - m - OGF
F (4) - m - OGF
F (4) - m - F(13) - m - OGF
F (4) - m - OGF
F (8) - m - F(?) - m - F(?) - m - OGF
F (10) - m - OGF
F (17) - m – OGF
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demonstrated that former land use, more specifically abandoned pastures vs.
abandoned cornfields (‘milpas’), exerted an influence on vegetation succession. In this
region most secondary forest was found on abandoned cornfields. Consequently we
decided to select our study sites on abandoned cornfields within the Low-Hill
geomorphological unit.
Secondary forest sites were selected with fallow age ranging from 1.5 to 17 y, which
represents the most common ages of secondary forests found within the study region.
Fallow age and land-use history was determined based on information of landowners
and other local people. We measured the perimeter with measurement tape to calculate
site area and determined the land-use type of the adjacent fields (Table 1). Because the
study area was opened to human colonization only three decades ago (Dichtl 1988; see
also chapter 1), availability of sites was unbalanced with respect to fallow age, with
abundant presence of young forests (< 10 y) and scarcity of sites older than 15 y. Site
selection was in accordance with such availability. In each selected site, we rented an
area (0.5 ha) for a period of more than 2 y. One plot of 10 × 50 m was laid out within
each site. The plots were divided in 125 2×2-m quadrants. Plots and quadrants were
permanently indicated with poles.
TREE INVENTORY
A total of five inventories were conducted over 2 y. At the first census (census 0), all
trees with dbh ≥ 1 cm were recorded, tagged and identified to species as far as known,
otherwise genus name and/or species number were recorded. The position of each tree
was determined within 1 x 1-m quadrats and dbh (stem diameter at 1.3 m above
ground) and height (from the stem base to the crown top) were measured. A stem was
considered dead when it died back to below 1.5 m.
At approximately annual intervals (1 and 2 y after plot establishment, census 2 and
census 4 respectively) complete re-censuses were done, including the recording of all
dead trees and the dbh measurement of new recruits (trees reaching 1 cm dbh).
Additionally, 6 and 18 mo after plot establishment, (census 1 and census 3,
respectively), only mortality and recruitment were recorded. One plot (E4) burned
between census 3 and census 4, so for this plot no data for census 4 are available.
ANALYSIS
Basal area (BA, m2 ha-1), mean stem diameter (Dm, cm), and mean canopy height (Hm,
the mean of the tallest trees of the 2 × 2-m quadrants, m) were calculated for census 0,
2, and 4. Community density (NT, trees ha-1) was calculated for all censuses. Diameter
frequency distributions were calculated for each plot × census combination using dbh
classes of 3 cm. We calculated the linear regression of the logarithm of the number of
trees (log Ni) against the logarithm of the mid-values of the dbh classes (log Di): log Ni
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= log β – α log Di with α giving the slope of the linear regression. This regression model
approximates the numbers of trees Ni into the different diameter classes Di (Enquist &
Niklas 2001; Niklas et al. 2003b). All regressions were highly significant with R2 ranging
between 0.83 and 0.99.
Annual relative rate of change (RRC) of each structural variable Xi was calculated over
the two study years as the difference between the variable in the last (Xf) and the first
census (Xi) as a proportion of Xi and corrected for the actual census period in days (t):
RRC(X) = (Xf/Xi)365/t - 1

Equation 1

Net change of community basal area (BA) over the two study years can be calculated
from basal area growth of surviving trees, basal area of the newly recruited trees
surviving until the end of the period, and the initial basal area lost due to mortality of
trees. For convenience we will further refer to these components as growth (G),
recruitment (R), and mortality (M), respectively. Annual relative recruitment and
mortality rates (RBA, MBA) were calculated as proportions of the community BA at
census 0, corrected for the actual census period (see equation 2-3 below). Annual
relative growth rates (GBA) were calculated as proportions of the initial BA of the trees
that survived the census period (see equation 4 below). Similarly, relative recruitment
and mortality rates based on number of trees (NT) were calculated as the number of
recruited trees and the number of dead trees at the last census (census 4) as proportion
of the number of trees at census 0, corrected for the actual census period (equation 2-3).
RX = [(X0 + R) /X0]365/t -1
MX = 1 - [1 - (M /X0)]365/t
GBA = [(BAS(0) + G)/ BAS(0)]365/t -1

Equation 2
Equation 3
Equation 4

Where RX and MX can be expressed in BA or NT, X0 is the community BA or NT at the
initial census, BAS(0) is BA at the initial census of the trees that survived the census
period; and t is the census period (census 0-census 4) in days.
For the plots S8 and E4, the annual relative rates of change of all variables and tree
growth, recruitment and mortality were calculated over the first study year only. In
plot S8 the dominant canopy species Ochroma pyramidale suffered sudden extraordinary
high mortality in the second year, so strongly affecting all calculations. Plot E4 was
burned in the second year.
We used ordinary least square regression analyses to examine the following
relationships (dependent vs. independent variables): (1) BA, NT, Dm , Hm, α and species
density (S) at census 0 vs. fallow age. (2) Annual rates of change of BA, NT, Dm , Hm,
and α vs. fallow age and vs. initial basal area. (3) Growth, recruitment and mortality
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rates vs. BA, NT, and fallow age. All relationships with fallow age as independent
variable were chronosequence analyses. The first analysis is the classical approach
describing the state of the community as a function of time; the second and third
analyses describe the rate at which the community is changing as a function of age, i.e.
dynamics with fallow age. We chose basal area and tree density as they describe
different but complementary aspects of community organization, i.e. number of
individuals and size of these individuals, that are expected to be related to resource
availability (e.g. light and soil nutrients).
Regression analyses for points 1 to 3 were performed using the curve estimation
procedure of the SPSS 10 package, examining all available models with maximal two
parameters and then selecting the curve with the best fit. Models examined were:
Linear: y = a + b * x; Logarithmic: y = a + (b * ln(x)); Inverse: y = a + b/x; Power: y = a *
xb; Compound: y = a * bx; S: y = e(a + b/x); Growth: y = e(a + b * x); Exponential: y = a
* e(b * x). We had two reasons to use this procedure. First, we expected variables
describing forest structure to reach mature forest values asymptotically in the course of
succession, but for most variables it generally takes longer to reach the asymptote than
the 17 y covered by our plots (Saldarriaga et al. 1988; Aide et al. 2000; Denslow &
Guzman 2000; Guariguata & Ostertag 2001). Therefore, there is no reason to assume
that one particular response function would describe the relationships best over the
first two decades of succession. Second, we have a low number of independent
observations (11). To evaluate the relative importance of fallow age, basal area and tree
density as explanatory factors of the variation observed among stands in growth,
recruitment and mortality rates, we applied forward stepwise multiple linear
regression analysis. We log-transformed these rates to account for non-linearity.
Abundance of trees differed considerably among plots. When species density was
significantly correlated to tree density, we ‘rarefied’ plot species density down to the
lowest abundance level among plots to ensure appropriate among-plots comparisons.
We used the rarefaction procedure available in the EcoSim package (EcoSim: Null
models software for ecology. Version 7.0. Acquired Intelligence Inc. & Kesey-Bear
(http:// homepages.together.net /~gentsmin /ecosim.htm).

RESULTS
CHRONOSEQUENCE COMMUNITY TRAJECTORIES
The total number of recorded species in the plots ranged from 14 to 41 and was
positively related with fallow age (Fig. 1a). Among plots, basal area ranged from 2.8 to
27.4 m2 ha-1 (Fig. 1b), average canopy height from 3.2 to 9.9 m (Fig. 1c), and average
diameter from 1.6 to 5.0 cm (Fig. 1d). All these variables showed a positive and
asymptotic trajectory with fallow age. The slope of the log-log size-frequency
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FIGURE 1. Successional trends of community structural attributes with fallow age in
abandoned milpa’s in south-east Mexico. a-f) For each one of 11 secondary forest 10 × 50-m
plots, attribute values in three consecutive annual censuses (tree density, five 6-monthly
censuses) are plotted against fallow age (lines connecting same symbols). a) species density
in number of species per 500 m2. b) Basal area, expressed as m2 ha-1. c) Mean canopy height,
the average height (m) of the highest trees in 2 × 2-m quadrats. d) Mean stem diameter (cm)
at 1.3 m height. e) The slope of the linear regression on the log-log diameter frequency
distribution (α). f) Tree density in number of trees per 500 m2. Continuous curves show
adjusted non-linear models for the chronosequence relationships between community
attributes and fallow age, based on data of the initial census. Model type, R2, and P-values
are as follows: (a) S model, R2 = 0.63, P < 0.01; (b) S model, R2 = 0.71, P < 0.001; (c) S model,
R2 = 0.78, P < 0.0001; (d) Logarithmic model, R2 = 0.5, P < 0.05; (e) S model, R2 = 0.55, P <
0.01; (f) no significant relation. Models were fitted using the best-fit estimation procedure of
SPSS 10.1. Symbols represent study plots as in Table 1.
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FIGURE 2. Relationships of annual relative rates of
change (RRC) of tree community attributes with
fallow age (a), and initial basal area (b) obtained for
secondary forests in south-east Mexico. BA = basal
area; Hm= mean canopy height; Dm= mean dbh; -α =
slope of the log-log diameter frequency distribution.
Best fit models obtained from the curve estimation
(SPSS 10.1 package) are provided. Regression model
type, R2 and P-values are as follows: (a) RRCBA:
logarithmic, R2 = 0.54, P < 0.01; RRCHm: Power, R2 =
0.78, P < 0.0001; RRCDm: S, R2 = 0.72, P < 0.001; RRC2 = 0.56, P < 0.01; (b) RRCBA:
α: Inverse, R
Exponential, R2 = 0.86, P < 0.0001; RRCHm:
Exponential, R2 = 0.81, P < 0.0001; RRCDm: Power, R2
= 0.54, P < 0.01; RRC-α: Linear, R2 = 0.44, P < 0.05.
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The change of community
structural attributes over the
2 y of the study exhibited
large variability among
plots (Fig. 1). Overall, the
general trend was an
increase of species density,
BA, Hm, Dm and a decline in
stem density and α.
Species density per plot
increased between 13% and
129% (mean 53%) in 2 y.
Noteworthy, four of the
younger sites (initial fallow
age ≤ 4 y old) developed a
higher species richer than
the older plots (≥ 8 y old;
Fig. 1a). Mean canopy
height and basal area
increased in all but one plot
(Fig. 1b,c). In this plot (S8),
massive mortality occurred

in the second year among the 10-15-m-tall Ochroma pyramidale trees that initially
dominated the canopy. Basal area showed an average increase of 77.9% (range among
plots: 5.9-195.2%), Hm of 36.7% (3.1-82.7%), and Dm of 31.6% (8.5-71.5%).
Changes in tree density fluctuated considerably among and within plots in the 2 y of
the study. Overall, tree density decreased in most plots (8 out of 10), particularly in the
younger forests (Fig. 1f). On average, density decreased 14.2% (range among plots: 32.0% to +14.5%). In the youngest five plots, α decreased while in older ones it
exhibited little variation (Fig. 1e).
The relative rate of change (RRC) of tree density was independent of fallow age. For the
other attributes, regression models indicate rapid RRC values (between 0.2 and -0.5) in
the first 2 y of succession followed by a steep decline towards values close to zero in
plots with fallow ages more than 6 y (Fig. 2a). RRC of BA, Dm , α, and Hm were
mutually related (Table 3), meaning that a rapid increase of one attribute was
accompanied by a rapid increase (or decrease in case of α) of the other ones. The RRC
of tree density was only weakly but significantly negatively related with the RRC of Dm
(Table 3).
COMMUNITY LEVEL GROWTH, MORTALITY AND RECRUITMENT RATES
In terms of basal area, relative growth, recruitment and mortality rates declined
significantly with fallow age (Fig. 3a, Table 4). Relative growth rates were higher than
relative mortality and recruitment rates in all stands, more markedly so in the youngest

TABLE 2. Pair-wise relationships among tree
community attributes obtained for secondary
forests in south-east Mexico. R2 and significance
level of least square linear regressions are shown.
NT = tree density; BA = basal area; Hm = mean
canopy height; Dm = mean dbh; α = slope of the loglog dbh frequency distribution.
NT

BA

Dm

Hm

NT

-

BA

ns

-

H

ns

0.97 ***

-

D

ns

0.77 ***

0.82 ***

-

α

ns

- 0.70 **

- 0.72 **

- 0.79 ***

* = P < 0.01, ** = P < 0.001, *** = P < 0.0001
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TABLE 3. Pair-wise relationships among annual rates of change
(ACR) of community attributes obtained for secondary forests
in south-east Mexico. R2 and significance level of least square
linear regressions are shown. NT = tree density; BA = basal
area; Hm = mean canopy height; Dm = mean dbh; α = slope of
the log-log dbh frequency distribution.
RRCBA

RRCHm

RRCHm

RRCα

ns

ns

- 0.44*

ns

RRCBA

0.87 ***

0.78 ***

- 0.66 *

RRCHm

-

0.86 ***

- 0.79 ***

-

- 0.66 *

RRCNT

RRCDm

* = P < 0.01, ** = P < 0.001, *** = P < 0.0001, ns = not significant

ones (Fig. 3a). Net differences among these three trajectories result in a sharp basal area
gain during the first 2 y of succession and a subsequent decline in basal area gain
which was still positive after 20 y of succession (Fig. 2a). Relative mortality rates based
on number of trees (MNT) declined significantly with fallow age, but relative tree
recruitment rates (RNT) varied independently of this time indicator (Fig. 3a, Table 4).
RNT and MNT were positively correlated, i.e. recruitment was relatively high in sites
with high mortality rates (linear regression, R2 = 0.51, P = 0.02).
Modest net changes in community structure hid fast dynamics occurring in some sites.
This was clearest in three of the sites (H2, F2 and S8). In the first two sites loss of basal
area due to high mortality (MBA = 0.44 and 0.48 m2 m-2 y-1, respectively) was
overcompensated by high recruitment (RBA = 0.36 and 0.38 m2 m-2 y-1, respectively) and
growth (GBA = 0.79 and 1.44 m2 m-2 y-1, respectively), which resulted in moderate
positive RRCBA values. In the other plots, MBA (mean = 0.12, 95% confidence interval
(CI) = 0.06-0.17), RBA (mean = 0.03, CI = 0.01-0.06), and GBA (mean = 0.44, CI = 0.24-0.64)
were much lower. In S8 sudden mass mortality exhibited by Ochroma pyramidale in the
second year of the study resulted in a very high MBA (0.46) that was not compensated
by recruitment (RBA almost zero) and growth (GBA = 0.18). Overall, these changes
resulted in a negative RRCBA value
The proportion of trees in the stand that accounted for 90% of basal area growth varied
between 15% and 57% and declined with the initial stand basal area (Fig. 4). The
smaller individuals, on the other hand, had a relatively high probability of mortality, as
the proportion of trees that died among the 25% shortest trees (among-plot average =
0.27) was significantly higher than the proportion of trees that died among the taller
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trees (among-plot average 0.20) (Wilcoxin matched-pair signed rank test, n = 11, onetailed P = 0.0049).
COMMUNITY DYNAMICS VS. INITIAL COMMUNITY STRUCTURE
The relative rates of change (RRC) of all community structural attributes were
significantly related to initial basal area (Fig. 2b), except for the RRC of tree density (not
shown). A similar analysis of the relation between the RRC of BA, Hm, Dm and α on the
one hand and initial tree density on the other hand showed that the rate of change of
community structure did not significantly depend on initial tree density (not shown).
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FIGURE 3. Relationships between annual relative rates of growth (G), mortality (M) and
recruitment (R) on the one hand and and fallow age (a), and initial basal area (b) on the
other hand obtained for secondary forests in south-east Mexico. Subscripts BA and NT
indicate rates based on basal area and tree density, respectively. Showed curves are the
best-fit models (model type, R2 and P-values are given in Table 4) and only significant
models are plotted. See text for further details.
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TABLE 4. Relationship functions between growth (G), mortality (M), and
recruitment (R) rates (dependent variables, rows) and initial fallow age, basal
area, and tree density (independent variables, columns) for secondary forests in
south-east Mexico. Rates are expressed in terms of basal area (BA) and number
of trees (NT). For all cases, sample size was 11 and the curve fitting procedure of
the SPSS 10.1 package was used to select the best-fit regression model. Pow =
Power model; Log = Logarithmic model; Exp = Exponential model.
BA

Fallow age

Tree density

model

R2

P

model

R2

P

P

GBA

Pow

0.71

**

Log

0.85

***

ns

MBA

Pow

0.78

***

Log

0.67

*

ns

RBA

Pow

0.62

*

Pow

0.85

***

ns

ns

Exp

0.68

*

ns

***

Pow

0.55

*

ns

RNT
MNT

Pow

0.77

* = P < 0.01, ** = P < 0.001, *** = P < 0.0001, ns = not significant

Relative growth, mortality and recruitment rates were not related to initial tree density
but were quite sensitive to changes in BA0 (Fig. 3b, Table 4). The recruitment rate per
plot (RNT) declined exponentially with increases in BA0 while mortality rate (MNT)
declined with a power trajectory (Fig. 3b, Table 4). These curves did not intersect,
mortality rates being higher than recruitment rates all along the basal area axis. Thus, a
reduction over time in tree density occurred at any point within the range of BA0 values
of our plots.
In contrast, trajectories of the rates of gain (RBA) and loss (MBA) of basal area as a
function of BA0 intersect at an equilibrium point of ca. 4 m2 ha-1 (Fig. 3b). However at
any point, loss of basal area resulting from mortality was overcompensated by the basal
area gains due to growth (Fig. 3b). Differences in G, M and R decline as the community
basal area increases, but the net gain in basal area is still positive after 20 y of
succession (cf. Fig. 2a).
Stepwise multiple linear regression showed that among-plot variation in relative
growth, mortality and recruitment rates based on basal area (GBA, MBA, RBA, ) and
relative recruitment rate based on number of trees (RNT) was best explained by BA0 (R2
= 0.75, P = 0.001; R2 = 0.56, P = 0.008; R2 = 0.47, P = 0.021; R2 = 0.57, P = 0.004,
respectively). Tree density and fallow age did not contribute significantly to the
regression coefficient. In the case of mortality rate based on number of trees (MNT),
fallow age explained most of the variation (R2 = 0.41, P = 0.035), while BA0 and tree
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coefficient. In both cases, the
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1f).
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demonstrated earlier (Finegan
secondary forests sites in south-east Mexico. Each
1996; Guariguata & Ostertag
point represents one study plot, symbols as in Table
2001). Species density in our
1. Pearson correlation coefficient (r) = 0.73, P = 0.01.
plots was still far from
reaching values of old-growth
forest within the same Low-Hill study area. Rarefied species density values found in
old-growth forest averaged 56 species per 188 trees (three 500-m2 plots, trees with dbh
≥ 1, M. Martínez-Ramos, unpublished data) which was more than twice as high as our
highest secondary forest value of 26 species per 188 trees. Basal area, on the other hand,
reached and even surpassed basal area of old-growth forests very early in succession.
For example, the estimated 30.3 m2 ha-1 basal area of plot R4 at an age of 6-y was higher
than the average of five old-growth forest stands (25.4 m2 ha-1, trees with dbh ≥ 1 cm,
M. Martínez-Ramos unpublished data) within the same Low-Hill area. Such rapid and
early successional increase of basal area has been observed in other studies (Saldarriaga
et al. 1988; Denslow & Guzman 2000; Steininger 2000), but not for secondary forests as
young as ours. This does not imply, however, that standing biomass of old-growth
forest is reached rapidly in early successional stages as stature and wood density of
pioneer species dominating young secondary forests is much lower than that of shadetolerant species dominating old-growth forest (M. van Breugel, unpublished data). In the
same region and forests, Balvanera et al. (2005) found that secondary forests 13 y old
have less than 40% of the standing biomass (trees dbh ≥ 10 cm) of old-growth forest in
Low-Hill areas.
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In contrast to basal area, canopy height of the studied secondary forests (among plot
mean ± SD = 6.1 ± 2.3 m) still remained well behind the old-growth forest average in
the Low-Hill area (16.8 ± 8.9 m, five 20 × 250-m plots, M. van Breugel, unpublished data).
The tree diameter distribution in the secondary forests was rather different from that of
the old-growth communities, with small trees (< 10 cm dbh) constituting 30-100% of the
total basal area. This is similar to the findings of Read & Lawrence (2003) in dry tropical
forests, where the relative contribution of stems with dbh < 5 cm to total above-ground
biomass ranged from 15% in mature forests to almost 80% in 2-5-y-old secondary
forests. In all plots the slope of the log-log diameter frequency distribution (α) was
higher than the average value of –2.0 that was found for the 226 forest stands of the
Gentry forest transect database (Enquist & Niklas 2001), with a clear trend of
decreasing α with fallow age. Tucker et al. (1998) made similar observations, and
proposed that a high ratio of basal areas of saplings (< 10 cm dbh) to larger trees is a
key indicator of early successional stage in the Amazon. Niklas et al. (2003b) similarly
suggested that a high α reflects relatively short time since disturbance. Such
observation implies that when trees with dbh < 10 cm are not included, as in Balvanera
et al. (2005), relative basal area or relative biomass recovery in young secondary forests
will be underestimated.
The fact that attributes such as tree density, canopy height, mean diameter and α were
very different from old-growth values in our plots clearly indicates that similarity in
basal area between young secondary and old-growth forests resulted from very distinct
stand structure and composition.
COMMUNITY DYNAMICS
The obtained chronosequence trajectories indicate increasing basal area, canopy height,
average diameter, and more uniform stem size distribution (smaller α) as succession
advances. Similar patterns have been found elsewhere (Saldarriaga et al. 1988;
Guariguata et al. 1997; Tucker et al. 1998; Denslow & Guzman 2000; Peña-Claros 2003).
However, this study allowed the examination of successional processes underlying
these trajectories; disentangling community dynamics in tree mortality, growth, and
recruitment. Our results indicate, for example, that changes in tree community basal
area in the first two decades of succession are driven, in absolute and relative scales, by
tree growth more than mortality and tree recruitment. Also, although the relative rate
of change in community structural attributes varied considerably among plots, a
general pattern was found of very high rate values early in succession followed by a
rapidly decline in these rates with age of succession.
Our study shows that the decline in the rate of change of most community attributes
through succession is a consequence of reduction in recruitment, mortality, and growth
rates. Very early in succession (< 5 y), relative mortality, recruitment, and growth rates
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were very high with highest relative annual growth rates even exceeding 100%. At 20 y,
dynamics were much lower.
Basal area, strongly correlated with both fallow age and the other stand structural
attributes (average tree diameter, canopy height and α), explained a large part of the
among-plot variation in all three rates. Thus, our results support the hypothesis that
community dynamics depend on the forest structure at a given time of succession. In
this context, fallow age can be defined as a compound variable reflecting stand
structure and related within-plot environmental heterogeneity at a certain point along
the successional axis. On the other hand, growth, recruitment and mortality rates were
independent of community tree density, which was related to neither fallow age nor to
other community structural variables.
ASYMMETRIC COMPETITION AND SUCCESSIONAL COMMUNITY DEVELOPMENT
The dependence of community dynamics on community structure can be expected
under size-asymmetric competition for limiting resources, such as a reduced light
availability (Huston 1994; Schwinning & Weiner 1998; Enquist & Niklas 2001;
Freckleton & Watkinson 2001). In early phases of secondary succession, plants would
tend to compete symmetrically since most trees are similarly small and occupy similar
positions in a low canopy (Schwinning & Weiner 1998). However early differences in
size among trees can be caused by variation in emergence time (Connolly & Wayne
1996), environmental (related to differences in, for example, soil, topography, land-use
history) and genetic heterogeneity (Hartgerink & Bazzaz 1984), and/or variation in
spatial levels of competition intensity due to non-uniform spatial distribution of trees
(Huston 1986; Huston & DeAngelis 1987; Miller & Weiner 1989). The heterogeneous
starting environment and resulting plant size differences can be expected to result in
increasingly asymmetric competition as the larger trees may gain an advantage and
seize a relatively large part of the community biomass. As a result, larger trees improve
their competitive position, exacerbating subsequently the differences in growth rates
among interacting trees (Huston 1994; Schwinning & Weiner 1998). While the winners
get the largest part of the pie, the individuals that lag behind in growth and stature will
suffer from lower levels of light availability and are expected to experience higher
mortality.
We found support for the operation of this asymmetric competition. Basal area growth
was concentrated into a relatively small proportion of the trees, and this proportion
declined with increasing initial stand basal area, while the smaller individuals had an
increased probability of mortality. A direct result was that the slopes of the stem size
distribution (α) decreased in most plots, which links asymmetric competition with
successional stand development as discussed by Niklas et al. (2003b).
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Relative mortality - and recruitment rates were not related to tree density, but were
strongly related to initial basal area. These results suggest that the role of competition
in successional stand development is more strongly related to the degree of asymmetry
of competition than to the number of trees per se. Moreover the positive among-plot
relationship between mortality and recruitment rates suggests that mortality
continuously opens up space that can be occupied by recruits of other species, at least
in the earlier phases of secondary forest succession. This is clearly demonstrated by two
of the youngest sites (H2 and F2); both with very high initial tree density (cf. Fig. 1).
Catastrophic mortality among the dominant early successional species Trema micrantha
opened the canopy enough for the massive recruitment of another early successional
species Trichospermum mexicanum.
Our results suggest that community structure and competition are driving factors
underlying the observed successional patterns. However, when we extend the concept
of self-thinning under increasing asymmetric competition (Weiner 1988) to mixedspecies mixed-aged forests, we assume a similar dominant role of size-related
competition in these forests as in even-aged single-species systems. As Coomes et al.
(2003) and Midgley et al. (2002) pointed out; species composition can be expected to
influence successional community dynamics since life history traits such as growth,
mortality, longevity, and shade tolerance vary broadly among species (Sarukhán et al.
1985; Condit et al. 1995; Martínez-Ramos & Álvarez-Buylla 1995a, 1998; Davies 2001).
An evaluation of the role of density-dependence mechanisms in organization of
successional communities needs therefore to take such variation into account.
An analysis of species dynamics in our study plots indicates that shade-tolerant species
were relatively abundant amongst smaller trees, similar to findings in successional
forests in Bolivia (Peña-Claros 2003) and that such species exhibited relatively high
recruitment and low mortality rates (M. van Breugel unpublished data). Inter-specific
differences in species response to competition, in terms of growth, mortality and
recruitment, may explain partially the deviation from expected patterns, such as the
observed lack of relationship between mortality rate and tree density.
CONCLUSIONS
Rates of change of different community structure attributes are very fast in early phases
of secondary forest succession (first 5 y since field abandonment) and slow down
rapidly after a few more years. These dynamics result from similar underlying trends
of high relative rates of mortality, recruitment, and growth early in succession, and
slower rates at later ages. Direction and rate of change of most community attributes
are related to community structure, i.e. forest community structure in a given
successional time drives further community development. Therefore, to understand
mechanisms of secondary forest succession, time since abandonment has to be
considered as a compound factor integrating variables of community structure.
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Our study suggests that processes of community-level thinning as a consequence of
increasing asymmetric competition play a paramount role in community dynamics and
underlying processes of mortality, growth and recruitment. The concept of asymmetric
competition predicts specific changes in community structure along the successional
gradient of which some were indeed observed in our secondary forests. Observations
of community changes that were not in line with expectations from the concept of
community-level asymmetric competition and thinning might be explained partly by
life-history differences in the context of species replacement during succession. Overall,
forest development can be gradual or show abrupt changes, depending on species
composition and the degree of dominance by one or few species.
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ABSTRACT
Rates of change in tree communities following major disturbances are determined by a
complex set of interactions between local site factors, landscape history and structure,
regional species pools and species life histories. Our analysis focuses on vegetation
change following abandonment of agricultural fields or pastures, as this is the most
extensive form of major disturbance in Neotropical forests. We consider five tree
community attributes: stem density, basal area, species density, species richness and
species composition. We describe two case studies, in northeastern Costa Rica and
Chiapas, Mexico, where both chronosequence and annual tree dynamics studies are
being applied. These case studies show that the rates of change in tree communities
often deviate from chronosequence trends. With respect to tree species composition,
sites of different ages differ more than a single site followed over time through the
same age range. Dynamic changes in basal area within stands, on the other hand,
generally followed chronosequence trends. Basal area accumulation was more linked
with tree growth rates than with net changes in tree density due to recruitment and
mortality. Stem turnover rates were poor predictors of species turnover rates,
particularly at longer time-intervals. Effects of the surrounding landscape on tree
community dynamics within individual plots are poorly understood, but are likely to
be important determinants of species accumulation rates and relative abundance
patterns.
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INTRODUCTION
Rates of change in tree communities following major disturbances are determined by a
complex set of interactions between local site factors, landscape history and structure,
regional species pools and species life histories. Our analysis focuses on vegetation
change following abandonment of agricultural fields or pastures, as this is the most
extensive form of major disturbance in Neotropical forests. We consider five tree
community attributes: stem density, basal area, species density, species richness and
species composition. We describe two case studies, in northeastern Costa Rica and
Chiapas, Mexico, where both chronosequence and annual tree dynamics studies are
being applied. These case studies show that the rates of change in tree communities
often deviate from chronosequence trends. With respect to tree species composition,
sites of different ages differ more than a single site followed over time through the
same age range. Dynamic changes in basal area within stands, on the other hand,
generally followed chronosequence trends. Basal area accumulation was more linked
with tree growth rates than with net changes in tree density due to recruitment and
mortality. Stem turnover rates were poor predictors of species turnover rates,
particularly at longer time-intervals. Effects of the surrounding landscape on tree
community dynamics within individual plots are poorly understood, but are likely to
be important determinants of species accumulation rates and relative abundance
patterns.
Disturbances are pervasive features of forest ecosystems, to the extent that there is no
clear distinction between successional and mature-phase vegetation (Aubréville 1938;
Whittaker 1972; Clark 1996). Structure and dynamics of forest vegetation reflect a
complex interplay of disturbance events and regeneration processes taking place
through time and space (Chazdon 2003). Vegetation structure and composition are
often interpreted in terms of how forests have responded to recent and historic
disturbance regimes (Whitmore & Burslem 1998). Several attributes of tropical forest
structure and composition can recover following large-scale disturbances, natural or
anthropogenic, such as hurricanes, fires, logging, swidden agriculture or cattle raising
activities (see reviews by Brown & Lugo 1990; Guariguata & Ostertag 2001; Chazdon
2003; Finegan & Nasi 2004; Chazdon in press; Holl in press). Rates of change, however,
vary considerably, depending upon what forest attributes are being measured and
upon the intensity, duration and frequency of the disturbance. Ultimately, rates of
forest change following major disturbances are determined by a complex set of
interactions between local site factors, landscape history and structure, regional species
pools (including non-native species) and species life histories (Pickett et al. 1987). In this
review, we define major disturbances as those that result in the complete or nearly
complete removal of vegetation, leading to the establishment of even-aged regrowth.
These disturbances may occur at a range of spatial scales, from large gaps in a forest
matrix, to small swidden agriculture fields, to large-scale deforestation. In most of the
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successional studies we discuss here, vegetation removal occurs at spatial scales
ranging from 0.5 to 20 ha. 1.
COMPLEXITIES OF VEGETATION CHANGE FOLLOWING STAND-REMOVING DISTURBANCES
Following major disturbances, rates of change of forest structure and composition are
strongly affected by the nature and extent of residual vegetation, in the form of
resprouts, remnant trees or shrubs, seedling/saplings and/or the soil seed bank (Uhl et
al. 1981; Guevara et al. 1986; Galindo-Gonzalez et al. 2000; Slocum & Horvitz 2000;
Benitez-Malvido et al. 2001; Elmqvist et al. 2001; Chazdon 2003). Resprouting is the
predominant form of regeneration following damaging windstorms, such as hurricanes
or cyclones (Yih et al. 1991; Bellingham et al. 1994). The effects of large-scale wind
disturbances on forest structure and species composition are therefore generally
transitory (Dittus 1985; Walker 1991; Bellingham et al. 1995; Burslem et al. 2000;
Vandermeer et al. 2000; Pascarella et al. 2004), with rapid recovery of forest structure
and composition. Globally, tropical forests subject to frequent hurricanes/ cyclones
have significantly shorter canopies compared with forests in similar environments that
are not prone to such frequent wind-induced disturbances (Whitmore 1990; de
Gouvenain & Silander 2003). When residual vegetation and propagule sources are
lacking, destroyed by fires, or when soils are highly disturbed or compacted by heavy
grazing, bulldozing or high-impact logging, rates of forest regrowth and biomass
accumulation decline; under extreme conditions, successional processes may be
arrested or diverted by exotic species (Hjerpe et al. 2001; Chinea 2002; Fine 2002; Zarin
et al. 2005).
To add further complexity, site factors (such as soil fertility and texture) interact with
landscape factors, such as forest cover spatial organization and extent, distance to
forested areas and regional species pool, to determine rates of species colonization,
accumulation of species and accumulation of biomass above- and belowground
(Johnson et al. 2000; Moran et al. 2000; Zarin et al. 2001; Chazdon 2003). A complete
understanding of the factors that influence forest vegetation change following major
disturbances in tropical forests must incorporate analyses of site attributes as well as
landscape configuration and regional species composition. Most studies to date,
however, have focused on effects of site attributes (such as land-use history and soils),
leaving many unanswered questions regarding the effects of landscape composition
and regional land-use dynamics on local patterns and processes of forest succession
(Helmer 2000; Chinea & Helmer 2003). These effects are not exclusively unidirectional,
as secondary forest development can influence species composition and genetic
structure of populations in nearby mature forests as well as in surrounding areas
undergoing succession (U. Sezen 2006, unpublished work). As stated by Pickett (1976,
p. 117), ‘Successional gradients and the evolutionary and functional responses of
populations on them are part of a dynamic, regional process rather than a single site
pattern.’
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ASSESSING RATES OF CHANGE FOLLOWING MAJOR DISTURBANCES
Successional processes are not always directional or predictable, and multiple
pathways can lead to a range of mature forest types rather than a single stable endpoint
(Gleason 1926). Here, we describe the succession process in terms of rates of change in
tree community attributes rather than as a recovery process, thereby avoiding the
assumption that succession is orderly or deterministic and will eventually reach the
original forest structure and species composition present before the disturbance.
Two general approaches have been used to assess rates of vegetation change during
succession. Most information on tropical forest succession is derived from
chronosequence studies, where temporal changes are inferred from a single-time
investigation of a set of forest stands of different ages since disturbance. Rates of
change are therefore estimated indirectly, based on assumptions that the same
successional process takes place within each stand. The second approach directly
documents the rates of change through monitoring vegetation dynamics over time in
particular forest stands. Here, we describe results of studies using each approach and
examine their strengths and limitations in terms of assessing rates of vegetation change
following large-scale disturbance in tropical forest areas. Most of our examples are
drawn from studies of wet and seasonally dry Neotropical forests. We then examine
whether chronosequence trends can predict tree community changes as observed
within individual secondary forest stands over time. We consider two case studies,
from northeastern Costa Rica and Chiapas, Mexico, where both approaches are being
applied in long-term studies of successional permanent plots. Since chronosequence
studies are based on single-time information from a range of sites, these data
emphasize cumulative or net effects of ecological processes. In contrast, vegetation
dynamics examine incremental change over time and can therefore reveal more about
the ecological processes that produce cumulative changes.
Our review focuses on vegetation change following abandonment of agricultural fields
or pastures, as this is the most extensive form of major disturbance in tropical forests
today, as well as historically. Secondary, degraded and logged forests now cover more
area than mature forests within tropical regions (FAO 2006). We examine rates of
change for five tree community attributes: stem density; basal area; species density;
species richness; and species composition. In two case studies, we examine turnover
rates of stems and species for different size classes and time-scales. Stem density and
basal area are influenced by rates of tree growth, recruitment and mortality, whereas
species density, richness and composition reflect processes of species turnover and
community assembly. Collectively, these processes determine changes in species
relative abundance, size distributions and dominance over time.
When assessing vegetation change in successional tropical forests, the standard for
comparison is usually neighbouring areas of mature or old-growth forests. For many

Chapter 5 – RATES OF CHANGE – 97

regions, however, these forests have become reduced to small fragments or are
degraded to various degrees, and a suitable ‘pristine’ area may not be available for
contemporaneous study (Chazdon in press). Moreover, edaphic variation may lead to
local differences in forest structure and composition in mature forests (Fanshawe 1952;
Duivenvoorden 1995; Clark et al. 1999; Harms et al. 2001; Potts et al. 2002; Valencia et al.
2004) and this is also the case in secondary forests (Herrera & Finegan 1997; MéndezBahena 1999; Chapter 2; Finegan & Delgado 2000). Many secondary forests are found in
small patches isolated from continuous forest cover. As a result, it remains a major
challenge to obtain robust data on vegetation change in secondary forests that matches
the spatial extent of data collected for mature forest tracts, which are generally larger
areas (at least for those that are investigated in ecological studies) and may therefore
encompass greater edaphic heterogeneity.
RATES OF CHANGE BASED ON CHRONOSEQUENCE STUDIES
Originally framed as a tool for investigating primary succession, chronosequence
studies have become a key component of research on secondary forest succession. A
space-for-time substitution allows researchers to examine a much larger time frame
than would be otherwise feasible and also corrects for potential interannual climatic
variation that could confound a time-series (Foster & Tilman 2000). However,
chronosequence data only permit inferences of successional change and do not
facilitate direct analysis of the underlying processes mediating the change (growth,
mortality and recruitment). In addition, the basic assumption of chronosequence
studies –that the sites represent points along a continuum, rather than snapshots of
independent trajectories– often remains untested.
Chronosequence sites must be carefully chosen to avoid bias in site selection. The best
chronosequence studies are those that base their site selection on precise,
independently verifiable estimates of site age. For example, Ruiz et al. (2005) selected a
chronosequence of tropical dry forest sites on Providencia Island, Colombia, based on a
sequence of available aerial photographs and remote sensing data. Ideally, site selection
should remain unbiased by prior notions of successional rates, topography or ease of
access, although these factors often restrict available study areas. Moreover,
successional sites should encompass the same range of heterogeneity in soils and
topography as mature forest sites that are being compared.
Chronosequence studies have contributed valuable data used to infer rates of
vegetation change in regenerating tropical forests. Our review will largely focus on
woody vegetation in moist/wet lowland forests, but we also include studies in tropical
dry forests. Most studies have examined relatively young forests (less than 50 years
old). Studies of more advanced secondary forests (50–200 years old) often focus on
single forest sites in the absence of a chronosequence context (Lang & Knight 1983;
Milton et al. 1994; Brearley et al. 2004).
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(a) Basal area/aboveground biomass
Trends in basal area are closely linked to trends in aboveground biomass (ABM; Clark
& Clark 2000). Both are generally calculated from stem diameters, but the equations
used for ABM are often site specific (e.g., Brown 1997; Nelson et al. 1999) and sometimes
incorporate data on wood density and tree height. Owing to these factors, basal area is
a more conservative metric for comparisons of regrowth across sites where site-specific
allometric equations have not been developed. For both ABM and basal area,
secondary tropical wet forests exhibit rapid growth in the first years of establishment.
Biomass accumulation tends to be tree dominated (greater than 94% in Central
Amazonia; Feldpausch et al. 2005), with lianas comprising only a small fraction
(DeWalt & Chave 2004; Gehring et al. 2004). In a chronosequence of sites in Bolivia,
Peña-Claros (2003) found that secondary forests reached 70% of mature forest basal
area in the first 25 years of regrowth. Pascarella et al. (2000) found similar values in the
first 25–30 years of regrowth in Puerto Rico.
Saldarriaga et al. (1988) found that ABM increased linearly with stand age up to 40
years in the upper Rio Negro, then levelled off due, they suggested, to mortality of
long-lived pioneer species. The pantropical average rate of biomass accumulation in the
first 20 years of forest succession has been estimated to be 6.2 mg ha-1 y-1, although
among-site variation is very high (Silver et al. 2000). Reported values are as high as 11
mg ha-1 y-1 in central Amazonia (Feldpausch 2004) and up to 15 mg ha-1 y-1 in high
altitude forests (Fehse et al. 2002). In contrast to the linear increases in ABM found in
other chronosequence studies, Jepsen (2006) reported sigmoidal increase in biomass
accumulation in swidden fallows from 2 to 15 years old in Sarawak Malaysia, with
initially rapid biomass growth up to 10 years followed by no net biomass
accumulation. Based on fitted functions, biomass accumulation reached a maximum
rate of 12.7 mg ha-1 y-1, 4 years after abandonment (Jepsen 2006). In Chiapas, Mexico,
secondary forests developed in abandoned pastures and with fallow ages of 12–13
years attained 20% of the carbon storage estimated for nearby undisturbed mature
rainforest (94 mg C ha-1) sharing the same geomorphological properties (Balvanera et
al. 2005).
The growth of secondary forests can be strongly affected by soil fertility (Moran et al.
2000), the duration and intensity of prior land use (Uhl et al. 1988; Steininger 2000;
Finegan & Nasi 2004; Gehring et al. 2005) and fire frequency (Zarin et al. 2005). Swidden
fallows and abandoned pastures may follow very different successional trajectories
(Uhl et al. 1988; Steininger 2000). Unfortunately, comparisons among studies are
hindered by methodological differences in plot size, minimum stem diameter and the
need for site-specific allometric equations to calculate biomass (Clark & Clark 2000).
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(b) Tree density
Successional changes in stem density may be driven by intrinsic species life-history
differences (e.g. in recruitment, growth and mortality rates), density-dependent
population processes and additional stand disturbances. Species life-history attributes
can lead to episodic recruitment and the development of strong cohort structure in
young secondary forests. For example, in the Neotropics, initial colonization is often
dominated by relatively short-lived, fast-growing, pioneer genera such as Cecropia,
Vismia and Ochroma (Finegan 1996; Vester 1997; Mesquita et al. 2001). When these
species die off after 25–30 years, or sometimes much earlier, stem density may decline
rapidly (see Chapter 4 and §4).
Tropical secondary forests are generally dense and highly productive, and densitydependent mortality is to be expected, as is the case in secondary forests in other
climatic regions (Peet & Christensen 1987; Finegan 1996). Mortality and recruitment
processes in mature tropical forests are often density- or frequency dependent (Wills et
al. 1997; Harms et al. 2000; Niklas et al. 2003b; Uriarte et al. 2005b; Wills et al. 2006). The
importance of density-dependent effects on stem density and species composition in
tropical secondary forests remains unclear, however, due to the paucity of published
information from permanent sample plot studies. Breugel et al. (2006, Chapter 4) found
that stand-level growth, mortality and recruitment were negatively related to stand
basal area, but not to stem density. A concentration of growth in the larger trees and
relatively high mortality among the smaller trees indicated asymmetric competition,
and the resulting pattern of tree thinning strongly influences vegetation dynamics in
early succession. Successional changes in density of both trees and regenerating
seedlings and saplings may indicate the potential for density dependent effects on
mortality, growth and recruitment (Uriarte et al. 2004a). The relative importance of
conspecific versus heterospecific effects of density on tree regeneration also remains to
be determined in tropical secondary forests (Uriarte et al. 2004a; 2004b). Since shadetolerant tree species are not yet reproductively mature in young stands, seeds must be
dispersed from nearby or distant mature forests or forest fragments. The lack of locally
produced seed shadows decreases the potential for conspecific density-dependent
effects on seedling recruitment and growth (Connell 1971; Janzen 1971; Uriarte et al.
2005a) in young secondary forests. Therefore, if density-dependent processes are
operating in young secondary forests, these effects are more likely to be heterospecific
for all but the dominant pioneer species. Intraspecific density-dependence mechanisms
may still operate in very early successional stages, however, when a single species
dominates colonization in abandoned fields.
Unlike basal area and ABM, stem density does not appear to follow a predictable
pattern with forest age. Density is potentially influenced by a wide variety of factors,
operating at a range of spatial and temporal scales that vary in their effects on different
size classes. Stem density in secondary forests is generally higher than in old-growth
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forests, even when comparing relatively large size classes (e.g. greater than or equal to
10 cm DBH). In Costa Rica, density of stems greater than or equal to 10 cm DBH ranged
from 547 to 687 stems ha-1 in 15–20 years old secondary forests compared with 506–527
stems ha-1 in old growth (Guariguata et al. 1997). Stem density may peak at an
intermediate age range, although these patterns will vary with diameter size limits.
Feldpausch et al. (2005) detected a peak in stem density at 6–8 years post-abandonment
in central Amazonian secondary forests. In Puerto Rico, stem density greater than 2.5
cm DBH increased up to ca 25 years post-abandonment (Aide et al. 1995) and then
stabilized.
The overall pattern of stem density along chronosequences may yield few discernible
trends, but analyzing the density of species, in particular functional groups or within
specific size classes, will likely be a more fruitful line of inquiry. These comparisons
will be facilitated using the same minimum stem diameter in sample plots at similar
successional stages.
(c) Species density and species richness
As the forest develops, new species begin to colonize and recruit, leading to a gradual
accumulation of species over time. We distinguish between species density (number of
species per sample area) and species richness (number of species per standardized
number of individuals sampled; Gotelli & Colwell 2001). Species density is highly
sensitive to stem density (Denslow 1995; Chazdon et al. 1998), which varies during
succession in an unpredictable manner as discussed above. An alternate approach is to
use an index such as Shannon’s H or Fisher’s alpha to assess species diversity; these
measures can also be influenced by sample size, however. Species richness can also be
estimated from sample data using a variety of approaches (Colwell & Coddington 1994;
Chazdon et al. 1998). Numerous studies have documented increasing diversity with
forest age, although direct comparisons are difficult due to lack of standardization of
diversity measures (see reviews by Chazdon in press; Holl in press). Aide et al. (1995)
found a positive relationship between stand age and species density in a 60-year
chronosequence in Puerto Rico, and Saldarriaga et al. (1988) found similar Shannon
diversity in 40 years old secondary forest and old growth in very small plots. In the
earliest study of secondary forest diversity, Eggeling (1947) found a peak in species
density of stems greater than or equal to 10 cm at intermediate ages, followed by a
decline later in succession. Sheil (2001) applied rarefaction methods to these data to
correct for differences in stem density and confirmed the mid-successional peak. Andel
(2001) found higher diversity (Fisher’s alpha) in old secondary forests in northwest
Guyana than in neighbouring old-growth forests.
Like basal area and ABM, species accumulation in secondary forests can be strongly
influenced by soil fertility and land-use history (Finegan & Delgado 2000; Pascarella et
al. 2000). Rates of species accumulation are often slower on abandoned pasture
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compared with abandoned crop cultivation in regenerating forests of Puerto Rico (Aide
et al. 1995).
(d) Species composition
Whereas species density may quickly reach the level of old growth, species
composition remains distinct for much longer or may never fully recover (Corlett 1992;
Clark 1996; Finegan 1996). Pioneer species dominate the community during the first
years of regeneration, leading to a forest composition very distinct from that of nearby
old growth (Chazdon 2003; Peña-Claros 2003; Chazdon in press). The legacy of early
species colonization may persist for decades or even centuries, as some pioneer species
can be very long lived (Budowski 1970; Gemerden et al. 2003a).
One of the central questions regarding forest succession is whether floristic change
follows a predictable pathway. Egler (1954) proposed two contrasting models of forest
succession, which Gomez-Pompa & Vazquez-Yanes (1981) adapted for tropical forests.
In the ‘relay floristics’ model, forest development proceeds via successive waves of
colonization. The species composition of each wave is predictable, as is the sequence of
replacement. In the ‘initial floristic composition’ model, most of the colonists arrive at
the onset of forest regeneration, but reach peak abundances at different points in
succession. Neither of these models adequately describes actual trends in species
composition in successional tropical forests, however. Few chronosequence studies
support the relay floristics model, although many species of early successional pioneers
fail to recruit after canopy closure (Finegan 1996; Breugel et al. in press, Chapter 3;
Chazdon in press; Holl in press). Studies in eastern Amazonia, Bolivia, and Mexico
found that species from all functional groups (including shade-tolerant species)
established very early in succession and continued to establish after canopy closure
(Uhl et al. 1988; Peña-Claros 2003; Breugel et al. in press, Chapter 3), supporting the
initial floristic composition model. In Mesoamerica, studies of tree life histories have
revealed a number of distinct functional groups of tree species, which become
abundant during different phases of succession (Budowski 1965, 1970; Finegan 1984,
1996; Dalling et al. 2001; Capers et al. 2005; Chazdon in press.). The resulting waves of
recruitment and mortality may lead to wide fluctuations in stem density and may also
account for the observed mid-successional peak in species richness (Sheil 1999a).
Further study will reveal whether these waves reflect species differences (seed
dispersal modes, seedling establishment requirements, growth rates, final size and
longevity) and/or landscape effects (dispersal limitation and species pool available for
colonization).
The initial floristic composition of successional forests may influence species
composition for long periods of time, though the effects of early species composition
are often confounded with those of prior land use. In the Brazilian Amazon, researchers
have identified two different floristic pathways on abandoned lands. Cecropia-
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dominated forests generally arise on less severely impacted lands, while Vismiadominated forests develop on more heavily used or more frequently burned areas
(Steininger 2000; Mesquita et al. 2001). Cecropia species are short lived, driving a rapid
turnover in species composition at 25–30 years post-abandonment and potentially
leading to a more rapid recovery of old-growth forest species. Vismia species, in
contrast, are longer lived and resprout frequently and may arrest the floristic turnover
(Vester 1997; Steininger 2000; Mesquita et al. 2001; Lucas et al. 2002). Detailed long-term
studies are needed to evaluate the influence of land-use history and initial floristic
composition on successional pathways and species turnover.
An important question in forest regeneration is whether secondary forests converge
with the vegetation of nearby old-growth forests or whether the community
composition remains distinct. Terborgh et al. (1997) found directional succession
occurring on floodplain forests in Peru, returning to the composition of old-growth
forests. A key factor in convergence here, however, would seem to be that the regional
context of this study was that of forest cover with little or no human disturbance. Are
successional trajectories more variable in human-influenced or -dominated landscapes?
Sheil (1999b) re-evaluated Eggeling’s (1947) plots in Budongo Forest, Uganda, and also
detected directional changes in floristic composition conforming to Eggeling’s (1947)
predicted successional trajectory.
In other situations, the outcome of succession is less clear with measurable differences
in floristic composition persisting for up to centuries after abandonment (Clark 1992;
Clark 1996; Finegan 1996; Gemerden et al. 2003a). In some cases, succession can be
arrested due to intensive land use. Fern thickets of Dicranopteris pectinata (Willd.)
Underw. colonized large areas in the Dominican Republic after abandonment of
agriculture in the early 1970s and inhibited forest regrowth since then (Slocum et al.
2004). Observations from the Montes Azules Reserve in southern Mexico suggest that
fern thickets can arrest succession for very prolonged periods: pure and thick carpets
(0.5–4 ha in extent) of D. pectinata are found immersed in old-growth rainforest in
areas that were inhabited by ancient Mayan people. Ceramic pieces found beneath such
carpets (ca 1300 years old) suggest that intensive crop cultivation in poor soil led to this
long-lasting, arrested successional phenomenon (M. Martínez- Ramos 2006, personal
observations). At present, no tree regeneration is occurring within the fern carpets even
though they are completely surrounded by mature forest (Suazo-Ortuño 1998).
Chazdon (in press) points out another uncertainty inherent in inferring successional
trajectories: the composition of ‘mature’ forest varies edaphically and harbours the
legacy of ancient disturbances. Establishing appropriate reference points for mature
forest composition may pose problems for reconstruction of late successional
pathways.
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(e) Rates of change in tropical dry forests
Tropical dry forests compose 42% of tropical forests worldwide, but are far less studied
than tropical wet or moist forests (Mooney et al. 1995; Sanchez-Azofeifa et al. 2005). Dry
forests are floristically and structurally simpler than wet forests, with fewer canopy
strata, lower leaf area index and more frequent vegetative reproduction (Murphy &
Lugo 1986). Highly seasonal rainfall distribution strongly limits conditions for seed
germination and seedling establishment (Ceccon et al. 2006; Vieira & Scariot 2006).
These differences are likely to affect rates of change in vegetation structure and
composition following major disturbances (Ewel 1977; Vieira & Scariot 2006).
The prevalence of anemochorous species in dry forests (Sabogal 1992; Bullock 1995;
Gentry 1995; Vieira & Scariot 2006) can have contrasting effects on rates of successional
change. In seasonally dry tropical forests of Bolivia, 63% of the canopy tree species are
wind dispersed (Justiniano & Fredericksen 2000). Small, wind-dispersed seeds arrive at
higher densities than animal-dispersed ones (Holl 1999) and are more resistant to
desiccation (Vieira & Scariot 2006). Seed dispersal in dry forests may therefore be less
negatively affected by forest fragmentation than in wet forests (Gillespie 1999),
although dispersal limitation is still a major limitation for dry forest regeneration
(Janzen 1988). These factors may promote rapid structural regeneration in tropical dry
forests (Ceccon et al. 2002; Ruiz et al. 2005; Vieira & Scariot 2006). If early regeneration
of tropical dry forests is dominated by wind-dispersed species, however, the frugivore
community of the area may be impoverished and rates of species accumulation may be
negatively affected (Janzen 1988). Seedling survival is generally very low in tropical
dry forests (Gerhardt & Hytteborn 1992; Swaine 1992; Ceccon et al. 2006), and the seed
bank has a reduced role in seedling regeneration (Rico-Gray & García-Franco 1992; Ray
& Brown 1994) compared with wetter forests. Rates of seed predation may be as high as
in wet forests, although more studies are needed (Hammond 1995).
Fire likely plays a more important role in tropical dry forest succession (Murphy &
Lugo 1987; Vieira & Scariot 2006). Owing to strong seasonality in moisture and nutrient
availability, light conditions and gap dynamics are less important for tropical dry
forests compared with wet forests (Gerhardt 1996). However, seedling growth and
survival in a tropical dry forest of Yucatan, Mexico, was affected by light availability
(Ceccon et al. 2003; 2004), and at Chamela, Mexico, seedlings of a wide array of tropical
dry forest tree species, differing in seed mass and successional status, showed strong
differential growth responses to experimental levels of light (Rincón & Huante 1993;
Huante & Rincón 1997) and soil nutrients (Huante et al. 1995a; 1995b). Such seedling
functional responses suggest that tropical dry forest species may be sensitive to
environmental heterogeneity promoted by disturbance and forest regeneration.
Resprouting assumes a greater importance in secondary dry forest regeneration than in
wet forests (Murphy & Lugo 1986; Kennard 2002; McLaren & McDonald 2003; Vieira &
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Scariot 2006; Vieira et al. 2006). By allowing survival through a disturbance (Swaine
1992; Miller & Kauffman 1998; Marod et al. 2002), resprouting uncouples initial species
composition from seed availability (Ceccon et al. 2006; Vieira & Scariot 2006).
Consequently, resprouting lessens the impact of important barriers commonly related
to seed regeneration —lack of seed sources and animal dispersers, short seed longevity,
impoverished soil seed banks, lack of suitable microhabitats for seed germination, seed
predation, seedling herbivory and competition with aggressive vegetation (Guariguata
et al. 1995; Wunderle 1997; Wijdeven & Kuzee 2000; Zimmerman et al. 2000).
The small number of chronosequence studies conducted in tropical dry forest suggest
that dry forests have fewer seral stages than wet forests (Ewel 1980; Kennard 2002;
Lebrija-Trejos 2006, unpublished data). As in wet forests, basal area and ABM increase
rapidly with stand age (Brown & Lugo 1990; Ray & Brown 1994; Kennard 2002; Ruiz et
al. 2005; Toledo & Salick 2006). Based on nine secondary tropical dry forests, ABM
increased significantly with stand age in young stands (0–20 years post-abandonment),
but not in a wider age range (up to 50 years; Silver et al. 2000). Life zone (wet, moist and
dry) did not significantly affect ABM during the first 20 years of succession, although
rates of ABM accumulation were higher in wet versus moist forests (Silver et al. 2000).
Generally, forest biomass in tropical forests increases with precipitation levels (Brown
& Lugo 1982; Murphy & Lugo 1986), although more studies in secondary tropical dry
forests are needed. In dry forests of Southern Yucatan, Mexico, ABM increased linearly
with stand age in swidden up to 25 years old (Read & Lawrence 2003). Read &
Lawrence (2003) projected that at the continuing rate of 2.3–3.4 mg ha-1 y-1, ABM will
reach levels observed in mature forests of the region within 55–95 years, similar to rates
estimated by Hughes et al. (1999) for the humid region of Los Tuxtlas. The contribution
of small stems (1–4.9 cm DBH) to ABM decreased during succession, whereas large
stems (greater than 10 cm DBH) assumed an increasing importance. Increases in tree
height during succession were important determinants of ABM changes (Read &
Lawrence 2003).
Changes in stem density in tropical dry forests show inconsistent trends with stand age
across studies. As in wet forests, much of the variation in stem density with age is due
to fluctuations in the density of small stems (Kennard 2002; Toledo & Salick 2006). At
the tropical dry forest of Chamela, a chronosequence study showed that stem density
(DBH ≥ 1 cm) increased rapidly with fallow age, so that secondary forest plots (1000 m2
in size) of 8–12 years have similar stem density than old-growth forest plots. Species
richness in these secondary forest plots, however, was still 15% lower than that of the
old-growth forest (P. Balvanera, G. Ibarra-Manríquez, A. Pérez-Jiménez & M. MartinezRamos 2006, unpublished data). Although species density showed a peak in 11–16
years old tropical dry forests of Providencia Island, Colombia, species richness of stems
(number of species/187 stems greater than 2.5 cm DBH) increased linearly with stand
age (Ruiz et al. 2005). As with wet forests, species composition in secondary dry forests
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lags behind species density and structural measures (basal area and biomass) in terms
of relative rates of change during succession (Ceccon et al. 2002; Toledo & Salick 2006).
The effect of land use on secondary forest regeneration is poorly understood in dry
forests. One recent study of 45–50-year-old subtropical dry forests in Puerto Rico
showed strong effects of land use on rates of recovery of basal area, tree height and
biomass (Colón & Lugo 2006). Species density and basal area recovered faster in areas
used for charcoal production compared with abandoned home sites or farms. Severe
disturbances that removed vegetation and disturbed soil and root systems promoted
establishment of invasive, exotic species, with long-term effects on successional
pathways (González-Iturbe et al. 2002; Colón & Lugo 2006). Further comparative
studies are needed to draw conclusive comparisons between rates of change during
succession in wet versus dry tropical forests. To our knowledge, no published studies
have examined vegetation dynamics over time within secondary dry forest stands,
although a few studies are now underway in Mexico (F. Bongers and M. MartínezRamos 2006, personal communication).

CASE STUDIES OF VEGETATION DYNAMICS IN RELATION TO CHRONOSEQUENCE STUDIES
Long-term vegetation dynamics studies are a necessary counterpart to chronosequence
studies. While chronosequence studies may reveal patterns, studies of vegetation
dynamics provide insight into the processes that drive vegetation change: recruitment,
mortality, growth rates and species turnover (Bakker et al. 1996; Foster & Tilman 2000).
One fruitful combination of approaches has been chronosequence resampling (Foster &
Tilman 2000), in which individual sites within a chronosequence are followed over
time. Currently, there is a paucity of time-series data on secondary tropical forest
succession. The longest running set of observations come from Sheil’s (1998; 1999b;
2001) re-examination of Eggeling’s (1947) plots in Budongo forest, Uganda. Another
long-term vegetation dynamics study documents forest recovery following
anthropogenic and cyclone disturbance in the Solomon Islands (Whitmore 1974;
Burslem et al. 2000).
Here, we describe successional vegetation dynamics based on case studies in
northeastern Costa Rica and Chiapas, Mexico. These studies encompass different landuse histories, different stem size classes and different temporal scales. As we illustrate
below, some of the community-level patterns observed in these dynamics studies are
remarkably consistent with chronosequence predictions. However, these vegetation
dynamics studies also reveal idiosyncratic patterns driven by initial species
composition, site factors, landuse history and landscape composition. These studies
also provide insight into the mechanisms and drivers of successional change following
the abandonment of agricultural lands.
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CASE STUDY: SARAPIQUÍ REGION, COSTA RICA
In wet lowlands of northeastern Costa Rica, Chazdon and collaborators have
monitored vegetation dynamics annually for 8 years (1997–2004) in four 1 ha plots of
secondary forest on abandoned pastures in the Caribbean lowlands (Capers et al. 2005;
Chazdon et al. 2005), and Finegan and collaborators have monitored forest dynamics in
four plots over 16 years (1987–2003); three plots are 1 ha and one plot (initially 1-year
old) is 0.3 ha. These four plots studied by Finegan were not used for pasture, but were
cleared and prepared for planting and then abandoned or were used for one cycle of
cultivation. Although these sites had lighter land use than the sites studied by
Chazdon, results from both the sets of plots are combined in some of the analyses
presented here.
Lowland forests of the Sarapiquí region of northeastern Costa Rica are classified as
tropical wet forest (sensu Holdridge et al. 1975), receiving ca 3900 mm of precipitation
annually (Sanford Jr. et al. 1994). The driest months, February–April, still receive more
than 100 mm of rain in most years (but see Chazdon et al. 2005). The average monthly
temperature is 25.88C, with little annual variation. The region is a patchwork of cattle
pastures, agricultural areas (bananas, heart of palm and pineapple), residential areas,
forest fragments and second-growth forests. Soil fertility varies throughout this region
due to erosion of old and more recent lava flows, nutrient-enriched alluvium associated
with flood zones and phosphorus-enriched zones associated with geothermal waters at
La Selva Biological Station (Pringle 1991; Sollins et al. 1994). These factors, as well as
variation in land-use history (logging versus pasture versus crops), affect species
composition and regeneration in both secondary and mature forests of the region
(Herrera & Finegan 1997; Clark et al. 1999; Finegan & Delgado 2000).
In the time-series analyses shown here, we combine data for seven 1 ha plots and one
0.3 ha plot for basal area and stem density. Analyzing the plots as a chronosequence
across the initial age range from 1 to 25 years, the tree basal area in the first 25 years of
regrowth increased linearly with time since abandonment (R2 = 0.79; Fig. 1a).
Resampling these plots over time revealed few deviations from the initial
chronosequence projection (Fig. 1a). These results, along with findings from many
chronosequence studies, support the view that the basal area is a predictable emergent
feature of regenerating forest communities on sites with low to intermediate intensities
of agricultural use. At least for sites less than 40 years following abandonment –
dominated by long-lived pioneers like Goethalsia meiantha, Laetia procera, Simarouba
amara and Vochysia ferruginea – the basal area increases linearly with time. Basal area in
secondary forests over 25 years is similar to or higher than values from mature forests
of this area (Guariguata et al. 1997).The only site where basal area decreased over time
was the youngest site (Fig. 1a); in this case, decreases in basal area from 6 to 9 years
were due to the decline of the initially dominant pioneer species, Ochroma pyramidale.
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Tree density also showed a clear
chronosequence trend, but the
increase with stand age was
nonlinear (Fig. 1b). Within sites,
however, tree density showed
highly variable dynamics, and did
not
conform
well
to
chronosequence
trends.
The
youngest site showed a rapid
increase for the first 4 years,
followed by a rapid decline in
density, due to the dynamics of
the
dominant
species,
O.
pyramidale. Density changes in the
older sites varied widely over
time; some plots showed no
changes in tree density, whereas
others showed decreases or
increases (Fig. 1b).
The
remarkably
consistent
patterns in basal area despite the
inconsistent temporal patterns of
density suggest that at the stand
level, basal area increments are
driven by overall tree growth
increments
rather
than
by
changes in stem density, a pattern
also observed in even-aged
FIGURE 1. Chronosequence data for trees ≥10 cm
temperate
forests
(Peet
&
DBH in 8 secondary forest monitoring plots in
Christensen
1987).
Indeed,
northeastern Costa Rica (black dots) and
diameter growth rates in young
successional trajectories within the same set of
forests are significantly higher
plots. a) basal area (m2/ha) ; b) stem density
than rates in older stands, even
(#/ha); and c) species density (# species/ha).
when comparing the same species
Data on species density were available for only 7
and size classes (R. L. Chazdon
plots (each 1 ha).
2006, unpublished work). In the
Lindero Sur site (initially 12 years
old), the per capita basal area increment for trees (≥ 10 cm DBH) was more than six
times higher than in the Cuatro Rios site (initially 25 years old). Accumulation of basal
area and biomass is driven by growth rates of large trees and can proceed rapidly even
if stem density is declining (as occurs in even-aged stands during self-thinning; White
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& Harper 1970). Tree
mortality in these secondary
forests is concentrated in the
smaller stem size classes (<
10 cm; Chazdon et al. 2005)
and has relatively little
impact on basal area.
Species density rises during
forest regeneration in this
chronosequence, although
the relationship is not as
FIGURE 2. Sample-based rarefaction curves for trees>10
consistent as the pattern
cm DBH in 1997 (initial census) for four second-growth
observed for basal area (R2
forest 1-ha plots in northeastern Costa Rica on former
= 0.47; Fig. 1c). Although
pasture. Site ages are given in parenthesis next to each
there
is
a
significant
solid line. Gray lines indicate 95% confidence intervals
increase in species density
for species richness based on sample-based rarefaction
with
age
since
(Mao Tau; Colwell et al. 2004).
abandonment, the formerpasture sites showed little
or no change in species density over time. In part, this stabilization of species density
reflects species turnover within plots and replacement of early colonizing tree species
with later recruiting species, with little or no net change in the number of species. These
results show, however, that changes in species density over time cannot explain initial
differences among plots in the chronosequence. Thus, chronosequence patterns in
species density that appear to be based on plot age may actually reflect intrinsic
differences in levels of tree diversity among plots that are predominantly unrelated to
age.
Similar conclusions apply to comparisons of tree species richness ≥ 10 cm DBH for four
former-pasture sites studied by (Chazdon et al. 2005), based on rarefaction analyses. In
both 1997 and 2004, species richness was significantly higher in the oldest site (25 years,
Cuatro Rios; 66 species/420 stems) compared with the youngest site (12 years, Lindero
Sur; 43 species/420 stems; p < 0.05), but the two sites of intermediate age did not differ
from the others (Fig. 2). Interpreting these trends as a chronosequence suggests that
tree species richness increases slowly during succession compared with other forest
structural characteristics. Within each plot, species richness (number of trees/420
stems) for trees ≥ 10 cm DBH was also compared between 1997 and 2004. Tree species
richness did not change significantly within any of these plots over the 7-year study
period, in parallel with observations on species density. Thus, for species richness, plotlevel changes did not conform to the overall chronosequence trend.
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Species richness remained stable or increased despite substantial turnover rates for
stems and species (Fig. 3a). Younger forests (less than 15 years since abandonment) are
certainly more dynamic in overall stem density and population sizes than older sites
(Chazdon et al. 2005), but this dynamism at the level of stems and species does not
necessarily translate into significant changes in species richness. For the former pasture
sites, rates of stem gain were highest (31.6%) in the youngest site and decreased with
forest age, whereas rates of stem loss remained relatively constant (13.5–16.5%) across
sites (Fig. 3a). Rates of species turnover were lower than rates of stem turnover in all
the four former-pasture plots (Fig. 3a). In the two younger plots (Lindero Sur and
Tirimbina), rates of species gain exceeded rates of species loss, whereas the reverse was
found for the two older plots (Lindero El Peje and Cuatro Rios; Fig. 3a).
A slightly different pattern of stem and species turnover was observed in the three 1 ha
light-use sites studied by Finegan from 1989 to 2003, a 14-year period (Fig. 3b). Over
this extended time period, rates of stem gain were higher than rates of stem loss in two
plots (initially 15 and 25 years old). Rates of species gain exceeded species loss in all the
three plots; in plot 1 (initially 25 years old), species gains were substantial despite no
net change in stem density. In plot 2 (initially 25 years old), rates of stem gain exceeded
rates of species gain, because most species of new recruits were already present in the
plot. Higher rates of stem loss than species loss in all the three plots indicate cohort
decline in species that were initially abundant. Half of the total species lost from the
three sites belonged to pioneer genera (Cecropia, Croton, Trema and Vismia) and the
family Melastomataceae. Plot differences in stem and species turnover rates may also
reflect variation in soil fertility and proximity to seed sources. We lack a clear
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FIGURE 3. Percentage of stems ≥ 10 cm DBH lost through mortality (black bars) and gained
through recruitment (dark grey bars) and percentage of species lost (light grey bars) and
gained (white bars) in secondary forest plots in northeastern Costa Rica from (A) 1997 to
2004 in four plots on abandoned pasture; LSUR, Lindero Sur; TIR, Tirimbina; LEP, Lindero
El Peje; CR, Cuatro Rios and (B) 1989 to 2003 in three plots abandoned after light land use.
Initial plot age since abandonment is shown in parentheses.
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TABLE 1. Pair-wise similarity for trees >10 cm DBH in four second-growth forest plots in
Costa Rica in 2004, based on the Chao Jaccard Abundance Estimator ± 95% confidence limits
(Chao et al. 2005). Plot age since abandonment is given in parentheses. Values along the
diagonal are similarities within each site between 1997 and 2004. Tree species composition
differed significantly across plots of different ages, but not over time within plots.

Lindero Sur

Lindero Sur
(12)

Tirimbina (15)

Lindero El Peje
(20)

Cuatro Rios
(25)

1.0 ± 0.0

0.48 ± 0.14

0.80 ± 0.12

0.61 ± 0.12

1.0 ± 0.0

0.48 ± 0.16

0.44 ± 0.15

1.0 ± 0.0

0.75 ± 0.09

Tirimbina
Lindero El Peje
Cuatro Rios

1.0 ± 0.0

understanding of how these factors interact with stand demography to bring about
changes in species richness over time in tropical secondary forests. We do know,
however, that these changes are slow and may take centuries (Finegan 1996; Chazdon
2003).
For trees ≥ 10 cm DBH, the four former-pasture plots differed significantly in species
composition in 2004 ( p < 0.05; Table 1). Similarity values (Chao Jaccard Abundance
Estimator; Chao et al. 2005) ranged from 0.44 to 0.80. The 15-year-old plot (Tirimbina),
which has the longest history of disturbance and isolation, was the most divergent. The
same pairwise similarities were also computed within each site between 1997 and 2004
to determine whether species composition changed significantly over time (Table 2).
None of the four sites showed a significant change in species composition over time,
however, suggesting that age differences are not the major factor contributing to
differences in species composition. Each plot appears to follow an idiosyncratic
pathway of species accumulation, likely driven by edaphic factors, land-use history and
landscape matrix.
CASE STUDY: CHIAPAS, MEXICO
The second case study took place in the Marquéz de Comillas region, Chiapas, Mexico,
where Breugel, Martínez-Ramos, Bongers and collaborators have monitored secondary
forest succession in ten 500 m2 secondary forest plots since 2000. The climate of this
region is cooler, drier and more seasonal than that of the Sarapiquí region. The average
annual rainfall is ca 3000 mm, with less than 100 mm per month falling in the dry
season (February–April). The mean annual temperature is ca 248C. The original
vegetation consists mainly of lowland tropical rainforests and semi-deciduous forests
(Ibarra-Manríquez & Martínez-Ramos 2002). Today, the region is a mosaic of small-
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0.22 ± 0.19
0.28 ± 0.24
1.0 ± 0.04
0.87 ± 0.12
1.0 ± 0.03
1.0 ± 0.05

0.21 ± 0.18
0.33 ± 0.28
0.84 ± 0.17
0.55 ± 0.22
0.75 ± 0.28
0.87 ± 0.17
0.85 ± 0.11
0.51 ± 0.24
1.0 ± 0.03
0.86 ± 0.14
1.0 ± 0.04

0.67 ± 0.14
0.41 ± 0.23
0.7 ± 0.21

0.04 ± 0.08
0.02 ± 0.08
0.26 ± 0.19
0.83 ± 0.23
0.85 ± 0.22
0.90 ± 0.22
0.74 ± 0.17
0.83 ± 0.17
0.40 ± 0.21
0.62 ± 0.22
0.98 ± 0.16
0.92 ± 0.10
0.34 ± 0.22
0.41 ± 0.26
1.0 ± 0.17

0.69 ± 0.17
0.96 ± 0.20
0.94 ± 0.07
0.78 ± 0.10
0.49 ± 0.29
0.99 ± 0.15
0.85 ± 0.13
0.92 ± 0.22
0.83 ± 0.17

S8
H10
H17

R2
G3
F4

F2
H2
P2

H(17)

0.29 ± 0.27
0.38 ± 0.28

H(10)
S(8)

0.69 ± 0.22
0.87 ± 0.14

F(4)
G(3)

0.87 ± 0.16
0.81 ± 0.13

R(2)
P(2)

0.92 ± 0.10

H(2)

0.95 ± 0.25

0.93 ± 0.16
0.75 ± 0.17

F(2)
R(1)

0.98 ± 0.03
R1

TABLE 2. Pair-wise similarity for trees ≥ 1 cm DBH in 10 second-growth forest plots, based on the Chao Jaccard Abundance Estimator ± 95% confidence
limits (Chao et al. 2005). Values along the diagonal are similarities within each site between the first and last census (3-yr interval). Number in
parentheses gives plot age since abandonment. Tree species composition was significantly different over time in three plots only (indicated in bold).
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scale agriculture, pastures, mostly
young (< 10 years) secondary forests
and remnants of old-growth forests.
In the area, three morphological units
are found, of which the Low Hills
topographic unit with sandy and
limestone based soils with low pH (<
5.5; Siebe et al. 1996) is most common.
Geomorphology and former land
use, more specifically abandoned
pastures
versus
abandoned
cornfields, have been shown to affect
successional patterns in this region
(Chapter 2; Méndez-Bahena 1999).
Sites were selected in Low Hills on
former cornfields (milpas), with
fallows ranging from 1.5 to 17 years
post-abandonment and mostly with
only one cycle of cultivation. In these
plots,
growth,
mortality
and
recruitment of trees ≥ 1 cm DBH are
being monitored annually; here we
present data for the first 3 years
examined. The vegetation in these
sites is expected to exhibit faster
dynamics than the larger size classes
and older sites described in the case
study of northeastern Costa Rica.
Both among-plot comparisons and
within-plot dynamics showed high
variability
for
all
the
three
parameters (basal area, stem density
and species density; Fig. 4). In
contrast to the Sarapiquí study,
fallow age was not a significant
predictor of initial basal area when
the plots were analyzed as a
chronosequence (Fig. 4a). Initial basal
area varied widely among plots with
one of the highest values for the 1year-old plot (due to extremely high
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density and fast growth of
early recruits). Basal area
increased in all but one plot
by an average of 126%
during the first 3 years of
the
study.
The
only
exception to this trend was
in one of the intermediateaged plots (8 years at the
beginning of the study),
where, as observed in the
youngest
plot
in
the
Sarapiquí study, massive
mortality of the pioneer
species, Ochroma pyramidale,
drove an overall decline in
basal area (Chapter 4). In
every other case, there was
an increase in basal area
ranging from 33 to 304% in
the 3-year period, resulting
in several plots with basal
area over 25 m2. These are
surprisingly high values,
higher than the average
basal area in neighboring
old-growth forest plots on
comparable
sites
(M.
Martínez-Ramos et al. 2006,
unpublished work). We
have to realize however that
this does not directly
translate into a relatively
high biomass, mainly owing
to lower plant stature and
low average specific wood
density of the dominant
species
in
our
plots
(Balvanera et al. 2005; M.
van
Breugel
2006,
unpublished data).
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FIGURE 4. Chronosequence data for trees ≥ 1 cm DBH in
10 secondary forest monitoring plots in Chiapas, Mexico
(black dots) and successional trajectories within the
same set of plots. A) Basal area (m2 ha-1); B) stem
density (number of stems 500 m-2) and C) species
density (number of species 500 m-2). Dash line is the
regression line on the black dots (y = 6.2 LN(x) + 20.4, R2
= 0.40, P = 0.048).
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FIGURE 5. Species richness in secondary
forest plots in Chiapas, Mexico in year 3 of
the study. Species richness was rarefied to
the lowest stem density among plots and
was not related to plot age for any of the 3

Net changes in basal area sometimes
obscured faster dynamics in the
constituent
processes:
growth,
mortality and recruitment. Breugel et
al. (2006, Chapter 4) analyzed rates of
change of these parameters as a
function of age, and all three
declined significantly with stand
age. However, diameter increment
growth rates exceeded mortality and
recruitment in all stands although
the margin was widest in the
youngest sites. In these sites, large
losses in basal area from mortality
were offset by larger gains from
growth and recruitment.

Initial stem density was not related
to stand age, and stem density within plots followed unpredictable trajectories (Fig.
4b). Although density generally decreased within plots over the 3 years, rates of change
varied widely among plots. The most dramatic decline in density was shown in the two
plots with densities over 1000 trees per plot, suggesting strong density-dependent
effects on mortality. Rates of change in the other plots were not related to initial
density. An important factor contributing to variation in initial density and the
subsequent changes might be variation in species composition, at least in young
secondary forests. Variation in stem density of a few very dominant species such as
Trema micrantha, Trichospermum mexicanum and Cecropia peltata reflects to large extent
initial differences in stem density inmost plots. Variation in rates of change in stem
density is therefore largely explained by the interspecific differences in demographic
rates of a few dominant species (Chapters 3, 4).
Species density showed a nonlinear chronosequence trend across the initial age range
(R2 = 0.40; Fig. 4c). However, this trend is rather dependent on which census is used, as
there was no significant relationship between age and density for the last census. In
most individual plots, species density increased dramatically, in most cases much faster
than suggested by the chronosequence trend. Especially in the youngest plots (up to 3
years old), changes were very rapid and several plots had a higher species density than
in the older plots at the end of the 3-year interval. These trends also applied to species
richness. When stands were compared after rarefaction to account for effects of stem
density, species richness did not differ significantly with age for any of the censuses
(Fig. 5). Within plots, however, species richness (number of trees/276 stems) increased
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over the 3-year period on average by 81.6% (± 18.4 SE) and this increase was significant
in all but the oldest site.
The fact that species richness increases significantly within these stands, but not within
the Costa Rican abandoned pasture sites, may reflect the smaller diameter cut-off as
well as the younger age of the sites. The probability that a recruit belongs to a new
species may be higher in early succession simply because species density is lower, i.e.
with succession an increasing proportion of the local species pool would already have
arrived at the site. In the first years of succession, fast growing pioneer species still
constitute a considerable fraction of new recruits, apparently because high mortality in
the early phases of secondary forests opens up new recruitment possibilities (Chapter
3). The lower diameter limit implies that newly established individuals will be included
in the tree community more rapidly.
Rates of stem turnover (greater than 1 cm DBH) were very high, with values of stem
gains from 13 to 90% and stem losses between 15 and 93% (Fig. 6). Stem loss was
negatively related to age (R2 = 0.52), but there was no relationship between stem gain
and age (Fig. 6a). Species turnover was very high as well, with species gains up to 75%
and species losses up to 50%. Both species loss and gain (R2 = 0.48 and 0.65,
respectively; Fig. 6b) were negatively related to age. In contrast to the results presented
for an 8-year period for larger stems in the Sarapiquí plots (Fig. 3a), dynamics at the
level of stems did translate in species dynamics, as species loss was significantly related
to stem loss and species gain to stem gain (R2 = 0.58 and 0.65, respectively).
The rate of successional dynamics, expressed in species and stem turnover rates, thus
decreases with plot age in this series of plots. Although dynamics in the older Mexican
plots do not seem to be very different from the Sarapiquí light-use plots (Fig. 3b), a
robust comparison is difficult owing to the differences in diameter limits, plot size and
census period.
Similarity in species composition (Chao Jaccard Abundance Estimator; Chao et al. 2005)
between pairs of plots ranged from almost total dissimilarity (0.02) to complete
similarity (1.00; Table 2). Across plots, only seven species dominated the sites, of which
T. mexicanum, T. micrantha and C. peltata were by far the most abundant. Since only a
few species were dominant in these plots, variation in their abundance strongly
influenced overall similarity between plots. For example, the plots F2 and H2, both
dominated by T. mexicanum, were highly similar. H17 on the other hand was
dominated by Vochysia guatemalensis, a species that was not found in the first two
plots and consequently similarity was very low. We also compared pairwise
similarities between initial species composition and species composition after 3 years in
each plot (Table 2). Only in the three 2-year-old plots did species composition change
significantly over the 3-year period. As was observed in the Costa Rican case study,
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among-plot differences in species composition are not reflected in compositional
changes over time within plots; therefore, they seem to be the result of other factors,
such as the interaction between site factors (soil, land-use history) and factors related to
species colonization (e.g. distance to seed sources, regional species pool), rather than
being strongly determined by time since agricultural abandonment.

SYNTHESIS

At least during the first 30 years
of secondary regrowth, our case
studies
show
that
chronosequence data do not
correctly reflect true species
dynamics. Clearly, factors other
than age since abandonment
have influence on species
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A major finding in our
vegetation dynamics studies in
successional tropical forests is
that trends which appear to
reflect age differences across
sites (based on statistical
analyses of chronosequence
data)
may
actually
have
relatively little to do with age
since abandonment. Studies of
vegetation dynamics are a
crucial
counterpart
to
chronosequence studies and
provide an essential ‘reality
check’ in our understanding of
rates of vegetation change and
the factors that influence them
at local, landscape and regional
scales.
The
potential
for
misinterpretation
of
successional trends may be
minimized to some extent if
chronosequence studies include
replicate plots of similar age.
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FIGURE 6. Turnover of stems and species in
secondary forest plots in Chiapas, Mexico. A)
Percent of stems ≥1 cm DBH lost through
mortality and gained through recruitment. Stem
gain was not significantly related to age, but
stem loss decreased significantly with plot age
as shown by regression equation; B) percent of
species lost and gained; both species loss and
gain decreased significantly as a function of plot
age.

density, species richness and rates of recruitment of new species. For example, none of
our studies take landscape context explicitly into account as a source of variation in
stand dynamic processes. Availability and proximity of seed sources can vary largely
across plots.
Young stands show substantial variation in initial stem density, basal area and species
composition, reflecting local patterns of species colonization and effects of remnant
vegetation. In the Chiapas sites, species richness was not related to age since
abandonment, but showed increases over 3 years within sites. In contrast, species
richness increased with age since abandonment across the Costa Rican sites, but
remained unchanged over 7 years within four former pasture sites. Our limited data
suggest that initial compositional differences often lead to divergence in species
composition, at least over time-scales of 5–15 years. Successional forests of different
ages within a particular landscape generally differ more in tree species composition
than a single site followed over time through the same age range (Tables 1 and 2). This
observation reveals the need for more detailed and longer term dynamics studies.
In contrast to species composition, basal area changes are relatively easy to predict
from the chronosequence studies. Stand-level basal area and biomass accumulation in
secondary forests are more affected by diameter and height growth rates of standing
trees than by net changes in density due to tree recruitment and mortality. Stem
density, species density and species turnover are far less predictable from a static
snapshot of sites of different ages and are more rapid in younger sites and in smaller
size classes. Across plots of different ages, stem turnover rates were poor predictors of
species turnover rates, especially when evaluated over longer time-intervals (Figsures 2
and 4). Large changes in population size for a small number of species can strongly
influence rates of stem turnover at the plot level, but these dynamics will have little or
no impact on species turnover rates. Thus, the factors that drive species-level
demographic changes appear to be relatively independent of those affecting species
loss, gain and accumulation.
The case studies in Costa Rica (sites older than 10 years; all stems ≥ 10 cm DBH) and
Chiapas (most sites less than 10 years old; all stems ≥ 1 cm DBH) highlight important
effects of plot age and stem size class on rates of vegetation change. Tree communities
in the Costa Rican former-pasture plots appear to have stabilized over 7 years in terms
of species density, species richness and species composition, whereas the younger and
smaller communities in Chiapas are showing significant changes in these attributes
over only 3 years. The focus on stems greater than 10 cm DBH ignores much of the
dynamic behavior of small stems, including changes in abundance, species richness
and growth forms (Capers et al. 2005). Particularly in older successional stands that
have a closed canopy, new species of trees arriving as seedlings will take many years
(perhaps up to several decades) to become evident in tree size classes (above 5 cm
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DBH). Long-term vegetation dynamics studies that encompass both small and large
size classes will capture these colonization and recruitment events more effectively and
will also be more directly comparable across regions.
Our work also highlights gaps in our current understanding of rates of change during
forest succession in tropical regions. Although tree dynamics of young and
intermediate aged stands are now being characterized, no studies have examined
vegetation dynamics in old secondary forests (more than 45 years since abandonment)
within a chronosequence context. Moreover, the effects of the surrounding landscape
on dynamic processes within individual plots are poorly understood. In particular, the
regional species pool and the extent of seed dispersal from neighboring forest
fragments are likely to be strong determinants of species accumulation rates and
relative abundance patterns within successional forests. Although we know that
mature forests have higher species density and species richness of trees compared with
second-growth forests in northeastern Costa Rica and Chiapas, Mexico (Guariguata et
al. 1997; Ibarra-Manríquez & Martínez-Ramos 2002), we have little basis for predicting
rates of change in tree community composition during succession, particularly during
later phases (Chazdon in press). Tropical forest succession is an idiosyncratic process,
driven by many factors; the more we understand about how it operates within sites, the
more accurately we will be able to generalize about how this complex process operates
at large scales.

ACKNOWLEDGMENTS
Research on vegetation dynamics in tropical secondary forests in northeastern Costa
Rica was supported by grants to Robin Chazdon and collaborators from the Andrew
Mellon Foundation, the US National Science Foundation, the University of Connecticut
Research Foundation and the Organization for Tropical Studies. We thank the many
field assistants and students who participated in the fieldwork in Costa Rica.
Studies of secondary succession in Chiapas and Chamela were supported by
SEMARNAT-CONACYT grant 2002-C01-0597 to Miguel Martínez-Ramos. Research on
secondary forest succession in Chiapas was supported by NWO-WOTRO grant W85326 to Frans Bongers and Michiel van Breugel. We thank the many field assistants and
students who participated in the fieldwork in Chiapas, particularly Praxedis and
Santiago Sinaca, and Gilberto and Hector Jamagapee.
Finegan’s work in Costa Rica was made possible by funding from the Leverhulme
Trust (London), the UK Government’s Overseas Development Administration (now
Department for International Development) and the Swiss Development Cooperation.

Chapter 5 – RATES OF CHANGE – 118

He thanks the many people who have supported fieldwork and data management,
particularly Lucrecia Guillén, Hugo Brenes, Vicente Herra and Edwin Pereira.
We thank the National Centre for Ecological Analysis and Synthesis in Santa Barbara,
California (funded jointly by the NSF, the State of California and the University of
California, Santa Barbara) for funding the working group on Biodiversity and
Conservation Value in Agricultural Landscapes of Mesoamerica that brought most of
us together to synthesize our data on secondary forest vegetation dynamics.

Chapter 5 – RATES OF CHANGE – 119

Chapter

6

NEIGHBORHOOD EFFECTS ON SAPLING
GROWTH AND SURVIVAL OF TWO
PIONEER TREE SPECIES IN SECONDARY
TROPICAL MOIST FOREST

Michiel van Breugel, Marco Dekker & Paulo van Breugel

ABSTRACT
The effect of neighbourhood competition on growth and mortality of Cecropia peltata
and Trichospermum mexicanum saplings was examined in two adjacent 1-2 year old
secondary tropical humid forests in southern Mexico. The hypothesis was tested
whether variation in asymmetric neighbourhood competition accounts for an
important part of the within-site variation in diameter growth, height growth, changes
in height-diameter ratio (slenderness) and survival.
We selected saplings of 3.5 – 5.5 m high and levels of neighbourhood competition were
approximated by the neighbourhood basal area in an area of 25 m2 around each target
tree. We used regression to estimate the neighbourhood basal area of the neighbours
larger (NBAL) and of the neighbours smaller than the target tree (NBAS) on the
response variables.
NBAL varied between 0 and 30 cm2 m2 and accounted for an important part of the
variation in all growth variables. Diameter and height growth were strongly negatively
related to NBAL. Results indicate that competition initially reduces diameter growth
stronger than height growth, until competition becomes too strong. Mortality of
Cecropia was very high, and of Trichospermum close to zero. Only a small proportion of
variation in survival could be accounted for by variation in neighbourhood basal area,
suggesting that other factors are more important. The additional effect of NBAS, on
growth and survival was very weak or non-significant.
A simple competition model that only includes size of the larger neighbours could
account for much of the observed variation in growth and to a lesser extent for the
variation in survival. These results support the prediction that in these young
secondary forests asymmetric competition for light predominates and is one of the
main mechanisms that govern secondary forest dynamics.
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INTRODUCTION
Competition for resources between plants is since long considered to be one of the
main steering mechanisms in successional vegetation development and species
replacement (Connell & Slatyer 1977; Peet & Christensen 1987; Bazzaz 1990; Begon et al.
2006). It starts early in succession when resource spaces of neighboring plants start to
overlap, and intensifies with time as plants grow bigger and preempt an increasing
proportion of the available resources (Bazzaz 1996; Keddy 2001; Grime 2002). It has
been argued that along this successional gradient of increasing plant mass, the
importance of aboveground competition for light augments relative to the importance
of belowground competition for water and nutrients (Huston & Smith 1987; Belcher et
al. 1995). In successional communities with vigorously accumulating plant mass, like
secondary forests in the humid Tropics (Swaine & Hall 1983; Uhl 1987; Chapters 4, 5),
growth of individual plants is thus predicted to become predominantly limited by
aboveground competition for light soon after succession started.
In humid tropical (Uhl 1987; Saldarriaga & Luxmoore 1991) and in temperate (Aber
1979) secondary forests, leaf area index (LAI) can reach maximum values within a few
(<5) years. A two-year old humid tropical secondary forest stand in Bolivian had a LAI
twice that of a 0.5-year old stand (respectively 1.7 and 3.5), which was related to a
seven-fold reduction in available light at the forest floor (34% and 5% respectively)
(Selaya 2007), indicating very intense light competition at very early age. Yet a dense
canopy does not necessarily provide evidence that competition is strictly above-ground
as it can coincide with below-ground root competition. In an extensive review of
manipulative studies on root competition in forests and woodlands, Coomes & Grubb
(2000) found that belowground competition has an important impact on regeneration
in many forest communities, especially on soils deficient in nutrient or water supply
(see also e.g. Denslow et al. 1998; Ostertag 1998; Lewis & Tanner 2000; Barberis &
Tanner 2005). In the only comparable study in tropical secondary forest that we are
aware of, Gerhardt (1996) reported similar results.
Aboveground competition for light is predominantly size asymmetric, i.e. the larger
plant takes a larger than size-proportional share of the contested resource, because of
the directional and pre-emptable nature of light (Weiner 1990; Berntson & Wayne
2000). In other words, larger plants shade smaller ones and not the other way around.
Belowground competition for water and nutrients on the other hand is taken to be size
symmetric. Roots generate depletion zones around their surfaces and thus restrict
resource availability for other roots relative to plant size (Noordwijk et al. 1996; Casper
& Jackson 1997; Schwinning & Weiner 1998). These generalizations have been a widely
used tool to make inferences about the relative importance of above vs. belowground
competition (Schwinning & Weiner 1998). They also imply that the relative importance
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of below vs. aboveground competition may have large consequences for dynamics and
development of population and communities during succession.
The relative importance of competition for light has been poorly studied in the different
phases of secondary forest succession. As intensity and balance between below and
aboveground competition might change along a successional gradient of increasing
plant mass, findings may depend on the scale of a study, i.e. which part of such a
gradient is covered (Belcher et al. 1995; Keddy 2001). Patterns could differ on rich and
poor soils, with respectively shoot and root competition becoming predominant in the
course of time (Wilson 1999). Studies in temperate second-growth forests on dry and
nutrient-poor soils do not provide unequivocal results. Competition was found to be
largely asymmetric by Thomas & Weiner (1989), and partially symmetric by Peterson &
Squiers (1995). There are very few studies that examined the degree of competitive
asymmetry for different phases of forest succession. Doležal and co-workers (2004)
found that weak competition for belowground resources was predominant during the
first decades of boreal forest succession on nutrient-poor soils, when stand density was
low, while in later stages aboveground competition for light became important.
Neighborhood competition does not only reduce overall growth rate, but also affects
allocation patterns. Competition generally results in relatively small crowns and
slender (i.e. high height/diameter ratio) stems, as suppressed trees will favor allocation
to stem extension over branch and radial stem growth (King 1990; Bongers & Sterck
1998; Sterck 2005). Yet, tree species respond differently to different light conditions
with regard to growth allocation (Kohyama & Hotta 1990; King 1991; King 1994; Sterck
1999; Poorter 2001). Hara et al. (1991) for example found that neighborhood competition
affected height growth in one species, but not diameter growth, while they found the
opposite for another species. Typically, early successional species respond strongly by
allocating resources to height growth at the expense of diameter growth (Kohyama &
Hotta 1990; Hara et al. 1991; King 1996). It is, therefore, important to include different
aspects of plant growth when examining the importance of competition.
During the first decades of succession secondary forests are thought to be dominated
by short and long-lived pioneer species respectively (cf. Gomez-Pompa & VazquezYanes 1981; Finegan 1996). Most of these species appear to regenerate successfully only
in the beginning of secondary succession (Chapter 3; Gomez-Pompa & Vazquez-Yanes
1981; Finegan 1996; Peña-Claros 2003; Toledo & Salick 2006). Stand dynamics in the
first years may thus be determinative for composition and structure of the canopy over
the first decades. Moreover, the presence and dominance of long-lived pioneer species
in the next successional phase will depend, to a great extent, on the growth and
mortality dynamics very early in succession (Finegan 1996), which in turn are
presumably governed, or at least modified, by competition (Bazzaz 1996; Pickett &
Cadenasso 2005; see also chapter 4). Yet, only very few studies have been done on the
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TABLE 1. Species characteristics of Cecropia peltata L. and Trichospermum mexicanum (DC. )
Baill. DS = dispersion syndrome; F = frequency, percentage occurrence in 76 secondary
forest plots in the research region; D = dominance, percentage of the 76 plots in which
the species held ≥ 10% of the stand basal area; MLS = maximum life span; MH =
maximum height.

Cecropia peltata
Trichospermum mexicanum

DS

F3 (%)

D3 (%)

MLS4 (y)

MH5 (m)

Animal1

75.0

37.5

35

20 (18)

Wind2

61.3

33.8

30

15 (18)

Burns & Honkala (1990) and Fleming (1990) ; 2) Guevara et al. (1994); 3) Chapter 1; 4)
Based on data and observations from long-term studies, conducted at Los Tuxtlas
Tropical rain forest (e.g. Ibarra Manriquez et al., 2001; Popma et al., 1992) and in our own
study region (M. Martínez-Ramos et al. unpublished data); 5) Pennington & Sarukhán
(1998), between parentheses the maximum observed height in our study plots
1)

role of competition in secondary forest succession in the Tropics (but see Uriarte et al.
2004a; Palomaki et al. 2006), and only one that we know of in the first years of
secondary forest succession (Selaya 2007).
In this study we examine growth and mortality of Cecropia peltata L., and Trichospermum
mexicanum (DC.) Baill. (henceforth referred to by genus name), two early successional
light demanding species with similar traits and characteristics (Table 1) and geographic
distributions from Tropical Central America to the northern part of South America
(W3TROPICOS; Burns & Honkala 1990). They are the two most abundant and
dominant secondary forest species in the region (Table 1; Chapter 1) and thus
important components of the early community dynamics of these secondary forests
(Chapters 2, 4). As secondary forests are mostly dominated by a very small group of
species (Saldarriaga et al. 1988; Finegan 1992, Chapter 1), studying the dynamics of such
species is crucial for furthering our understanding of secondary forest succession.
Specifically, we will test the hypothesis that variation in asymmetric neighborhood
competition for light is the main factor that determines within-site variation in radial
stem growth, height growth and survival of these species. This means that we expect
that patterns of growth and survival are disproportionally determined by the direct
neighbors that are larger than a specific target tree (i.e. competitive asymmetry).
Secondly, we will test the hypothesis that with increasing neighborhood competition
stem slenderness will increase as a consequence of a stronger reduction of radial stem
growth as compared to height extension.
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METHODS
SITE AND DATA COLLECTION
Research was conducted in the southern-most part of the Selva Lacanda region,
between the Montes Azules Biosphere Reserve and the border with Guatemala, near
the village of Loma Bonita (approximately 16º04’ N; 90º45’ W), Chiapas, Mexico. The
climate is humid tropical, with an average annual temperature of 24 ºC and a mean
annual rainfall of ~3000 mm. From February to April there is a dry period with less
than 100 mm per month. Since the early 1970s colonization caused large scale clearance
of the original lowland tropical rainforests and semi-deciduous forests outside the
Biosphere Reserve. Nowadays the landscape consists of a mosaic of small scale slashand-burn agriculture, pastures, mostly young (<10 yrs) secondary forests and remnants
of old-growth forests (de Jong et al. 2000). For a description of the original vegetation in
the region see Ibarra-Manríquez & Martínez-Ramos (2002).
Data reported in this study is from two study plots that are part of a larger study on the
dynamics of early secondary forests in the region (see Chapters 3-5). Distance between
both plots was about 500-m. The original old-growth forest on both study sites was cut
and burned, farmed for maize cultivation for one harvest period only and then
abandoned. This is the usual practice in this region, as a second harvest normally gives
a very poor yield on these soils (information based on personal accounts of landowners and other villagers). The sites were situated in an area with undulating hills
with moderate-steep slopes (15°–30°). This is the most common geo-morphological unit
in the region and characterized by sandy Humic Acrisols with low pH (4-5), and low
total nitrogen and phosphorous content (Siebe et al. 1996).
Respectively 1 and 1.5 year after abandonment, a 10 x 50 m plot was established in each
site, with a permanently indicated 2 x 2 m grid. All trees with diameter at 1.3 m above
ground (dbh) ≥ 1cm were recorded, tagged and their dbh and height to the highest leaf
were measured. Within the 2 x 2 m grid the presence of trees was visually estimated in
1x1 m quadrants. A complete re-census was done 12 -16 months (respectively oldest
and youngest plot) after the first census.
SELECTION OF TARGET TREES AND THE DEFINITION OF THEIR NEIGHBORHOOD
In this study we evaluated the effect of neighborhood competition on the performance
(growth and survival) of selected target trees. Neighborhood basal area was used as a
proxy for the level of neighborhood competition, with the neighborhood of an
individual tree defined as the area consisting of its own 1x1 m quadrant and the 24
adjacent 1x1 m quadrants, i.e. a 5x5 m area with the target tree’s quadrant in the center.
At any given location in the forest, a large tree will have more neighbors that are
smaller than itself, as compared to a small tree. Hence target tree size and the relative
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contribution of its smaller neighbors to total neighborhood basal area are expected to
be correlated. To minimize this dependency, we selected target trees within a narrow
height range of 1 m. Both Cecropia ad Trichospermum saplings with a height around
4.5 m were most abundant in the stands. In two height classes of 3.5-4.5 m and 4.5-5.5
m, abundance and distribution of trees allowed for the selection of ≥ 40 target trees
according to our selection procedure (see below). From now on we will refer to them as
height class 1 (HC1), and height class 2 (HC2).
For the growth analysis, trees were randomly selected from our database. Trees that
had any kind of visible damage in one of the two censuses were excluded. To have
independent observations, i.e. to avoid that a tree was both neighbor and target tree, a
selected tree was discarded when it was within the neighborhood of a previously
selected tree. This procedure went on until no new trees could be included. This
resulted in four different sets of data (2 species x 2 height classes) for which all analyses
were performed separately. In all four cases the selected trees were well distributed
over the plots, thus including most within-plot variation with regard to stand structure
and micro-site conditions. For the survival study, all trees were included. For both the
growth and survival analyses the trees from both study plots were lumped for further
analyses.
The effect of neighborhood competition on target tree growth was analyzed including
the basal area of neighbors larger than the target tree (NBAL) and basal area of
neighbors smaller than the target tree (NBAS) as separate predictor variables. Note that
correlation coefficients between NBAL and NBAS varied between r = 0.03 and r = 0.23
and were not significant in all cases. All species were lumped in our measure of
neighborhood basal area, i.e. we tested a model that assumed that all competitors had
equivalent effects on the target regardless of their taxonomic identity.
DATA ANALYSIS
We analyzed the influence of neighborhood basal area on target tree growth, using
different response variables. 1) Absolute height growth (AHG, m y-1), estimated by
multiplying initial height with the annual relative growth rate [(Hcensus 2 /Hcensus 1)(365/t)]
where t = the study period in days. Plant performance is likely to be correlated to plant
size, an effect that should be corrected for (Duncan 1995). Since we selected trees within
narrow height classes, we did not correct for initial height. 2) The percentage of
potential radial stem (diameter) growth rate (PPDG, %). Potential diameter growth is
calculated as a function of size (see below), hence in further analyses, the size effects on
plant performance (Duncan 1995) is accounted for. To calculate PPDG, we used the
Vanclay function (Vanclay 1994) to model potential diameter growth increment (PDG)
for each tree as a function of current size, resulting in equations 1a and b:
PDGCecropia = e0.52 + 0.93 ln(DBH) - 0.14 (DBH)

Equation 1a
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PDGTrichospermum = e1.08 + 0.77 ln(DBH) - 0.13 (DBH)

Equation 1b

where DBH is the initial diameter. This function is realistic for tree growth in that
estimates are always positive, allowing some growth even for very large individuals, in
contrast to several other common equations that impose a maximum attainable
diameter (Vanclay 1994). Parameters of equations 1a and 1b were estimated by using
non-linear quantile regression (Scharf et al. 1998; Koenker 2005) to fit the Vanclay
function through the upper (99%) quantiles of the data. The approach to estimate
potential growth from maximum observed growth has been used before, e.g. by Clark
& Clark (2001) on a study on ontogenetic growth patterns. Data were from nine 1 to 5
year old secondary forest plots, including the present study plots, with similar soil and
land-use history. See Appendix I for more detail on this procedure. Next we calculated
the annual relative growth rate (ARGR) for each target tree as (DBHcensus 2/DBHcensus
(365/t) and used this rate to estimate the annual absolute diameter growth rate (ADG,
1)
cm2 y-1) for each target tree. PPDG was then simply calculated as 100 * ADG / PDG (%).
Finally we used the response variables (3) Slenderness, calculated as the ratio between
height and diameter at the initial census (m cm-1) and (4) the relative rate of change of
slenderness, calculated as slendernesscensus 2 / slendernesscensus 1.
To obtain linearity in the regression analyses and to achieve normality of the residuals
and homogeneity of variances, we applied a Box-Cox transformation on the response
variables AHG and PPDG (Sokal & Rohlf 1995). No transformation was needed for the
other two response variables. We then applied a multiple linear regression, using the
transformed values of the response variables. The null hypothesis employed is that
larger trees affect the performance of the target tree, while smaller tree do not have an
additional effect (complete asymmetry). Consequently the statistical model first
contained the predictor variable NBAL, then NBAS and finally the interaction term. If
NBAS and the interaction term were significant (type I sum of squares), we checked the
type III sum of squares to examine if the effect of NBAS on the response variable was
additive, an interaction effect, or both. Non-significant factors were left out and we
report statistics of the final models only including the significant factors. Assumptions
regarding heteroscedasticity and normality were examined with residual plots and QQ
plots, and the tolerance and variance inflation factors were used to examine collinearity
between the predictor variables (Quinn & Keough 2002).
When NBAS had a significant additive effect on the response variable, the hypothesis of
absolute asymmetric competition is rejected. In that case we examined to what degree
asymmetry in the neighborhood accounted for the maximum amount of growth
variation. For that, we calculated the neighborhood interference (W), in which the effect
of the larger neighbors is proportional to size, but the effect of smaller neighbors is
devaluated by a constant factor A (equation 2).
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W = ∑ DBHi (1-A) + ∑ DBHk

Equation 2

where DBHi is the diameter of the ith neighbor with DBH < DBHf, DBHk the diameter
of the kth neighbor with DBH ≥ DBHf, DBHf is the diameter of the target tree, and A is
the measure of asymmetry representing the proportion by which the effects of smaller
neighbors are discounted (adapter after Thomas & Weiner 1989). We evaluated W at
values of A ranging from 0 to 1 in steps of 0.2. So when A = 0, the measure is
symmetric, and when A = 1, the measure is completely asymmetric. The same
regression techniques as described in the former paragraph were applied.
We used Fisher’s method randomization (Mitchell-Olds 1987; Thomas & Weiner 1989;
Peterson & Squiers 1995) to determine the significance of the relationship between the
response variables and W. In this approach, the null hypothesis is that there is no
relationship between the response variable and W. All observed response variables
were shuffled 10,000 times randomly across the independent variable (W), determining
TABLE 2. Relative importance of neighbor species that constitute ≥ 5% of
average neighborhood basal area in at least one of the four species-size class
combinations. Numbers give the average proportion of total neighborhood
area across all target trees. Standard errors vary between 0.01 and 0.04.
Target species
Neighbor taxa

C. peltata

T. mexicanum

3.5-4.5

4.5-5.5

3.5-4.5

4.5-5.5

Trichospermum mexicanum

0.21

0.29

0.32

0.47

Cecropia peltata

0.32

0.23

0.28

0.26

Ochromo pyramidale

0.16

0.23

0.19

0.13

Trema micrantha

0.06

0.04

0.09

0.08

Schizolobium parahyba

0.11

0.03

0.08

0.03

Cecropia peltata

0.53

0.54

0.40

0.48

Trichospermum mexicanum

0.15

0.19

0.30

0.34

Solanum spp.

0.07

0.02

0.08

0.01

Trema micrantha

0.06

0.07

0.03

0.05

Schizolobium parahyba

0.06

0.06

0.02

0.05

Vernonia patens

0.06

0.02

0.03

0.01

LARGER NEIGHBORS

SMALLER NEIGHBORS
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FIGURE 1. Stem density (bars, A-B) and basal area (bars, C-D) distribution over size classes of
Cecropia peltata and Trichospermum mexicanum in two 10x50 m secondary forest plots with
initial fallow age of 1-1.5 y. Survival is indicated by the dashed lines, calculated per
diameter class as percentage of initial stems (A-B), and initial basal area (C-D). Grey bars:
values of the initial census. Open bars: values of the second census.

each time the coefficient of determinations. In this manner an empirical null
distribution of coefficients of determination was generated. Percentile confidence
intervals (0.99, 0.95, 0.90) were determined by calculating the respective quantiles of the
resampling distribution to which the observed coefficient can be compared to
determine the level of significance (Venables & Ripley 2002).
To study the influence of neighborhood interference on target tree survival, we
calculated W for values of A ranging from 0 to 1 in steps of 0.2 for all trees, as described
above. We applied logistic regression of survival (binary response variable) on W
(predictor variable). As each individual is treated as both neighbor and target tree,
observations are not independent and the significance can not be tested by the typical
regression statistics. For that reason, we used the same randomization approach as
described before, comparing a random distribution of model R2s with the observed
value. The logistic regression was applied using a generalized linear model with
binomial distribution and a logit link function, and report Nagelkerke's R2 values as an
approximation for explained variances of the models (Nagelkerke 1991).
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RESULTS
POPULATION STRUCTURE AND DYNAMICS
Dynamics of Cecropia and Trichospermum differed considerably in this early phase of
secondary forest succession. Cecropia had a much higher initial stem number (1119)
than Trichospermum (646), and stems were more concentrated in the smaller size classes
compared with the more even diameter frequency distribution of Trichospermum (Fig.
1A-B). As a consequence of the latter, total basal area (respectively 5.0 m2 and 4.8 m2)
and the distribution of basal area over the two size classes did not differ much between
the species (Fig. 1C-D). Relative basal area increment of the surviving Cecropia trees was
45%. Mortality was very high (69% of stems) and strongly related to size. As a result,
total basal area decreased with 15% and the diameter frequency distributions changed
drastically (Fig. 1A, C). Mortality of Trichospermum was only 5%, and low in all size
class (Fig. 1B, D). In this species not mortality but growth was determinative in
population dynamics. Relative basal area increment of the surviving trees was 138%,
resulting in an overall basal area increment of 134%. Absolute and relative growth was
highest in the biggest size classes, resulting in a strong shift of basal area to the higher
size classes.
NEIGHBOR SPECIES

100
Relative basal area (%)

Initial across-plot species richness
amounted to 44 species, with
decreasing species number with
increasing size, and increased to 58
species after one year. Cecropia and
Trichospermum were dominant in all
size classes but the last, both in terms of
stem density (overall 47% and 27%
respectively) and basal area (overall
34% and 33% respectively, Fig. 2). The
other species in the largest diameter
class
(DBH
≥
16
cm)
were
Trichospermum
mexicanum,
Trema
micrantha and Ochroma pyramidale at the
initial census, joined by Cecropia peltata
and Schizolobium parahyba at the second
census. The relative importance of
Cecropia decreased in the two first size
classes because of its high mortality,
while the relative importance of
Trichospermum increased in all classes.

80
39
60
40

21

20
9

48

16

2
3

20
0
2
4
8
16
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FIGURE 2. Relative basal area of Cecropia
peltata (black), Trichospermum mexicanum
(grey) and other species (white). Numbers in
the white bars indicate number of species.
Left bars: initial census, right bars: second
census. Lumped data from two 10x50 m
secondary forest plots with fallow age of 11.5 y. Patterns of relative density were very
similar for both species and both censuses.
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statistics in Table 1.

Chapter 6 – NEIGHBORHOOD COMPETITION – 132

The neighborhoods of our target trees for the growth analysis were dominated by very
few species. Cecropia and Trichospermum were by far most abundant, both among the
smaller and larger neighbors. Ochroma pyramidale was the only other species
constituting on average more than 10% of basal area of the larger neighbors, and only
two more species constituted on average ≥ 5% (Table 2). The basal area of the smaller
neighbors was also dominated by very few species, despite the high species richness in
the plot among the smaller trees in the two plots (Fig. 2). Only six species constituted
on average ≥ 5% of (Table 2). In both height classes these species together represented
around 90% of total neighborhood basal area of both target species.
NEIGHBORHOOD EFFECTS ON GROWTH
Height growth was highly variable as AHGs ranged from 0.14 to 4.30 m y-1 in Cecropia
and 0.00 to 4.60 m y-1 in Trichospermum (Fig. 3A-D). Annual diameter growth rate
ranged from 0.03 to 1.63 cm y-1 and 0.03 to 3.70 cm y-1 (Cecropia, height class 1 (HC1)
and height class 2 (HC2) respectively) and from 0.04 to 5.33 cm y-1 and 0.06 to 5.94 cm y1 (Trichospermum, HC1 and HC2 respectively). This came down to a reduction between
0 and 100% of potential growth in both species (Fig. 3E-H).
The contribution of smaller trees to total
neighborhood basal area was highly
variable
and
not
correlated
to
neighborhood basal area of the larger
neighbors. The contribution of NBAS to
total neighborhood basal area of Cecropia
was 40.7% ± 25.4 SD (height class 1) and
50.1% ± 25.4 SD (height class 2), about
twice the contribution of smaller trees to
the neighborhood basal area of
Trichospermum (15.7% ± 14.5 SD and
25.2% ± 14.3 SD for height classes 1 and 2
respectively).
Despite the high abundance of smaller
neighbors, most of the variation in
growth was accounted for by the basal
area of the larger neighbors (NBAL), that
had a strong and highly significant
negative effect on height growth of both
Cecropia and Trichospermum in both size
classes (Fig. 3A-D, Table 3). The basal
area of smaller neighbors (NBAS) on the
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FIGURE 4. Values of the R2 for the
relationships between (i) the PPDG of the
target trees and their neighborhood basal
area for different levels of competitive
asymmetry. A is a measure of asymmetry,
representing the proportion by which the
effects of the smaller neighbors are
discounted. Arrows indicate the model
giving the highest R2 value. Significance
levels of all R2 are < 0.001 and based on
randomization tests (see text). (a) Height
class 3.5 - 4.5 m; (b) Height class 4.5 – 5.5
m, in both cases species of target tree is
Cecropia peltata.
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TABLE 3. Regression statistics of growth variables (response) vs. neighborhood basal area
(regressor). AHG = absolute height growth; PPDG = percentage of potential absolute
diameter growth; Slenderness = height–diameter ratio; RRC Slenderness = change in
slenderness (slenderness in census 2 divided by slenderness in census 1). HC is height class:
1 = 3.5 – 4.5 m; 2 = 4.5 – 5.5 m. NBAL: basal area of larger neighbors, NBAS: basal area of
smaller neighbors, NBALxS: interaction term. The table presents the sign of the regression
coefficients (i.e. a negative or positive relationship), the partial coefficients of determination
(partial R2) and the significance level of the regressor variables. Coefficients themselves are
not presented.
AHG
HC

NBAL

PPDG
NBAL

Slenderness

NBAS

NBAL

NBALxS

RRC slenderness
NBAL

NBAS

Cecropia peltata
1

- 0.58 ***

- 0.32 ***

- 0.10 **

+ 0.70 ***

ns

- 0.46 ***

ns

2

- 0.70 ***

- 0.56 ***

- 0.07 **

+ 0.73 ***

ns

- 0.16 **

ns

Trichospermum mexicanum
1

- 0.79 ***

- 0.80 ***

ns

+ 0.68 ***

- 0.14 **

ns

+ 0.20 **

2

- 0.65 ***

- 0.59 ***

ns

+ 0.66 ***

- 0.05 **

ns

ns

other hand had no significant additive effect on height growth (Table 3), thus
suggesting that height growth is mainly limited by asymmetric competition for light.
Diameter growth was also strongly negatively related to NBAL, although a smaller
proportion of total variance was explained (Fig. 3E-H, Table 3). NBAS did not have a
significant additional effect on diameter growth of Trichospermum, but it did on
diameter growth of Cecropia (Table 3).
As NBAS accounted for a part of the variation in diameter growth of Cecropia, the
hypothesis of complete asymmetry of competition was rejected. The effect of
neighborhood interference (W) on PPDG was significant for every value of A that we
tested (Fig. 4). The values of A giving the best fit was 0.0 and 0.2 in both size classes,
indicating a symmetric competition effect. However, differences were very small, with
the increase of the R2 value over a completely asymmetric model being 0.034 and 0.057
in HC1 and HC2 respectively.
Slenderness at the initial census was linearly and positively related to NBAL in all cases
(Fig. 5, Table 3), indicating that during the earliest phase of stand development higher
asymmetric neighborhood competition suppressed radial stem growth more than
height growth. Slenderness of Cecropia was related to NBAL only. In Trichospermum,
smaller trees (NBAS) did not have a significant additive effect, but the interaction term
(NBALxS) was significant and opposite to the effect of NBAL (Table 1). Rather than a
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FIGURE 5. The effect of neighborhood competition on stem slenderness.
Neighborhood is expressed as the neighborhood area of the larger neighbors.
Slenderness is calculated as the ratio between height (m) and diameter (cm).
Both variables are from first census data. The relative change of slenderness is
calculated as the slenderness of the second census divided by the slenderness of
the first census. Above the dashed lines slenderness increased, below this line it
decreased. Target tree species: Cecropia peltata (A, B, E, F), Trichospermum
mexicanum (C, D, G, H). Height class: 3.5 – 4.5 m (A, C, E, G); 4.5 – 5.5 m (B, D, F,
H). For regression statistics see Table 1.
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competitive effect, this likely reflects a co-variation between the past growth of the
target tree and its smaller neighbors. All individuals after all, are likely to have been
affected by the larger neighbors in a similar fashion.
During the study period, slenderness of Trichospermum was found to increase in about
50% of the target trees, and decrease in the other 50%, but without any relationship
with neighborhood basal area (Fig. 5G-H). In Cecropia trees slenderness increased in
nearly all cases. Opposite to the patterns of Figures 5A-B though, the rate of increase
was negatively related to NBAL (Fig. 5E-F, Table 3). That means that the trees that
developed highest height-diameter ratio during the first ~1 y of stand development had
the slowest increase in this ratio in the following year. This seems to imply a process in
which increasing neighborhood competition during the initial phases of vegetation
development initially suppresses secondary radial growth stronger than primary
height growth (Fig. 5A-D). However, when competition becomes even stronger, height
growth becomes increasingly suppressed as well, effectively resulting in a
rapprochement between diameter and height growth rates.
In height class 1, the neighborhood basal area of smaller trees had a significant positive
effect on RRC of slenderness of Cecropia and Trichospermum, while the interaction terms
were not significant (Table 1). A faster increase in slenderness was thus related to more
undergrowth, on first sight in line with the expected positive relationship between
competition
intensity
and
slenderness. This effect, however,
(a)
0.22
was opposite to the effect of the
R2 0.21
0.20
larger neighbors in case of Cecropia.
Hence we did not apply the approach
(b)
of Thomas & Weiner (1989) for the
2 0.11
R 0.10
assessment of the degree of
competition asymmetry, as this
0.09
0.0
0.2
0.4
0.6
0.8
1.0
approach
assumes
a
similar
symmetry
asymmetry
A
competitive effect (same sign) of both
NBAL and NBAS when summing
Figure 6. Values of the Nagelkerke R2 for the
them in the of neighborhood
relationships between survival of target trees
interference W. Higher slenderness of
vs. their neighborhood basal area for different
the target tree might be the result of
levels of competitive asymmetry. Arrows
more intensive competition from the
2
indicate the model with the highest R value.
smaller neighbors but the contrasting
A = proportion of discounting effects of
effects of larger and smaller
smaller neighbors. Significance levels of all R2
neighbors suggest an potential
are < 0.001 and based on randomization tests
alternatively explanation. There was
(see text). A) Height class 3.5 - 4.5 m; B) Height
no significant correlation between
class 4.5 – 5.5 m, in both cases species of target
NBAL and NBAS, the latter, however,
tree is Cecropia peltata.
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might reflect variation in local light availability that was not captured by NBAL. A
higher NBAS could accordingly have reflected a lower competition intensity from the
larger neighbors as a result of less suppression of height (but not of diameter) growth
and hence increasing slenderness.
All regression models resulted in residuals symmetrically distributed around the 1:1
relationship between predicted and observed responses; nonetheless an important part
of the scatter remained unaccounted for (Table 2). An important underlying message is
that our predictions of the average responses of the trees to competition are estimates
of the average population behavior, individual trees may deviate significantly from the
average as a consequence of other factors that influence tree growth (cf. Canham et al.
2004).
NEIGHBORHOOD EFFECTS ON SURVIVAL
Mortality in Trichospermum was close to zero except for the smallest trees (Fig. 1B, D). In
the height classes 1 and 2 too few individuals died for proper analyses, so we can only
conclude that apparently levels of neighborhood competition in our study sites were
not high enough to cause significant mortality. Mortality in Cecropia was much higher
and significantly related to neighborhood basal area (Fig. 6), although the percentages
of explained variance were low. The effect of W on survival was significant for every
asymmetry value A tested (Fig. 6). The value of A giving the best fit was 0.2 in both size
classes, indicating a symmetric competition effect, but again differences in R2 with the
model with only the predictor NBAL included were small.

DISCUSSION
COMPETITIVE EFFECTS ON GROWTH
Our findings support the hypotheses that variation in the intensity of neighborhood
competition is the main factor that determines within-site variation in growth of these
early secondary species. Radial stem growth and vertical stem extension of similar
sized Cecropia and Trichospermum trees varied greatly within the study sites and, as
predicted, this variation was strongly related to the basal area of its larger neighbors.
The contribution of smaller neighbors to total neighborhood basal area varied between
1-100%, and averaged 30% ± 24 SD over all selected target trees. Despite this substantial
contribution, the neighborhood basal area of the smaller neighbors did not have a
proportional additive effect on height growth, suggesting that variation in height
growth was mainly driven by asymmetric competition for light. The same held for
diameter growth of Trichospermum, but smaller neighbors did account for a part of the
variation in radial growth of Cecropia. Among a series of regression models in which
the effect of the smaller neighbors was devaluated by an increasing factor (A), the most
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successful model indicated size-symmetric interactions. This could reflect significant
symmetric competition for belowground resources between the target tree and its
neighbors, but we will discuss a potential alternative explanation below.
Neighborhood competition did not only reduce overall growth rate, but also affected
allocation patterns. Tree species have been demonstrated to respond differently with
regard to growth allocation under different light conditions (Kohyama & Hotta 1990;
King 1991; King 1994; Sterck 1999; Poorter 2001). The general pattern, however, is that
allocation of carbohydrates to some functions will have priority over others when
carbohydrates become limiting. Suppressed trees first will pay the respiration costs,
then allocate to renewal of foliage and fine roots, then to height extension and finally
to branching and radial stem growth (Bongers & Sterck 1998; Sterck 2005; Turnbull
2005). So diameter growth will be reduced as soon as a tree starts to get suppressed,
and height growth will vary little until competition pressure is much higher. In other
words, competition results, typically, in relatively small crowns and slender stems. This
relationship between stem shape and competition in fact provides the principle tool in
forest management (Oliver & Larson 1996; Smith et al. 1997). The strong relationship
between slenderness of Cecropia and Trichospermum and neighborhood basal area at the
beginning of this study was thus as expected and in line with what has generally been
found for light demanding species (Kohyama & Hotta 1990; Hara et al. 1991; King
1996).
The results additionally point to a dynamic link between successional vegetation
development and changes in allocation patterns. Although slenderness increased in all
Cecropia trees during the study period, the relative rate of change was negatively
related to neighborhood basal area. While the levels of competition in the beginning of
vegetation development primarily suppressed diameter growth, suppression of height
growth started to be progressively stronger as competition levels further increased.
Lest we understand the dynamic relationship between the coupled development of
individual trees and their surroundings during the extremely changeable early phases
of succession, static studies do not suffice, and longitudinal studies including the
dynamics of both target trees and their direct neighborhood are needed.
COMPETITIVE EFFECTS ON MORTALITY
Mortality among individuals of Trichospermum was almost zero, with a survival of >
90% even among the smallest trees. Mortality of Cecropia on the other hand was very
high among all but the largest individuals, and strongly related to size. Our data
suggest that susceptibility to neighborhood competition is important but not sufficient
to account for the variation in survival of Cecropia. Other mechanisms affecting survival
might operate independent of neighborhood crowding, such as water stress during the
dry season (Poorter & Hayashida-Oliver 2000) or herbivore and pathogen attacks
(Brown & Ewel 1987; Gerhardt 1998). The strong differences in survival rates between
Cecropia and Trichospermum, despite the fact that they have a similar potential life span
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and pioneer habit, indicate clear differences in their degree of tolerance to
neighborhood competition. Although pioneer species are generally considered as a
functional group with a narrow range of variation with regard to life history and
functional traits, our results are more in line with studies that demonstrated important
variation within this group (e.g. Pearson et al. 2003b; Dalling et al. 2004). The range of
variation in competition levels that characterized this early successional vegetation
might thus represent a selective mechanism, steering patterns of canopy composition
among the dominant early successional species.
ASYMMETRIC VS. SYMMETRIC COMPETITION
The contribution to total neighborhood basal area of NBAS, the variation in this
contribution, and its independence from NBAL are three aspects that are rarely
explicitly addressed in comparable studies. However, in our opinion they represent
important prerequisites to detect a possible competitive effect of the smaller neighbors;
an effect which is, as argued earlier, indicative for the role of belowground competition.
The additive effects of the smaller neighbors on radial stem growth and survival of
Cecropia and their positive effects on the relative rate of change of slenderness of both
species appear to suggest a role for belowground competition. The latter result was in
fact surprising, since it was opposite to the pattern of a diminishing rate of change of
slenderness with increasing competition from larger neighbors. Such contrasting
results suggest that a higher basal area from the smaller neighbors and faster rate of
change of slenderness co-varied, both reflecting lower competition intensity from the
larger neighbors, rather than a more direct competition effect of the smaller neighbors
on the target trees.
The composition of the group of trees encompassing the smaller neighbors across all
target trees gives additional support for such an interpretation. Between 87% and 95%
of the smaller neighbors belonged to 6 pioneer taxa (Table 1), all of them light
demanding species; dense undergrowth consisting of these species is thus likely to
indicate more elevated levels of light availability. There was not a direct significant
correlation between the basal area of smaller and larger neighbors. However, spatial
and temporal interactions among trees at different heights in the canopy might cause
complex patterns of light availability (see Montgomery & Chazdon 2001) that can be
influenced furthermore by species-specific differences in light transmittance
characteristics that vary independently from tree size (Kabakoff & Chazdon 1996). The
smaller neighbors of the target trees might thus well have reflected variation in local
light availability that was not captured by the larger neighbors.
This discourse could also shed another light on the interpretation of the significant
effects of the smaller neighbors on radial stem growth and survival of Cecropia. In a
related study on biomass allocation in saplings of 10 secondary forest species, relative
crown depth of both Cecropia and Trichospermum was strongly related to light
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structure. Commonly a degree
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role
of
belowground
(slope: F55 = 0.57, P=0.45; intercept: F56 = 36.7,
competition (e.g. Thomas &
P<0.0001). Unpublished data M. van Breugel.
Weiner 1989; Peterson &
Squiers
1995;
but
see
Schwinning & Weiner 1998). Although the observed effects of trees on their larger
neighbors found in this study might indeed reflect some role of belowground
competition as suggested by (Thomas & Weiner 1989; e.g. Peterson & Squiers 1995; but
see Schwinning & Weiner 1998), we believe that it can at least partially be contributed
to competition for light between overlapping crowns. An indication for such interaction
was only found for Cecropia and not for Trichospermum. Rather than indicating
interspecific differences in their responses to belowground competition, it might thus
reflect a more complex interaction between environment and species.
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Our study sites were characterized by nutrient poor soils and a dry period of three
months, so belowground resources can be expected to limit plant growth. Field
observations indicated that plant growth was indeed very limited during the dry
period. During periods of enough water availability however, light is more likely to be
the most limiting resource, i.e. competition for light probably structures interactions
between plants. In the same way nutrient deficits may alter rate but not the form of
competitive interactions operating at individual plant level (Thomas & Weiner 1989).
SCALE OF COMPETITION
A relevant question is then whether the small area that we defined as neighborhood (25
m2) represented the appropriate scale, i.e. the scale of interaction between trees. We
defined a fixed and small neighborhood area principally because plot size did not
allow for larger areas, so we can not examine this question directly. Early secondary
forests are often described as having an uniform canopy (e.g. Richards et al. 1996). Yet,
on the scale of individual trees, the plots proved to be far from uniform. The range of
variation of the neighborhood values of our target trees indicated high canopy
heterogeneity on a very small scale, with total neighborhood basal area ranging from 3
to 30 cm2 m-2. Along this range of values, and strongly correlated with it, height growth
varied over five-fold, and suppression of diameter growth ranged from 0% to 100%. A
pragmatic point of view is thus that a scale of 25 m2 captured a relevant part of the
information on the neighborhood of an individual tree.
The relative rate of change of neighbourhood basal area was 1.6 ± 0.07 SE, i.e.
neighbourhood density not only varied strongly over short distances but over short
periods of time as well (see also Chapter 4). As the size of largest trees increase along a
successional gradient, the scale of competition interactions will increase as well (Keddy
2001). Moreover, increasing size differences will result in a divergence of the spatial
and temporal scales of the dynamics of juvenile individuals and their larger
neighbours. Below- and aboveground interactions may operate on different spatial
scales, and these scales may change independently in the course of vegetation
development (Peterson & Squiers 1995; Casper et al. 2003). Our results suggest that
competition in 1-2 year old secondary forests operates on a small spatial scale and is
mainly for light. It will be interesting to evaluate how the spatial scales, at which
different competitive interactions operate, change during succession.
NEIGHBORHOOD COMPETITION AND SECONDARY FOREST SUCCESSION
A simple competition model, assuming interspecific functional equivalence with regard
to competitive effects, accounted for a large part of the variation in growth, so we
conclude that neighborhood biomass and size structure are the main variables driving
patterns of growth and mortality among individual pioneer trees in these early
successional secondary forests. This links the mechanism of competitive plant-plant
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interactions to a suit of other factors that causes size differences between plants and
their non-uniform distribution (Miller & Weiner 1989; Huston 1994), such as microhabitat heterogeneity (Hartgerink & Bazzaz 1984; Gerhardt 1993; Casper & Jackson
1997; Casper et al. 2003; Hutchings et al. 2003), variation in colonization and emergence
time (Connolly & Wayne 1996), and differences in the genetic makeup (Álvarez-Buylla
et al. 1996; Atwood 2002). Such initial patterns determine – and will be exacerbated by –
the variability in competitive effects and responses we found in this study. Related
studies indicated that this within-site variability in asymmetric competitive plant-plant
interactions did account for variation in the dynamics of various populations of a
species (chapters 5 and 7) and secondary forest stands of various fallow ages (Chapter
4). This study supported the hypothesis that competition of resources is one of the main
mechanism steering early successional vegetation development. Studies on the changes
in the nature, intensity and relative importance of competition along the successional
gradient, and the interactions with other driving factors and mechanisms, are critical
for pushing ahead our understanding of secondary forest succession. As yet, both
dynamics and competition are poorly studied in the species rich and highly dynamic
secondary tropical forests, although recently an increasing amount of permanent plot
studies throughout the Tropics (see e.g. Chapter 5) promise interesting developments in
this field.

ACKNOWLEDGMENTS
Gilberto and Hector Jamangapee provided invaluable assistance in the field. Patrick
Jansen provided help with statistical analyses and gave useful comments. We are
grateful for stimulating discussions with - and comments from Frans Bongers and
Miguel Martínez-Ramos. This research was supported by the grant W85-326 of the
Netherlands Foundation for the Advancement of Tropical Research (WOTRO).

Chapter 6 – NEIGHBORHOOD COMPETITION – 142

Chapter 6 – NEIGHBORHOOD COMPETITION – 143

Chapter

7

ASYMMETRIC COMPETITION AND TREE
POPULATION DYNAMICS DURING EARLY
SECONDARY FOREST SUCCESSION

Michiel van Breugel, Frans Bongers & Miguel Martínez-Ramos

ABSTRACT
Population dynamics of a species can vary much from one secondary forest to another.
Asymmetric competition for light is thought to play an important role in the
successional dynamics of young secondary forests. Accordingly, between-site
differences in demographic behaviour are expected to be related to variation in
population size structure and neighbourhood structure. Specifically, differences in
growth and mortality between the biggest and smallest trees of a population (growth
and survival asymmetry) are predicted to be related to differences in the average level
of asymmetric neighbourhood competition in both size groups (competition
asymmetry).
We tested these predictions using 24 populations of four pioneer tree species for which
growth and mortality data was obtained from permanent sample plots in nine early (15 y) secondary forest stands in a humid Neotropical area in southern Mexico. For each
population, we compared average neighbourhood basal area, growth and survival of
the twenty percent smallest and largest trees.
The between-plot variation in competition asymmetry explained a significant part of
the between-plot variation in growth asymmetry, with smallest trees growing faster in
populations with low competition asymmetry, and largest trees growing fastest in
populations with high competition asymmetry. Survival was size-related, with lowest
survival rates among the smallest plants, as expected. However, survival asymmetry
was significantly related to competition asymmetry in just one species. The differences
in the effects of asymmetric competition on the mortality and survival of the four
species show that susceptibility to competition for, presumably, light, varies
considerably between early successional pioneer species.
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INTRODUCTION
Competition for resources is considered to be an important mechanism regulating plant
population dynamics during secondary forest succession (Peet & Christensen 1980;
Huston & DeAngelis 1987; Wilson 1999; Keddy 2001). Surprisingly, few studies have
directly addressed this topic (see overviews in Rejmanék 1990; Wilson 1999).
Competition starts as soon as plants begin to negatively affect each other’s resource
acquisition, which can be very soon after initiation of succession. As plants grow
bigger, community plant mass increases and consequently the ratio of resource
demand to supply also increase. Hence, competition intensity is thought to increase as
secondary succession proceeds (Wilson 1999; Keddy 2001; Doležal et al. 2004).
In forest succession, light is generally assumed to be an important limiting resource as
soon as a substantial leaf canopy has been formed. Competition for light has been
hypothesized to be asymmetric, since larger plants can shade smaller ones but not visa
versa. This asymmetry has important implications for the dynamics of plant
populations as bigger individuals are expected to get a proportionally greater amount
(per unit size) of shared resources and, therefore, a disproportional share of total
population biomass growth. Smaller individuals, on the other hand, will be suppressed
and suffer higher mortality (Weiner & Thomas 1986; Weiner 1990; Huston 1994). With
increasing size-inequality, the difference in the level of asymmetric competition will
increase, which in turn conduce to a higher inequality in growth and mortality between
individuals of different size (Huston & DeAngelis 1987; Jobidon 2000; Doležal et al.
2004).
Most forests in which such population dynamics have been demonstrated are evenaged, mono-specific stands (Mohler et al. 1978; Cannell et al. 1984; Kikuzawa & Umeki
1996; Berntson & Wayne 2000). So far, population dynamics of individual species has
hardly been studied in mixed-species secondary forests (Hutchings 1997; Watkinson
1997). Stand structure and successional dynamics can vary from the stand to the
landscape level (Montgomery & Chazdon 2001; Olano et al. 2002) . As a result, the
population dynamics can be expected to vary as well across these spatial scales,
entangling generalizations regarding the importance of asymmetric competition in the
secondary succession process (Peterson & Squiers 1995; Turnbull et al. 2007). Within a
secondary forest stand, individuals of a population experience a changing and
heterogeneous environment due to spatial variation in stand structure and species
composition (Alvarez Buylla 1994; Bazzaz 1996) and to fast changes during the early
years of succession (Chapter 4, 5). At the landscape level, secondary forest stands may
vary widely with respect to stand structure and species composition, depending on
factors such as land-use history, soil type, extent and spatial configuration of oldgrowth forest patches, and the regional species pool (Turner et al. 1998; Moran et al.
2000; Chazdon 2003; Chinea & Helmer 2003). More complexity might be added by
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other factors such as the abundance, distribution, identity, and local effect of
pollinators, seed dispersal agents, pathogens and herbivores (Augspurger 1984;
Castello et al. 1995; Renner 1998; Toyohara & Fujihara 1998; Levey et al. 2001; Webb et al.
2006). Therefore, population dynamics of a species, including size-related distribution
of growth and mortality among individuals, is expected to vary between different
secondary forest stands.
The importance of competition concerns its result relative to the importance of the
other processes and conditions that influence the population dynamics, specially in
mixed-species successional plant communities (Welden & Slauson 1986; Keddy 2001).
When asymmetric competition is an important mechanism, it will create demographic
hierarchies among individuals experiencing different neighbourhood structures. The
level of asymmetric competition experienced by plants is expected to decrease with
size, simply because a bigger plant is likely to have a lower number of larger
neighbours than a smaller plant. The magnitude of such size-related differences will
vary between populations differing in size structures and stand characteristics. We
tested these predictions using 24 populations of four pioneer tree species for which
growth and mortality data was obtained from nine early (1-5 y) secondary forest stands
in a humid Neotropical area. Specifically, we examined the degree to which size-related
inter-individual variation in growth and mortality was imputable to asymmetric
competition. To this end, we examined for each population: (1) differences in growth
and mortality between biggest and smallest trees, (2) differences in the average level of
asymmetric neighbourhood competition in both size groups. Finally, we examined (3)
whether the between-population variation in size-related demographic variability was
related to the between-population variation in asymmetric competition levels.

METHODS
DATA COLLECTION
The study was conducted in the Marquéz de Comillas region, South of the Montes
Azules Biosphere Reserve (approximately 16º04’ N; 90º45’ W), Chiapas, Mexico. Mean
annual temperature is 24 ºC and average annual rainfall is about 3000 mm with less
than 100 mm month–1 from February to April. The original vegetation consists mainly
of lowland tropical rainforests and semi-deciduous forests (Ibarra-Manríquez &
Martínez-Ramos 2002). Colonization of the region initiated in the early 1970s and
caused large scale deforestation since. Nowadays the landscape consists of a mosaic of
small scale agriculture, pastures, mostly young (< 10 yrs) secondary forests and
remnants of old-growth forests (de Jong et al. 2000). Chapter 2 of this thesis describes
patterns of species richness and distribution across a wide range of secondary forest
sites in this landscape.
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TABLE 1 – Species characteristics. Freq.: Frequency, percentage occurrence in 72 secondary
forest plots in the research region; Dom.: dominance, percentage of the 72 plots in which the
species held ≥ 10% of the stand basal area. In both cases the rank of the species with regard
to its frequency or dominance is also given (see chapter 2). MLS: Maximum life span. MH:
Maximum height.
Dom.1

Freq.1
Species

MLS2

MH3

%

rank

%

rank

y

m

Cecropia. peltata L.

75.0

1

37.5

1

35

20 (18)

Schizolobium parahyba (Vell.) S. F. Blake

45.0

5

12.5

5

>50

35 (22)

Trema micrantha (L.) Blume

40.0

9

13.8

4

15

8 (13)

Trichospermum mexicanum (DC.) Baill.

61.3

2

33.8

2

30

15 (18)

1) Chapter 2; 2) Based on data and observations from long-term studies, conducted at Los
Tuxtlas Tropical rain forest (e.g. Ibarra Manriquez et al., 2001; Popma et al., 1992) and in our
own study region (M. Martínez-Ramos et al. unpublished data); 3) Based on Pennington &
Sarukhán (1998), between parentheses the maximum observed height in our study plots.

Nine 1-5 y old secondary-growth stands were selected on abandoned corn fields
(“milpas”) in areas with undulating hills, at 115-300 m.a.s.l., characterized by complex
acidic soils (pH 4-5), derived from sedimentary rocks (sandy and clay) that have low
total nitrogen and phosphorous content (Siebe et al. 1996; Celedón-Muñiz 2006). Fallow
age and land use history was determined based on interviews with the land owners
and/or relatives. In each selected stand, one plot of 10 x 50 m was laid out. At the first
census, all trees with diameter at breast height (dbh) ≥ 1cm were recorded, tagged and
their diameter at 1.3 m above ground (dbh) was measured. Location of each tree was
determined using a 1x1 m grid system. One (census 2) and two years (census 3) after
plot establishment, dead trees and new recruits were recorded and dbh was measured
in all living trees. More information on study sites and stand characteristics is given by
in the chapters 1, 3 and 4.
We selected species that (1) occurred with > 30 individuals in each of at least three plots
in either the first or second census and (2) occurred with at least 30 surviving
individuals in the next census. Four species complied with these criteria: Cecropia
peltata L., Schizlobium parahyba (Vell.) S. F. Blake., Trema micrantha (L.) Blume, and
Trichospermum mexicanum (DC.) Baill. The four species are light demanding pioneers
that are amongst the most frequent and dominant species in the young secondary
forests of the research region. They differ, however, with respect to longevity and
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7

4

6†

7

Cecropia

Schizolobium

Trema

Trichospermum
388 ± 117

288 ± 170

113 ± 30

206 ± 116

2.53 ± 0.26

2.68 ± 0.26

3.09 ± 0.09

3.04 ± 0.17

mD
(cm)

SD
(500 m-2)

SI

3.72 ± 0.73

3.20 ± 0.69

3.38± 0.29

4.08 ± 0.48

(cm)

Mortality

3-16

34-95

8-57

12-78

Range (%)

Mean RGR
(cm cm-1 y-1)
0.27 ± 0.06
0.16 ± 0.03
0.25 ± 0.12
0.43 ± 0.10

Mortality
Mean (%)
34.7 ± 9.8
24.7 ± 11.3
63.3 ± 11.5
8.1 ± 2.0

RRCmD

0.43 ± 0.10

0.31 ± 0.08†

0.25 ± 0.05

0.41 ± 0.03

(cm cm-1 y-1)

Population dynamics
RRCSI

0.6 ± 0.13

0.3 ± 0.11†

0.4 ± 0.16

0.5 ± 0.09

(cm cm-1 y-1)

† In two populations only 3 and 8 individuals survived (mortality of respectively 82% and 95%) and hence they were not included in
further analyses

Pop.

Species

Population structure (initial census)

TABLE 2 – Population statistics summarized per species. Among-population means ± standard errors are given; in case of mortality also
the range is given. Pop.= number of populations; SD = stem density; mD = mean diameter; SI = size inequality, the difference between the
mean diameters of the 20% smallest and the 20% biggest of all trees alive at the initial census; RRCMD = relative rate of change of mean
diameter; RRCSI = relative rate of change of SI.

stature (Table 1). In total, this
selection procedure resulted
in twentyfour species-plot
combinations
(Table
2),
distributed over nine plots.
Henceforth we will refer to
them as ‘populations’ and we
will refer to these species by
genus
name.
For
each
population we chose the
study
year
with
most
individuals in the initial
census. For two Trichospermum
and one Cecropia populations
this was the second census,
otherwise it was the first
census.

ANALYSIS

Following the approach in
chapter 6, we defined the
neighborhood
of
an
individual tree as the area
encompassing its own 1x1 m
quadrant and the 24 adjacent
1x1 m quadrants. For each
individual
tree,
the
neighborhood basal area was
calculated including only trees
that were taller than the focal
tree, i.e. assuming completely
asymmetric competition. All
species in the neighborhood
were included; i.e., we dealt
with
heterospecific
competitive interactions. In
chapter 6, an important part of
the variation in growth, and to
a lesser extent survival, of a
sample of target trees was
accounted for by this proxy of
neighborhood competition.

For each population, the 20% biggest and 20% smallest trees were selected (henceforth
‘size classes’), and for both size classes the mean diameter (mD, cm); and the average
neighborhood basal area (cm2 m-2) at the first census was calculated. These parameters
were used to calculate the following parameters for each population: the difference
between the means of the diameters of the two size classes (henceforth ‘size inequality’,
cm); and the difference between the average neighborhood basal areas of the two size
classes (henceforth ‘competition asymmetry’, c-1 m-2, see Fig. 1).

FIGURE 1 – Asymmetric competition and competition asymmetry. In all images the black tree
represents the focal tree and the grey trees its neighbors. When competition is totally
asymmetric, larger trees exert an influence on smaller trees, but not the other way around.
(A) When we (i) include only trees larger than the focal tree in our definition of
neighborhood (darker grey trees) and (ii) assume a homogeneous stand structure, then a
small focal tree on average will have more neighbors than a larger focal tree. This difference
would then give an approximate measure of difference in competition pressure experienced
by the two focal trees. We used stem basal area as a measure of size in this study, and
referred to the difference between the average neighborhood basal areas of the 20% largest
and the 20% smallest trees as “competition asymmetry”. (B) When stand structure is
homogeneous, size difference would be a good predictor of competition asymmetry.
However, when the stand consists of patches with e.g. different canopy height, the same
size difference can result in very different competition asymmetry (compare tree 1 vs. 2 and
1 vs. 3). When the trees of a population are not distributed randomly but rather in patches of
similar-sized trees (as trees 1 and 2), there might be no relationship between size inequality
and competition asymmetry.
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B

A

Growth
asymmetry

Survival
asymmetry

20%

20%

20%

20%

Size classes

% basal area

20%

% surviving trees

% trees

% basal area increment

D

C

Size classes

FIGURE 2 – Growth and survival asymmetry. If basal area growth increment would be
randomly distributed among the surviving plants of a population (irrespective of size) then
the sum of the initial basal area of a size class (D, open bars,) and the sum of their basal area
increment (D, shaded bars) would represent approximately equal fractions of their
respective total population values. Similarly the fraction of all surviving plants in a given
size class (C, shaded bars) would be proportional to the fraction of all plants initially in that
size class (C, open bars). In this study we divided the population in equal proportions of
20% of all plants (C) and of the plants that survived the study period (D) and we calculated
the deviations of observed percentages from proportional percentages for the size classes of
the 20% smallest and 20% biggest trees. We used the deviation of the smallest plants minus
the deviation of the largest plants as a measure of survival asymmetry (A) and growth
asymmetry in the population (B). So a negative growth or survival asymmetry signifies that
small plants grew faster or had a higher survival than the larger plants, and positive values
signify the opposite.

Next, for each population, the 20% biggest and 20% smallest trees were selected from
the trees that survived at the end of the study period. Again the average stem diameter
and neighborhood basal area was calculated for both size classes, and used to calculate
size inequality and competition asymmetry. For each tree, we calculated the basal area
growth increment (BAGi) and for both clases we calculated the percentage of absolute
population basal area growth rate of each size class (PAGR) as the sum of the BAGi of
the initial trees in the size class divided by the basal area growth of the whole
population.
If mortality were randomly distributed within the population, independently of tree
size, the percentage of surviving trees in a size-class is expected to be equal to the
percentage of the population initially found in that class. For both the large and small
size classes, the deviations of the observed survival from that expected by random was
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calculated. The difference between the deviations of the two size classes is henceforth
referred as ‘survival asymmetry’ (Fig. 2A, C). Similarly, the growth (PAGR) of a size
class would be expected to be proportional to the percentage of the initial population
basal area in that class. Following the same procedure as for survival, we obtained
‘growth asymmetry’ values (Fig. 2B, D).
To test if the observed PAGR of the two size classes deviated significantly from the
proportional values, we created an empirical sampling distribution for PAGR by
shuffling the observed relative growth rates (BAGi/initial basal area) 10,000 times
across all surviving trees, calculating at each shuffling trial the PAGR for both size
classes. Likewise, we generated an empirical sampling distribution for the rate of
survival by 10,000 times randomly sampling N trees, N being the observed number of
surviving trees, from the total population. The 0.05 and 0.95 percentiles of the
generated empirical sampling distributions were used as the respectively lower and
upper confidence limits for the estimated parameters (Quinn & Keough 2002).

RESULTS
POPULATION STRUCTURE AND DYNAMICS

2

-2

Competition asymmetry (cm cm )

Initial population structure (stem density, mean diameter, size inequality) differed
considerably across and within
25
species (Table 2). Size inequality,
based on all trees alive at the initial
20
census, ranged from 1.6 to 7.3 cm for
15
Trichospermum, from 1.4 to 5.7 cm for
Trema, 2.5-5.8 cm for Cecropia and
10
from 2.9 to 4.1 cm for Schizolobium
(Fig. 3). Variation in size inequality
5
was mostly due to variation in mean
diameter of the larger trees: the mean
0
0
2
4
6
8
diameter of the 20% smallest trees
Size inequality (cm)
(DS) and of the 20% largest trees (DL)
varied between 1.0 and 2.2 cm and 2.5
FIGURE 3. The relationship between size
cm and 8.5 cm respectively, and a rise
inequality (cm) and competition asymmetry
in DS was accompanied with a faster
(cm2 m-2). Each symbol represents one
rise in DL (DL =0.75+3.13* DS; R2 =
population.
Circle:
Cecropia;
square:
0.34; P = 0.003). The latter entailed a
Schizolobium; filled triangle and regression
strong correlation between size
line: Trichospermum; open triangle: Trema.
The relationship is only significant for
inequality
and
mean
diameter
Trichospermum (y = 11.45Ln(x) – 2.97, R2 =
(Cecropia: r = 0.93, P = 0.003;
F = 21.1, P = 0.006).
0.81,
Schizolobium: r = 0.85, P = 0.15; Trema:
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Deviation of oberved from proportional performance (%)

40
30

A

B

C

D

20
10
0
-10
-20
40
30
20
10
0
-10
-20

FIGURE 4. Deviation of observed basal area growth from expected random values in classes
of the 20% smallest (white bars) and 20% biggest trees (grey bars). When the bars are below
the 0-line, basal area growth (upper row) and survival rate (lower row) are lower than
randomly expected, while values above the 0-line indicate a more than proportional growth
or survival. See Figure 2 for further explanation. Each combination of a white and a grey bar
represents one population. A) Cecropia peltata; B) Schizolobium parahyba; C) Trema micrantha;
D) Trichospermum mexicanum. An asterisk indicates a significant deviation at p < 0.05.

r = 0.98, P = 0.001; Trichospermum: r = 0.97, P = 0.000). Stem density was not related to
any of the other two parameters of population structure.
The species population dynamics (mortality, RRCmD and RRCSI) was generally fast, but
varied considerably between the populations of same species. In all cases both mean
diameter and size inequality increased during the studied period (Table 2). Most
conspicuous inter-specific differences were the relatively high mortality rates of Trema,
and the relatively high rates of change of mean diameter and size inequality, slow
mortality rates, and narrow between-plot variation in mortality rates of Trichospermum.
The population means of the relative rates of change were not correlated with mortality
rates for any of the species.
DISTRIBUTION OF GROWTH AND MORTALITY AMONG SIZE CLASSES
Distribution of population basal area growth among size classes varied greatly between
populations. Basal area growth was significantly higher than that expected by random
in larger trees, and significantly lower in smaller trees in 16 and 11 of the 22 studied
populations, respectively; in the other populations, results were opposite to predictions
(Fig. 4). Relative growth rate of individual trees varied considerably and this resulted in
large confidence intervals for expected values; because of that, not all differences were
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45
Growth asymmetry (%)

significantly different from zero.
For bigger trees, differences were
significant and according to
predicted in four populations,
significant and opposite to
predicted in two populations,
and not significant in six
populations. For smaller trees
these figures were eight, five and
nine, respectively (Fig. 4).

A

30
15
0
-15
-30

RELATING

GROWTH AND SURVIVAL

ASYMMETRY

TO

COMPETITION

ASYMMETRY

The supposition that increasing
size inequality would results in
increasing
competition
asymmetry
only
held
for
Trichospermum. In the three other
species between-stand variation
in competition asymmetry was
not significantly related to
between-stand variation in size
inequality. Results were the same
whether all trees (not shown) or
only surviving trees (Fig. 3) were
included in the calculation of size
inequality
and
competition

-45
50

B

40
Survival asymmetry (%)

Distribution of survival among
size classes showed a more
consistent
pattern
among
populations. A higher than
proportional percentage (i.e. ≥
20%) of surviving trees belonged
to the 20% biggest trees, while
the reverse was true for the 20%
smallest trees. Deviations from
proportional survival varied
widely between populations, but
were significantly different from
zero in all but few cases (Fig. 4).

30
20
10
0
0

5

10

15
2

20
-2

Competition asymmetry (cm m )

FIGURE 5. Growth asymmetry (A) and survival
asymmetry (B) as function of the competition
asymmetry (difference between the average
neighborhood basal areas of larger and smaller
tree classes). See Figure 1 for explanation of the
variables growth asymmetry and survival
asymmetry. Each symbol represents one
population. Species are indicated by (symbol /
line): circle / dash: Cecropia; square: Schizolobium;
filled triangle / solid: Trichospermum; open
triangle / dash-dot: Trema. Only regressions
significant at P < 0.05 are plotted. Regression
statistics are given in table 3.
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asymmetry. These results indicate both among-and within-stand variation with regard
to the vertical stand structure (Fig. 1). In line with these results, growth asymmetry was
related to size inequality only in case of Trichospermum (R2 = 0.86, P = 0.003; y = 27.6x –
30.3). Survival asymmetry was not significantly related to size inequality in any of the
species (data not shown).
Growth asymmetry was significantly and positively related to competition asymmetry
in three of the four species. The fourth species, Schizolobium, showed a similar but nonsignificant trend (Fig. 5a, Table 3), most probably due to a low number of samples
(plots) and a limited range of variation in competition asymmetry. The slopes increased
in the order Trichospermum - Cecropia – Trema, with significant inter-specific differences
(Trichospermum – Cecropia: F = 7.39, P = 0.022; Cecropia – Trema: F = 6.21, P = 0.041;
Trichospermum – Trema: F = 16.6, P = 0.005). Regression lines cross the y = 0 line, where
the proportion of total population basal area increment is equal in both size classes.
Competition asymmetry thus has to reach a minimum threshold value before the
competitive advantage of bigger trees compensates for a higher potential relative
growth rate of smaller trees. This value varied between 4.6 cm2 cm-2 (Trema) and 9.4 cm2
cm-2, (Trichospermum). The variation in threshold values and slopes indicate a
differentiation within the group of early pioneers with respect to the sensitivity of their
growth response to neighborhood competition.
Survival probability in these populations was consistently size related (Fig. 4), but the
evidence for a dominant role of size asymmetric competition was more ambiguous.
Survival asymmetry was relatively low in all Trichospermum populations, i.e. mortality
rates differed little between the smallest and largest individuals. The regression
coefficient (slope) of the positive relationship between survival asymmetry and
competition asymmetry was small but significant. (Fig. 5b, Table 3). This means that
survival asymmetry of Trichospermum augmented only slightly with increasing
competition asymmetry. The other species showed much stronger variation in survival

TABLE 3. Regression statistics of least square linear regressions between competition
asymmetry (independent variable) and growth and survival asymmetry (dependent
variables). See Fig. 1 and text for an explanation of the variables. The regression
coefficients a (slope) and b (intercept) are given only in case of significant results.
Survival asymmetry

Growth asymmetry

Species

R2

P

a

b

R2

P

a

b

Cecropia

0.58

0.047

1.56

-12.79

0.79

0.007

4.41

-26.71

Schizolobium

0.65

0.196

-

-

0.29

0.466

-

-

Trema

0.20

0.553

-

-

0.91

0.048

9.53

-43.79

Trichospermum

0.10

0.482

-

-

0.87

0.002

2.18

-20.63
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asymmetry. The data suggest that the slopes of the relationships between survival and
competition asymmetry of these species were considerably higher, but none of the
regression coefficients was significant.

DISCUSSION
We found evidence that indicates that asymmetric competition plays an important role
at early stages of tropical secondary forest succession, affecting the population
dynamics of pioneer tree species. Population dynamics of a species can differ
considerably from one site to another. The between-plot variation in competition
asymmetry explained a significant part of the between-plot variation in growth
asymmetry. Survival was size-related, with lowest survival rates among the smallest
plants, as predicted. However, survival asymmetry was significantly related to
competition asymmetry in just one species. The observed inter-specific variation in the
demographic effects of asymmetric competition show that susceptibility to competition
for, presumably, light, might vary considerably between early successional pioneer
species.
ASYMMETRIC COMPETITION AND COMPETITION ASYMMETRY
The concept of competitive asymmetry implies that larger plants obtain a
disproportional competitive advantage over small plants (Weiner 1990; Keddy 2001).
In an extreme case the (even slightly) larger plant would get all resources (resource preemption) while in the opposite site resource acquisition is proportional to plant size.
Indeed, the effects of competition interactions have been found to vary between these
extremes (Peterson & Squiers 1995; Berntson & Wayne 2000; Kochy & Wilson 2000).
The degree of asymmetry depends, to a great extent, on the resources that are
considered. During secondary forest succession in the humid tropics light is thought to
be the main limiting resource for plant growth and survival (Chave 1999; Hooper et al.
2002; Poorter & Arets 2003). As larger plants shade smaller plants, competition for light
is largely asymmetric (Schwinning & Weiner 1998). Assuming that competition for
light is one of the main mechanisms steering forest succession, the signature of
asymmetric competition should be apparent in the species population dynamics,
explicitly in their size-specific demographic rates. To examine this we considered the
influence of neighbors larger than the focal tree on growth and survival and ignored
the competitive influence of smaller plants (Fig. 1A), thus assuming competition was
completely asymmetric. In other studies stand structure and crown architecture of
competing plants have been shown to influence the degree of asymmetry in light
competition (Kikuzawa & Umeki 1996; Doležal et al. 2004; Canham et al. 2006). In our
case, however, this did not play an important role, as we found (chapter 6) that trees
smaller than the focal tree did not have a significant additional effect in predicting
growth and survival of individual Trichospermum and Cecropia saplings, when
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compared to the effects of plants larger than the focal plant. This indicates that
competition between plants is strongly asymmetric in our early successional system.
If competition is asymmetric, the smallest plants on average would experience stronger
neighborhood competition than the largest plants in a population. This hypothesis
implies that: (i) smaller plants have a higher number of larger neighbors (as in Fig. 1A);
and (ii) this affects the distribution of growth and survival over size classes in favor of
the larger trees. Competition asymmetry and growth and survival asymmetry thus
should be related. The alternative hypothesis is that competition in our early secondary
forests is symmetric rather than asymmetric, which implies that size-related variation
in plant performance is independent of size related differences in asymmetric
neighborhood density. In our early secondary forests, competition asymmetry varied
considerably between populations of the same species; and increasing competition
asymmetry caused increasing growth and survival asymmetry, although the results are
equivocal with respect to survival asymmetry. Our data thus supports in general the
hypothesis that population level dynamics in these early secondary forests can be
linked to asymmetric competition.
PLANT SIZE, COMPETITION, GROWTH AND SURVIVAL
Models of tropical forest succession often assume that growth and mortality during
early forest development are regulated by competition for light (Kohler & Huth 1998;
Chave 1999; Kohyama et al. 2001). However, it has been hardly possible to test this
assumption directly as studies about tree population and dynamics in such secondary
forests are rare (Chapters 4, 5). Here, we approached this issue by using dynamic data
gathered from several permanent plots in young secondary forest stands. Across these
stands, different populations of the same species diverged in size structure and
dynamics. This enabled us to examine how size-specific growth and survival varied
related to asymmetric neighborhood competition. However, another mechanism links
growth to plant size as well. RGR is physiologically and morphologically determined to
decrease with tree size, as the support mass fraction increases and subsequently the leaf
mass fraction decreases during plant development (Veneklaas & Poorter 1998).
Therefore, other factors being equal (e.g. neighborhood competition), size differences
should result in negative growth asymmetry (indicating that relative growth rate of the
smaller plants is higher than the RGR of the larger ones). This is exactly what we found.
When asymmetric neighborhood competition was relatively similar for both size
classes (low competition asymmetry), the smaller plants in a population grew faster
than the larger plants (negative growth asymmetry; Fig. 5). The larger plants grew
faster (positive growth asymmetry) when differences in neighborhood competition
were relatively big.
Smaller trees typically suffer greater mortality rates (Piñero et al. 1984; Alvarez Buylla
& Martinez Ramos 1992; Condit et al. 1995; Zuidema & Boot 2002). Indeed survival of
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the smaller plants was disproportionately low in all our populations. Theory and field
data on how mortality rate relates to size are equivocal though. The main reason is that
it is difficult to determine empirically whether higher mortality among the smaller
plants results from greater asymmetric competition or from other size-related plant
effects (Uriarte et al. 2004a). As they grow, trees develop structural support and acquire
reserves and consequently physiological buffering capacity to withstand environmental
stress (Lieberman et al. 1985; Clark & Clark 1992; Condit et al. 1995; Blundell & Peart
2001). Moreover the size of the root system is generally positively related to plant size
(Niklas & Enquist 2002; Schenk & Jackson 2002). In a study on tree architecture in our
secondary forest stands, dry weight, and maximum depth and width of the root system
was positively related to total plant dry weight in saplings (18 to 1400 g dry weight) of
three of the four studied species (Trema was not included, M. van Breugel unpublished
data). As a larger root system allows plants to explore larger soil volumes for soil
resources, larger plants probably are less affected by water stress during the dry season
and better able to profit from nutrient rich patches (Casper & Jackson 1997; Poorter &
Hayashida-Oliver 2000; Casper et al. 2003; Hutchings et al. 2003).
The consistent patterns of disproportional high mortality among the smaller plants in
our forests can thus have been caused by alternative size-related processes. Moreover,
any factor that affects the plant negatively may be strengthened by another. The
significant relationship between survival asymmetry and competition asymmetry that
we observed for Trichospermum (Fig. 5B) indicate that asymmetric competition
influences survival in this species. The small slope of the regression line indicates that
the species response is not very strong. This is consistent with the very low mortality
figures of this species (Table 1). The slopes of the other species are much steeper but
non-significant. These results suggest that these species respond much stronger to
competition but also to other factors that affect their survival probabilities.

ABOVE GROUND VS BELOW GROUND COMPETITION
The few community dynamic studies in tropical secondary forests (younger than 5
years) demonstrated that vegetation development can be very fast during the early
successional phases, with rapid increasing basal area, canopy height, biomass and/or
leaf area index (Chapter 4-5; Swaine & Hall 1983; Uhl 1987). Chronosequence studies
(e.g. Saldarriaga et al. 1988; Uhl et al. 1988; Tucker et al. 1998; Hughes et al. 1999;
Steininger 2000) and permanent plot studies (Chapter 4-5; Chazdon et al. 2005) suggest
that these trends continue later in succession, although at decreasing rate.
Plants compete for above ground (light) and below ground (nutrients, water) resources
(Grime 2002). Along both spatial and temporal (succession) gradients, below ground
root competition is expected to be greater in sites with low availability of soil water
and/or nutrients (e.g., sites with low above ground plant mass and relatively open
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canopies), and above ground shoot competition in sites where light resources are
limited (e.g., places with high above ground plant mass (Keddy 2001). Based upon this
premise and observations of rapid vegetation development during secondary forest
succession, it has been argued that above ground competition for light becomes
predominant very soon after disturbance (Holl 1998; Wilson 1999). Yet there seem to be
few studies that tested this presupposition directly (Bazzaz 1996). A dense canopy is
not necessarily an indication that competition is dominated by above-ground
interactions, as they can coincide with strong belowground root competition (Coomes
& Grubb 2000). The rate of vegetation development has been shown to vary with soil
type and duration and intensity of the former land-use (e.g. Buschbacher et al. 1988; Uhl
et al. 1988; Hughes et al. 1999), suggesting that soil resources may constitute a limiting
factor during succession on poor soils.
It is rather hard to come to generalizations about the relative importance of above
ground as opposed to belowground competition in forest environments with the
scarcity of studies approaching this issue. Putz (1992) conducted one such study and
reviewed other 16 studies that compared experimentally above and below ground
effects of competition exerted by dominant trees on tree regeneration. He found that in
about half of the studies (10/17) belowground competition was stronger. Comparisons
of experimental studies in tropical rain forests suggest that both above and below
ground competition limits plant performance on oligotrophic soils (e.g.Burslem et al.
1996; Coomes & Grubb 1998; Lewis & Tanner 2000; Barberis & Tanner 2005; Schnitzer et
al. 2005). The relative importance of above and below ground competition for tree
fitness will depend to a large extent on the species (target species as well as neighbours)
and site conditions, in particular on the resource (light, nutrients or water) that is most
limiting (Wilson 1988; Putz & Canham 1992; Coomes & Grubb 1998, 2000; Grime 2002).
The studies mentioned above correspond to old growth forest systems, and dealt
mostly with adult-juvenile (seedlings, small saplings) competition. Our study, on the
other hand, dealt with competition between saplings and young adult trees in early
secondary forest, a scenario with both low community plant mass and much lower size
inequality of competing individuals. Belcher et al. (1995) argued that the relative
importance between below and above ground competition will change along a gradient
of increasing plant mass (and decreasing stress). Wilson (1999) proposed that root
competition becomes predominant on poor soils, whereas shoot competition becomes
predominant on rich soils. The balance between below and above ground competition
depends on which part of such a gradient is covered by the study system (Belcher et al.
1995; Keddy 2001).
Our research region is characterized by a dry period of about 3 months with less than
100 mm month–1 rainfall and sand and clay poor soils (Celedón-Muñiz 2006), and as a
consequence competition for below ground resources may well have had a limiting
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effect on plant growth. Yet basal area was very high in all sites (6.7-24.7 m2 ha-1) which
suggest strong above-ground competition. Stand dynamics were characterized by very
high growth and mortality rates (Chapter 4). Most trees appear to experience strongly
reduced growth rates (Chapter 8, Fig 1). The present study suggests a predominant role
for above ground competition for light. Competition for water and nutrients is
presumed to be size symmetric, while competition for light is size asymmetric
(Berntson & Wayne 2000; Coomes & Grubb 2000). As we argued above, the size-related
patterns of growth and survival along the gradient of competition asymmetry in our
studied populations provide evidence for a predominant role of asymmetric
competition.
ASYMMETRIC COMPETITION AND POPULATION STRUCTURE AND DYNAMICS
The present study relates demographic differences between populations to differences
in population size structure through the process of asymmetric competition. In
consequence, the population size structure at a starting time is expected to steer further
population development. A large size inequality in a population results in higher
asymmetric competition, hence the larger trees may seize a disproportional share of the
available resources. As a result, larger trees improve their competitive position,
amplifying the size-related differences in growth and mortality rates among interacting
trees (Huston 1994; Schwinning & Weiner 1998). Growth asymmetry enlarges size
inequality, while a positive survival asymmetry has the opposite effect. Size inequality
increased in all populations (Table 2) indicating that the effect of growth asymmetry
prevailed in these young populations.
The present size structure of a population also reflects past population dynamics. In
early phases of secondary succession, plants are predicted to compete sizesymmetrically since most trees are similarly small and occupy similar positions in a low
canopy (Schwinning & Weiner 1998). However, size differences will develop rapidly
due to factors such as within-location variability in arrival and emergence time
(Connolly & Wayne 1996), spatial soil resource variability (Hartgerink & Bazzaz 1984),
and variation in spatial levels of competition intensity due to non-uniform spatial
distribution of trees (Huston 1986; Miller & Weiner 1989).
Such patterns are demonstrated for even-aged stands of one single species, and are
likely to be much stronger for populations in the context of uneven-aged mixed-species
stands of naturally regenerating secondary forests. Species may differ with respect to
their impact on other species, for example because of differences with regard to light
interception by tree canopies (Canham et al. 1994), and as well in their response to
competing neighbors. Spatial variation in canopy composition thus could add to
within-population variability in growth and survival (Uriarte et al. 2004a; Canham et al.
2006). However it has also been suggested that competitive effects are more or less
equivalent for species rich tree communities, i.e. species identity is not important
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(Hubbell 2005; Hubbell 2006). As large populations are needed to be able to test
equivalence of neighboring species we could not analyze this and we treated all
neighboring species as identical.
Pioneers have been considered as the only clearly defined group of tropical wet-forest
trees sharing a common life history (Swaine & Whitmore 1988; Clark & Clark 1992).
Recent studies have demonstrated that life history traits of pioneer species vary
considerably (Pearson et al. 2003a; Dalling et al. 2004) challenging the general treatment
of early pioneers as a well defined and uniform ecological group. Survival asymmetries
of three out of four studied species were not significantly related to competition
asymmetry; hence it is difficult to relate the large interspecific differences in average
mortality rates to differences in tolerance to asymmetric competition. The very low
overall mortality rate of Trichospermum (Table 2) however does suggest that this species
is relatively tolerant to the levels of asymmetric competition predominant in our young
secondary forest stands. This interpretation is consistent with the small regression
coefficient (slope) of the growth-competition asymmetry relationships found for this
species. The differences in these regression coefficients do indicate interspecific
differences in the growth response to levels of (asymmetric) competition. Thus, the
present study show that pioneer species differ considerably in their population
dynamics and in the extent to which neighborhood competition affects such dynamics.
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Chapter

8

GENERAL SUMMARY AND DISCUSSION

INTRODUCTION
The objective of this thesis was to study the dynamics – the direction and rate of change
of community structure and composition – of secondary forests and some of the
processes that direct this dynamics (Chapter 1, p. 19). A long tradition of secondary
forest research has given us much insight in the general patterns of succession and in
conditions and constraints that affect the course of succession. In chapters 1 and 5 these
patterns and factors are already discussed to some length. A hierarchical framework to
organize (i) general causes, (ii) aggregated processes and (iii) specific interactions,
constraints and conditions that govern the dynamics of succession was proposed by
Picket and co-workers (1987). In order for succession to occur, first disturbance has to
create a new site for establishment (site availability), then species have to colonize the
site or have survived on-site (species availability) and further on succession will be
directed by the differential performance of these species (Fig. 4, chapter 1). At the base
of most models and hypotheses on vegetation succession are (i) the differences in
functional traits and life histories of species and (ii) how these differences affect the
outcome of competition for resources along a successional gradient, i.e. differential
species performance. The main limiting resource during forest succession is generally
thought to be light and competition for light is thought to fashion a sequential
replacement of increasingly shade tolerant species with time (e.g. Huston & Smith
1987).
Assuming a predominant role of competition for light during secondary forest
development is possible to put forward some predictions regarding stand structure
development as well. With accumulating biomass in the course of succession,
competition for light is predicted to intensify (Keddy 2001). Competition for light is
inherently asymmetric, that means that larger trees shade smaller trees, and not the
other way around. Bigger trees would thus have an advantage and grow
disproportionably fast compared with smaller individuals, while the smallest
individuals would suffer highest mortality rates. During the successional development
of a secondary forest stand, a growing basal area and average tree size is thus expected
to be accompanied by a declining stem density and increasing size-inequality.
Long-term chronosequences in a wide variety of tropical forest types confirm expected
patterns of compositional and structural change, e.g. in humid lowland forests (e.g.
Saldarriaga et al. 1988), upper montane forest (e.g. Kappelle et al. 1995; Kappelle et al.
1996) or dry tropical forests (Kennard 2002; Lebrija-Trejos et al. submitted). Successional
dynamics, however, are inferred rather than directly monitored in such studies; and
this goes all the way to the level of underlying processes such as competition. Longterm permanent-plot studies in the temperate zone demonstrated that actual
developments may diverge considerably form patterns predicted from
chronosequences (e.g. Hibbs 1983; Pickett et al. 2001). From the few published time
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studies on tropical forest succession a similar picture emerges. During the first five
years of succession in plots in Ghana (Swaine & Hall 1983) and in the Venezuelan
Amazon (Uhl 1987), high stand dynamics resulted from complex patterns of species
and stem turnover. In a long-term chronosequence originally set up by Eggeling (1947),
stand dynamics were monitored from the 1930-40s to the early 1990s; Sheil et al. (2000)
found that changes over this period were less consistent than predicted from the
original chronosequence. In a sixty-year old secondary forest in Panama, intra- and
interspecific growth and mortality rates were highly variable, and presumably related
to differing resource conditions and life-history traits (Milton et al. 1994). In four
secondary forests in Costa Rica with initial age ranging from 12-25 years, mortality and
recruitment rates varied between sites, size-classes, and census years (Chazdon et al.
2005).
These observations support the notion that the complexity of interrelated factors and
ecological processes that influence the course of succession, on any particular place and
at any particular moment along the successional time-axis, as well as the probabilistic
nature of many of them, can not be captured by evaluating their net effects only. For a
better understanding of the variation in rates and directions of secondary forest
succession, detailed studies are needed that monitor vegetation dynamics over time.
The present study focuses on community dynamics in the first years of secondary
forest succession on abandoned agricultural fields, and on the role of competition on
the level of individuals, populations and communities. Its main aims are: 1) To evaluate
the dynamics of young secondary forests on abandoned agricultural fields in terms of
community changes and to asses how these dynamics change with time since
abandonment; 2) To evaluate the dynamics of young secondary forests in terms of
growth, mortality and recruitment, and how community changes are related to these
processes; and 3) To examine the degree to which competition for light can account for
variation in growth and mortality of saplings within a population and for variation in
population dynamics across distinct sites.
The following summary goes from local interactions (neighborhood competition),
between-site variation in population dynamics of the same species, to community
dynamics. The paragraphs describe how variability in growth and survival of saplings
in a young secondary forest environment is related to small-scale heterogeneity in
neighborhood crowding and especially to variation in the basal area of the larger
neighbors. They further evaluate how population dynamics of a species can differ from
one secondary forest patch to another, and how this can be related to the concept of
asymmetric competition. Then rates of change of stand structure of young secondary
forests are assessed in terms of growth, mortality and recruitment and related to initial
stand structure. Finally patterns and short-term dynamics of species richness and
dominance are evaluated.
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COMPETITION AFFECTS GROWTH AND SURVIVAL OF INDIVIDUAL TREES

Average proportion of stems

Competition is a mechanism that operates on the level of individual trees. A tree
competes with its neighbors for resources, not with the whole community (e.g. Peterson
& Squiers 1995; Uriarte et al. 2005b). Growth of trees within populations varied
considerably (Chapter 5 and 6), and was strongly suppressed in most of them (Fig. 1).
Potential maximum growth rates of Cecropia peltata and Trichospermum mexicanum
(henceforth referred to by their genus name) were estimated from three years growth
increment data from 11 permanent
plots (Appendix A). The two
0.8
species are the most frequent and
abundant species in the secondary
0.6
forests of the study region
(Chapter 2). Across populations in
various young secondary forests
0.4
plots, an average of over 60% of
trees obtained less than 10% of its
0.2
potential growth, while less than
3% obtained 25% or more of its
potential growth (Fig. 1). This
0.0
thesis addresses the hypothesis
100
90
80
70
50
25
that competition for light can
% reduction in growth (upper limit)
account for (an important part of)
FIGURE 1. The among-population means (n = 7) of
such patterns of growth reduction
the fractions of stems within each growth reduction
and variation in growth.
class. Growth reduction is computed for each tree
as percentage of its potential growth, and potential
growth was approximated by fitting a non-linear
quantile regression through the upper 0.99-quantiles
of diameter increment data of Cecropia (black bars)
and Trichospermum (white bars). Whiskers give
standard error. See Appendix A for approximated
growth functions.

Both below-ground competition
for water and nutrients and aboveground competition for light can
affect growth and survival of trees.
While competition for light is
largely asymmetric, competition
for soil resources appears to be
size-symmetric, i.e. plants take a share of the contested resources proportional to their
size (Schwinning & Weiner 1998; Casper et al. 2003). So when competition is important,
variation in growth and survival will be related to some measure of competition
intensity, e.g. the basal area of its neighbors. If light is more limiting than soil resources,
growth and survival will thus be largely affected by the taller neighbors. If not, the
influence of smaller neighbors will be proportional to their size.
Within a population, variation in radial stem growth and vertical stem extension of
similar sized Cecropia and Trichospermum trees strongly decreased with increasing basal
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area of larger neighbors. Competition also affected allocation patterns. In the first year
of succession, the height-diameter ratio (slenderness) of Cecropia and Trichospermum
was strongly and positively related to basal area of taller neighbors. This is typically
found for pioneer species in crowded conditions (Kohyama & Hotta 1990; Hara et al.
1991; King 1994; Sterck 1999; Poorter 2001; Dekker et al. 2007). Results indicate that as
succession proceeds and competition becomes more intensive, the rate of change in
slenderness decreases, i.e. height and diameter become both equally suppressed. These
results fit to the general order of priorities with which trees allocate limited
carbohydrates to different functions. When suppressed, a tree will first cut back on
allocation to branching and diameter growth, then on height growth, and finally on
renewal of foliage and fine roots (Sterck 2005; Turnbull 2005). Height growth will have
priority over diameter growth, because it allows plants to acquire better light
conditions (King 1990).
Mortality among individuals of Trichospermum was close to zero, and mainly confined
to the smallest trees. Mortality of Cecropia, on the other hand, was very high and
strongly related to size. Variation in neighborhood competition accounted only for a
small proportion of the variation in survival (Chapter 6 and 7). Strong competition will
not result directly in the death of a tree. Such an event will be preceded by a period of
reduced growth and shedding of leaves, before the tree will fail to pay for respiration
costs (Sterck 2005; Turnbull 2005). Other mechanisms affect survival as well, for
example water stress during periods of drought (Poorter & Hayashida-Oliver 2000) or
herbivore and pathogen attacks (Brown & Ewel 1987). These factors may interact with –
or operate independently of neighborhood crowding (Howlett & Davidson 2001;
Pearson et al. 2003a). Growth thus represents a more direct response to competition
than mortality and, consequently, is easier to relate to neighborhood competition
(Poorter 1998).
A significant relationship between basal area of smaller neighbors and diameter growth
(Cecropia) and slenderness (both species) suggest a role for belowground competition.
However, smaller neighbors had a negative effect on slenderness, opposite to the effect
of the taller neighbors and to what would be expected from competition. Across all
target trees, over 87% of smaller neighbors belonged to 6 pioneer taxa. A negative
relationship between slenderness and basal area of smaller neighbors might, thus, also
reflect a co-varying response to elevated light availability. Following this line of
reasoning, the negative effect of smaller neighbors on diameter growth of Cecropia
could be explained as the result of competition for light between overlapping crowns.
Crown depth of Cecropia is strongly related to light availability and neighborhood
crowding was on average much higher below Cecropia than below Trichospermum
(Chapter 6).
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A large part of the variation in growth and survival of early pioneer species, such as
Cecropia and Trichospermum, can thus be related to small-scale spatial patterns in
intensity of neighborhood competition. Results suggest that competition for light may,
indeed, be an important mechanism directing population dynamics of such species in
the first years of secondary forest succession. Population dynamics of a species may
differ considerably between different secondary forest patches. The next question is if
asymmetric competition – that operates on individual plant level – can account for this
variation.

ASYMMETRIC COMPETITION AND VARIATION IN POPULATION DYNAMICS
Population structure and dynamics of a species can differ very much across secondary
forests (Chapter 7, Table 2). Within study sites, growth was size related, but in different
and contrasting ways: the smaller individuals of a population grew on average faster or
slower than the larger individuals, had a higher or lower survival, or there were no
significant difference. Survival rates of the smallest individuals, on the other hand,
were consistently lower across all populations (Chapter 7, Fig. 4). This is generally
found in studies on the demography of tree species (e.g. Piñero et al. 1984; Alvarez
Buylla & Martinez Ramos 1992; Condit et al. 1995; Zuidema & Boot 2002). The smaller
individuals of a population are expected to have a higher number of taller neighbors
than the larger individuals of that population, i.e. they are expected to experience
stronger asymmetric competition. Results of chapter 6 indicate that asymmetric
competition for light is one of the main mechanisms regulating tree growth and
mortality of the dominant pioneer species. Consequently growth and survival rates of
the smaller individuals are expected to be, on average, lower than the population mean,
while for the largest individuals the opposite is expected. How does that relate to the
diverging patterns of the different populations that were observed?
To answer this question, measures of growth asymmetry and survival asymmetry were
related to competition asymmetry. The three variables approximate how much the
smaller trees in a population differ from the larger trees with regard to, respectively,
their average growth, their survival probability and the degree of asymmetric
competition they experience (Chapter 7). Survival asymmetry was related to
competition asymmetry only in Trichospermum. Many factors and processes that affect
survival may be size-dependent, and it is difficult to disentangle them from the effects
of asymmetric competition for light. More structural support and reserves may allow
larger plants to better endure environmental stress (Lieberman et al. 1985; Clark &
Clark 1992; Condit et al. 1995; Blundell & Peart 2001). A larger root system may give
plants better access to deeper soil water resources during dry periods (Caspersen &
Kobe 2001; Casper et al. 2003; Hutchings et al. 2003). Soil water and nutrient availability
and herbivore or pathogen outbreaks may be a very local phenomena and account for
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FIGURE 2. Estimated relative growth rate curves,
computed from equations 1 and 2, Appendix I

Growth asymmetry of three out of
four
early
pioneer
species
increased linearly with increasing competition asymmetry, from negative values
(smaller trees grow faster than larger trees) to positive values (larger trees grow faster
than smaller trees). These results suggest that the diversity in size-related growth
variability among different populations reflects a successional pathway that is related
to tree size and asymmetric competition. The potential relative growth rate of a plant
will decrease because the mass fraction of productive tissues (leaves, fine roots) will
decrease as the plant accumulates more support mass during growth (Vanclay 1994;
Veneklaas & Poorter 1998). Potential relative growth rate for Cecropia or Trichospermum
was estimated to decrease from respectively 1.5-2.6 cm cm-1 y-1 at 1 cm DBH, to only
0.4-0.5 cm cm-1 y-1 at 10 cm DBH (Fig. 2). Competition asymmetry can be low because of
low population size inequality or because the distribution of smaller trees is biased
towards more open places. Either way, it results in negative growth asymmetry. When
competition asymmetry increases, growth of the smaller individuals becomes more
strongly suppressed than growth of the larger individuals. Consequently growth
asymmetry will become increasingly positive as the competitive advantage related to
larger size compensates for an inherently lower RGR.

STRUCTURE AND DYNAMICS ON THE SCALE OF INDIVIDUAL TREES
The canopy position of a tree depends on its neighbors as much as on its own size.
Stand structure of young secondary forests may differ very much, even when
successional age is similar (Chapters 2, 4, 5). For example, basal area varied between 3
and 21 m2 ha-1; stem density between 370 and 1570 stems/500 m2; and average canopy
height between 3.2 and 4.5 m among five plots of two years old. Ultimately, withinand between-site variation in growth and mortality rates relate to within-site variation
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FIGURE 3. Spatial-temporal variability in
neighborhood basal area. For fifty randomly
selected 1x1 m quadrants, the sum of the basal
area of all trees that were rooted in the same
quadrant or one of the 24 adjacent quadrants was
computed. White box plots: All trees with height ≥
1.5 m included. Grey box plots: All trees with
height ≥ 4.5 m (second and third plot) or ≥ 6.0 m
(other plots) included. A) Initial census. B) A
census two year later. Approach was similar as in
chapter 5.

in stand structure, and to the
degree to which stands differ in
that respect, rather than to
average plot values. Young
secondary forests are often
described as having an uniform
canopy (e.g. Oldeman 1990;
Richards
et
al.
1996).
Nonetheless, on the small
spatial
scale
on
which
competitive
interactions
operate, these forests can be
very
heterogeneous.
Neighborhood basal area of
individual trees, even when of
similar height, was found to be
very variable (Chapter 6).
Figure 3 gives an impression of
the
degree
of
spatial
heterogeneity in eight study
sites in the vertical (white vs.
grey box-plots) as well as
horizontal plane (variation
indicated by a box-plot).

Both average and variation in
neighborhood
basal
area
increased
in
most
plots
(compare Fig, 3A and B),
indicating that competition
pressure not only varied
strongly over short distances
but over time as well (see also
chapter 4). A tree is growing in
a
dynamic
context,
and
whether growth results in an improvement of its canopy position depends on how fast
it grows relative to its neighbours. When competition is asymmetric, the growth
increment of a tree will stay behind the growth of its larger neighbors. Moreover, this
effect will be stronger according as the initial difference is larger, i.e. as the
neighborhood basal area of taller neighbors is bigger. This patterns was found among
the target trees of Chapter 4 (see Fig. 4A), providing additional evidence that
competition was asymmetric.
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AND THE IDENTITY OF NEIGHBORS?
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When competition is mainly for light,
interspecific differences in crown light
transmittance represent the most relevant
aspect of neighborhood identity. In
temperate and tropical secondary forests
long-lived pioneers are found to caste a
deeper shade below their crowns than
short-lived pioneers, mainly due to a
higher unit leaf area per unit
aboveground mass and LAI (Canham et
al. 1994; Kitajima et al. 2005). Selaya et al.
(2007), on the other hand, found that
differences between these two groups
with regard to biomass allocation and
crown structure resulted in the similar a
light capture per unit mass. Differences
among early secondary species, such as
dominated our stands (Chapters 2-4),
appear to be relatively small (Canham et
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In this study, we used a simple
competition model assuming that all
competitors had equivalent effects on the
target trees, regardless of their identity.
An ongoing debate in ecological research
is questioning this assumption of species
equivalence (Hubbell 2005; Uriarte et al.
2005b).
Recently several studies in
temperate forests (e.g. Peterson & Squiers
1995; Canham et al. 2004; Doležal et al.
2004; Canham et al. 2006) and in tropical
forests (Hubbell et al. 1990; Peters 2003;
Uriarte et al. 2004a; Uriarte et al. 2004b)
demonstrated that species may have a
different effect upon growth of target
trees, although about half of the target
species did not respond to the identity of
neighbors in some of these studies
(Hubbell et al. 1990; Peters 2003; Uriarte et
al. 2004b).
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FIGURE 4. Change of neighborhood basal
area over 1 year. In each census, only
neighbors that were taller than the target
trees were included. Target trees were
Trichospermum
mexicanum
saplings,
height 3.5 m - 4.5 m). A) All species.
Correlation coefficient (r) = 0.81. The
slope of the regression line deviates
significantly from the 1:1 line.
B)
Neighborhood basal area including only
specific species: Cecropia peltata (black
dots, r = 0.69), Trichospermum mexicanum
(grey dots, r = 0.96) and Ochroma
pyramidale (white circles, r = 0.94). Slopes
deviate significantly from the 1:1 line in
case of Trichospermum and Ochroma. See
chapter 6 for methods.
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al. 1994; Kitajima et al. 2005; Selaya et al. 2007).
Spatial or compositional variation of vegetation below the main canopy may further
reduce the relationship between identity of larger neighbors and light availability
(Kabakoff & Chazdon 1996; Nicotra et al. 1999; Denslow & Guzman 2000; Montgomery
& Chazdon 2001; Kitajima et al. 2005). A tree generally has to deal with different species
in its neighborhood. Across all the sites of Fig. 3, an average of 40.7 (± 3.8 SE) neighbors
taller than 1.5 m, representing an average of 7.4 (± 3.8 SE) species, were present in the
25 m2 neighborhood areas around the randomly selected points. Taken neighbors taller
than 4.5 m, these figures were 10.6 (± 1.6 SE) trees and 3.5 (± 0.3 SE) species.
Moreover, species dynamics in youngest stands is very high (Chapter 3, 5). Patterns of
growth and mortality can diverge strongly among the dominant species in early
secondary forest, which might result in drastically changing dominance patterns over
short periods of time (Chapter 3). Composition of the tallest neighbors of a target trees
may thus change rapidly (Fig. 4B). Neighborhood basal area at a particular moment
may predict both basal area in a following census (Fig. 4A) and growth reduction of the
target tree (Chapter 6), despite strong shifts in the species that dominates the
neighborhood basal area (Fig. 4B). These results suggest that the size of a neighbor
matters much more than identity.
TRENDS AND RATES OF CHANGE OF COMMUNITY STRUCTURE
The chronosequence based on data from the initial census of the permanent plots
(Chapters 3-5) indicated successional trajectories similar to findings of most
chronosequence studies (see review in chapter 1). The trajectories predicted an
increasing basal area, canopy height and average diameter increase, and decreasing
slope of the stem size distribution as succession advances, and no predictable trend
with age of stem density (Chapter 4). Many of the real changes over time followed
these predictions, but with completely different rates of change. Variation between
plots was very substantial, by that indicating the unpredictability of successional
patterns. As a result, the initial relationship between sites, assumingly reflecting
differences in age, changed or completely disappeared. The statistical analyses of
chronosequences suggest the existence of age-related successional trends, assuming
that different sites represent points on the same successional pathway. The findings of
this study, on the contrary, demonstrate that they represent different successional
pathways that are results of different local histories (e.g. colonization patterns) and
local dynamics.
Although the relative rate of change in community structural attributes varied
considerably among plots, a general pattern was found of very high rate values early in
succession followed by a rapidly decline in these rates with age of succession (Chapter
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4). The disentanglement of community dynamics in tree mortality, growth, and
recruitment demonstrated that the decline in the rate of change of community
attributes, such as basal area, is a consequence of reduction in recruitment, mortality,
and growth rates. Very early in succession (< 5 y), relative mortality, recruitment, and
growth rates were very high with highest relative annual growth rates even exceeding
100%. At 20 years, dynamics were much lower. Net rate of change may, however,
sometimes conceal the true dynamic nature of a stand. In three plots, sudden massive
mortality among the dominant species resulted in high recruitment and high growth
rates among the remaining trees. The resulting net change in basal area was very
modest, suggesting low dynamics in plots that, in fact, underwent very dramatic
changes.
The findings of this study indicate that successional patterns of size-related attributes
(canopy height, mean diameter, basal area) are governed by different processes than
patterns related to numbers (stem density). All size-related community attributes were
mutually correlated, and so were their relative rates of change. Stem density, however,
was unrelated to all of them, contrary to successional models that predict a negative
relation between stem density and statistics of tree size distribution (Niklas et al. 2003b).
A decreasing slope of diameter frequency distributions (α) is the result of trees growing
in larger size classes and/or relative high mortality in the smaller size classes. Across
sites, α was correlated with stand basal area but not with stem density, and this holds
for the rates of change of these variables (Chapter 4). So it appears that stand structure
development, in the sense of biomass and size structure, is determined largely by
continuous growth increments of persisting trees, while highly variable patterns of
recruitment and mortality result in independently changing stem densities.
In line with this conclusion, relative growth rates of basal area were much higher than
relative basal-area-based mortality and recruitment rates, and drove patterns of basal
area increment. Recruitment of trees was mostly in the smallest size classes and had
consequently little impact on basal area increment in most sites. Basal area removal due
to mortality was generally much lower than basal area growth increments because
mortality was concentrated in the lower stem size classes. These patterns suggest that
asymmetric competition played a role in community dynamics. Competition-mediated
variation in growth and mortality is expected to affect mainly the smaller individuals of
a community, resulting in their suppressed growth and higher mortality, while the
taller remain unaffected (Midgley et al. 2002; Coomes et al. 2003). Indeed, basal area
growth was concentrated into a relatively small proportion of the trees, and this
proportion declined with increasing initial stand basal area.
Patterns as discussed above did not occur consistently across all plots. As mentioned
before, episodic events of mass mortality occurred in three sites, apparently due to a
pathogen outbreak (Chapter 3-4). Two of these sites were 2-year old stands dominated
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by Trema micrantha (H2 and F2 in chapter 4, the second and third plot in Fig, 3) and the
other site was a 9-year old stand dominated by Ochroma pyramidale (S8 in chapter 4).
In all cases, mortality occurred irrespective of size, and eliminated most of the
dominant canopy trees. Adjacent older secondary forest dominated by Trichospermum
mexicanum facilitated the subsequent abundant regeneration of this species in the two
youngest sites, resulting in relatively little change in all stand structure attributes over a
2-years period. The death of large canopy trees in older stands imply stronger changes
and growth of other trees will take longer to replace basal area loss (Chapter 4). In the
9-year old stand, it appears that absence of nearby seed sources impeded enhanced
recruitment, hence stem density declined. However a time study over the first 17 years
of succession in Costa Rica, with a similar drastic decline in the dominant canopy
species (see Chapter 5), indicate that such patterns reflect fluctuations rather than longterm trends. The relationship between short-term observations and processes and
longer-term trends seem difficult to assess and may require up to several decades of
monitoring forest dynamics (Sheil & May 1996; Sheil et al. 2000).
The discussion of some very site-specific events and developments may appear to have
little generality to other sites. However, they further emphasize the complexity of forest
change. Results of this thesis indicate that short-term successional forest development
is driven by size-related growth, recruitment and mortality, mediated by the process of
asymmetric competition for light. On the other hand, the significance of a range of
influences upon vegetation dynamics and the role of more stochastic elements, such as
disturbance and landscape configuration, imply that every site is a product of local
history (Chazdon 2003). Defining the particular may be necessary to elucidate the role
and generality of specific processes across sites (Sheil et al. 2000), such as size and
competition-related dynamics that were the focus of this thesis.

SHORT TERM TREE SPECIES DYNAMICS
PIONEER SPECIES AND PATTERNS OF DOMINANCE
Most secondary forests are dominated by few species in terms of numbers and basal
area (Chapters 2-4); and across sites these tend to come from a very small subset of the
regional species pool (Chapter 2; cf. Finegan 1992). Patterns and dynamics of canopy
dominance appear to be driven partly by the differential response of the major canopy
species to variation in competition levels that characterize early successional vegetation
(Chapter 3-7). Four of the most abundance species across the secondary forests of the
study region (Cecropia, Trichospermum, Trema micrantha and Schizolobium parahyba;
Chapter 2) are classical examples of pioneer species: highly light demanding, fast
growing and with an efficient dispersal mechanism (as judged from their frequencies
across the region). Yet, they differed considerably in potential growth rates, overall
mortality rates, and the strength of their response to the variation in levels of
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FIGURE 5. The contribution of a secondary forest to the maintenance of regional tree diversity
depends on a cyclic chain of events that include arrival; establishment; growth to maturity;
reproduction; and dispersal to new suitable sites of species from the regional species pool.
These events are governed by assembly rules that may de defined as a hierarchical set of
filters (1-5) that operate along this chain of events and determine the probability of a species
to pass all life stages, and to contribute again to the regional species pool, under a particular
set of circumstances, given their particular set of functional traits (cf. Fig. 1.4). See text for
further discussion on this figure.

neighborhood competition (Chapters 6-7). Pioneer species are often compared with
mid- and late successional species and are found to have a relative narrow range of
variation with regard to life history and functional traits compared with the other
groups (e.g. Clark & Clark 1992; Kammesheidt 2000). In a study on secondary forest
dynamics, it might be more relevant to compare the behavior of dominant pioneer
species against the range of variation typical for their habitats (see e.g. Pearson et al.
2003b; Dalling et al. 2002, 2004; Poorter et al. 2006).
Elements of the trade-off thought to be typical for pioneer species, such as a wide
ecological range, efficient seed dispersal, and a seed bank (Whitmore 1990), would
enhance the probability of a wide distribution across a landscape dominated by
secondary forests. Yet, the distribution patterns of trees across secondary forests in our
region demonstrate that the frequency of occurrence varies widely among pioneer
species (Chapter 2). While a large group occurred at a high frequency relative to the
distribution of shade tolerant species, about 50% of the pioneer occurred in < 5% of all
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sites. On the other hand, only 3 species occurred in > 40% of all sites. Different
assembly rules may determine patterns of frequency and dominance (Fig. 5), ranging
from aspects that directly affect dispersal (e.g. landscape configuration and local species
pools), to local site factors and biotic interactions (e.g. competition). While it may be
clear that dispersal limitations constitute the main selective filter for many shade
tolerant species, this might be less clear in case of pioneer species.
The prediction of different phases during the first decades of forest succession,
dominated by respectively early pioneers and long-lived pioneers for time-periods
according to their longevity (Gomez-Pompa & Vazquez-Yanes 1981; Finegan 1984),
finds support in several chronosequence studies (e.g. Saldarriaga et al. 1988; Aide et al.
2000). However from this and earlier time-series studies (Swaine & Hall 1983; Uhl 1987)
it is clear that a decline in a dominant species may occur long before the end of its
lifespan. The results of this study indicate that competitive replacement of one
dominant canopy species by another may be the responsible mechanism in some cases.
Incidental, stochastically occurring events such as an outbreak of pathogens may result
in very drastic changes, similar to what has been found in temperate young
successional forests (Toyohara & Fujihara 1998). These observations accentuate that
very high dynamics during the early years of succession can complicate the
interpretation of dominance patterns across a range of secondary forests, and highlight
the necessity for detailed time-series studies.
PATTERNS OF RECRUITMENT, SPECIES DENSITY AND SHADE-TOLERANT SPECIES
Initial species density varied considerably across all permanent monitoring plots, but
was still significantly related to fallow age. Among the youngest plots (initial age ≤ 5 y),
the rates of species gain diverged less than the differences in initial diversity (see
Chapters 3 and 5) and were reasonably in line with the chronosequence prediction. In
the three older sites, species density increased slower. Including these sites in the
chronosequence data resulted concordantly in a prediction of a decreasing rate of
species accumulation with fallow age. The prediction of decreasing rates of loss and
gain of species with initial age was actually observed over a three-year period (Chapter
4-5), although the quantitative predictions of this chronosequence model strongly
underestimated the rates of gain in the youngest plots. The actual mechanisms behind
these observations remain poorly understood. With increasing resident species density,
the probability that a recruit belongs to a new species decreases and this could account
for the age effect. There was, however, no significant relationship between initial
species density and the rate of species gain (R2=0.18, P=0.19). The sites differed in the
degree of isolation from old-growth fragments, but there was no clear link with
number of newly recruited species. Changes in the surrounding landscape matrix (e.g.
Table 1) may imply that the present species composition reflect past conditions, which
complicates the picture.
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TABLE 1. Dynamics of secondary forest landscapes. Adjacent
vegetation types of 11 permanent sample plots and changes
therein over a three years period (see chapter 4). A = agriculture
(including pastures); SF = secondary forest; OGF = old growth
forest patches. Clearance indicates that (part of the) adjacent
secondary forest was cleared for maize cultivation followed by
fallow (3 cases) and maize cultivation followed by conversion to
pasture (2 cases). Two of the study plots were cleared themselves
at the end of the third year.
A
Clearance
No change

1

SF

A+SF

A+OGF + SF

1

2

2

2

3

As in other mixed-species secondary forest communities (e.g. Guariguata et al. 1997;
Peña-Claros 2003; Capers et al. 2005; Toledo & Salick 2006), shade-tolerant species were
relatively abundant amongst smaller trees in our study sites. Moreover, a large
proportion of newly recruited species were shade tolerant species (Note that
recruitment was defined as entering the height class of ≥ 1.5 m). Perhaps more
surprisingly, pioneer species continued recruiting in these secondary forest sites and
often in large numbers. As most shade tolerant species recruited in very low numbers,
pioneer species dominated recruitment in number of stems. Recruitment rates of
number of trees were correlated with stand-level mortality, but recruitment rates in
number of species were not. This suggests that high mortality rates during the first
years of forest succession may open up the canopy and create new recruitment
opportunities for more light demanding species. Mortality among the shade tolerant
fraction was very low, opposite to the high mortality among the pioneer species.
Overall, these results demonstrate that stand-level dynamics in terms of stem density
fluctuations reflect mainly patterns of competition-mediated growth, mortality and
recruitment among the most abundant pioneer species. The process of continuously
accumulating species density or richness is, on the other hand, probably related to the
availability and proximity of seed sources, and is relatively independent of site factors
and processes in the first years of succession.

AND THE LONG TERM CONTRIBUTION TO THE REGIONAL SPECIES POOL?
The concurrent decline in old-growth forest cover and increase of secondary forest
cover in large parts of the Tropics have caused a growing interest for the role of
secondary forests in biodiversity conservation (Finegan & Nasi 2004). A large number
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of studies have demonstrated that species diversity can increase rapidly in secondary
forests, but that it takes much longer (> 100 y) for species composition to converge with
the species composition of old-growth forests. Given the current developments in our
research area, similar to developments in many other tropical regions (see Chapter 1),
most secondary forests will just not become that old. In order to understand the role
that those young secondary forests can play in the maintenance of tree biodiversity on
landscape scale, we need information on how many and which species are able to
arrive, establish, grow to maturity, reproduce and disperse to new sites in these
secondary forests (Fig. 5). In other words, which species are able to persist in the
secondary forests of an agricultural landscape, and what attributes allow them to do so
are important research questions.
High species richness in most of our study sites indicate that still many species are able
to reach the sites and establish successfully, although mostly at low numbers. In our
study region, species richness increases rapidly with increasing number of sites (Fig.
6A), indicating that species recruitment may come from different local source
communities and/or is very stochastic (Capers et al. 2005). Of these species, however,
only early reproductive pioneer species will contribute from these sites to the local
species pool when fallow periods are short. Pioneer species shape structure and
dynamics of early secondary forests and create the conditions for establishment and
growth of other species. Under the current land-use dynamics in many regions, their
importance and dominance can be expected to increase even further and
understanding their dynamics is thus of particular importance.
Few pioneer species are widely distributed across the secondary forests of our region
and are abundant in many of the forest where they occur, while most pioneer species
appear to have a relatively limited distribution (Chapter 2). Complex interactions
between landscape configuration, local site factors, biotic interactions and species life
history attributes may determine frequency, abundance and dominance of a species.
For example, in this thesis drastic changes in abundance and dominance of pioneer
trees and saplings were related to factors such as competition for resources or pathogen
outbreaks (Chapters 3-7), demonstrating that one-time inventories have to be
interpreted cuatiously. Wide dispersal is often considered to be typical for pioneer
species (Swaine & Whitmore 1988). Nonetheless, several studies on the seed rain, the
soil seed bank, and seedlings of pioneer species in 53 recently formed gaps in the BCI
forest, Panama, found dispersal limitation, next to seedling emergence probabilities
and species-specific establishment requirements, to be an important determinant of
local abundance (Dalling et al. 1998a; 1998b).
From a local species pool, only a proportion will arrive at a new site, depending on
factors such as distance to the new site and dispersal mechanisms of the species.
Several studies evaluated specific aspects of landscape configuration, most commonly
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FIGURE 6. Sample-based accumulation curve of species density and
evenness. A) The sample-based
species rarefaction curve (Mao Tau)
and
95%
confidence
intervals
(shaded area), computed using the
EstimateS version 7.5 (Colwell, 2005).
B+C) Evenness was calculated as the
Evar index of Smith & Wilson (1996;
see equation 1 in chapter 3).
Accumulation curves were calculated
by computing Evar for one sample,
then for the pooled data of two
samples and so on until all 20
samples were included. This was
repeated 100 times with randomized
sample order and average and
confidence intervals were computed.
B) Evar calculated based on species
basal area. C) Evar computed based
on
species
abundance.
Chronosequence data from twenty
150 m2 plots, collected in 1995. See
chapter 2 for details.
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distance to old-growth forest and the influence of remnant trees (Galindo-Gonzalez et
al. 2000; Wijdeven & Kuzee 2000; Benitez-Malvido et al. 2001). However, species density
or richness at any particular moment will be determined by present and past
availability and proximity of seed sources. Clearance of vegetation, or successional
vegetation development, in surrounding patches implies a continuous change of the
surrounding landscape matrix. Exemplary are the fast changes in the surroundings of
the permanent study plots (Table 1) and that 18 of the 20 secondary forests that were
samples in 1995 were already cleared in 2000, and mostly converted to pastures. Such
changes are difficult to include in a chronosequence approach. A site of, for example, 10
years old might not have adjacent old-growth forest at the moment of sampling, just
because it was cleared one year before. Moreover, the spatial and temporal dynamics of
patches in the surrounding landscape matrix where seeds have different probabilities
to reach the seedling stage not only determines the probability of successful dispersal
to, but also from a site (Martinez Ramos & Alvarez Buylla Elena 1995). An important
next step is therefore to include both the dynamics of secondary forests as well as their
surroundings in time-series studies.
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Species richness increased with increasing number of sample plots in our research area,
but evenness decreased (Fig. 6B, C). Decreasing evenness curves or steep rankfrequency curves (Chapter 2) describe similar aspects of the landscape-scale patterns of
species diversity and composition. Low evenness values indicate that plots are
dominated by a few species and the decline of evenness values indicates that these few
species are largely the same across different plots. Species dominance increases thus
with larger spatial scale, i.e. from individual plots to landscape scale. Because dispersal
may be a limiting factor even for pioneer species, the distribution and abundance of
seed sources is extremely important (Dalling et al. 2002). Dispersal to suitable sites for
establishment is a stochastic process. An abundant and widespread distribution may
thus be an important species attribute in itself because it enhances the probability to be
in the proximity of a suitable recruitment opportunity. The landscape-level diversity
pattern of existing young secondary forests may thus contribute to a further decline in
species evenness in new secondary forest sites (see e.g., Lawrence 2004).
Expectations, as discussed above, imply a limited value of secondary forests for tree
biodiversity conservation. However, other indirect functions, such as providing
resources for native animals, and buffering and protecting old-growth forest may still
imply an important role for secondary forests (Turner et al. 1997). Moreover, secondary
forests are able to restore rapidly different structural and functional aspects of oldgrowth forests (Guariguata & Ostertag 2001; Lugo 2002) and can thus be very
important for ecosystem functioning and environmental services (e.g., Grau et al. 2003),
although the relationship between species diversity (i.e. species richness and evenness)
and ecosystem resiliency is an important point for further studies (Silver et al. 1996).
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APPENDIX

I

GESTIMATING POTENTIAL GROWTH OF
CECROPIA PELTATA AND TRICHOSPERMUM
MEXICANUM IN EARLY SECONDARY
FORESTS

Michiel van Breugel & Patrick Jansen

OBJECTIVE
Estimation of the potential growth of the early pioneer species Cecropia peltata L. and
Trichospermum mexicanum (DC.) Baill. in young secondary forests, using data from a
permanent plot study.

METHODS
Research was conducted in the southern-most part of Marquéz de Comillas region,
between the border of Guatemala and the Montes Azules Biosphere Reserve, within the
surroundings of the village of Loma Bonita (approximately 16º04’ N; 90º45’ W),
Chiapas, Mexico. The climate is humid tropical, with an average annual temperature of
24 ºC and a mean annual rainfall of ~3000 mm. From February to April there is a dry
period with less than 100 mm month–1. For a description of the original vegetation in
the region see (Ibarra-Manríquez & Martínez-Ramos (2002).
Twelve secondary forest sites with fallow age varied between 1 and 17 y were selected
on abandoned corn fields. All sites were characterized by undulating hills with
moderate-steep slopes (15°–30°). Soils of these low hill areas have been described as
sandy Humic Acrisols with low pH (4-5), and low total nitrogen and phosphorous
content (Siebe et al. 1996; Celedón-Muñiz 2006). In each site, the original forest was cut
and burned, farmed for maize cultivation for one harvest period only and then
abandoned according to the usual practice in this region. In four sites the previous
vegetation was respectively 8, 13 and 16 y (2) old secondary forest, in the other sites
original vegetation was old-growth forest (i.e. > 100 y). Information on land-use history
was obtained from land-owners and other villagers. Both land-use type and geomorphological unit are very common in the region. More information on the stand
structure and dynamics of these sites can be found in Chapters 3-5.
In each site, a 10 x 50 m plot was established. In the first census all trees with diameter
at 1.3 m above ground (dbh) ≥ 1cm were recorded, tagged and their dbh and height to
the highest leaf were measured. Annually a complete re-census was done, including all
trees with height ≥ 1.5 m from the second census onwards.
We used this data to assess effects of limiting factors by comparing realized growth
with potential growth (Vanclay 1994 p159: Ek & Monserud 1974, Leary 1979, Arney
1985, Pretzsch 1992) as ∆d = ∆dmax × f, where the realized diameter increment ∆d, the
potential diameter increment ∆dmax and the limiting factor f are all functions of tree
diameter (not including the increment). We estimated ∆dmax by fitting a function on
the growth increments of the fastest growing individuals across the full range of
diameters for which we had large sample sizes (i.e., excluding the smallest and largest
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individuals). Here we report data of two species (Cecropia peltata and Trichospermum
mexicanum) from 3 censuses. To ensure independence of data and to minimize
measurement error (Vanclay 1994 p 160), we used a single annual growth rate value
per tree, averaged over the first two years of monitoring for each tree, rather than
multiple measurements of annual growth per individual.
We used non-linear quantile regression (Koenker & Bassett 1978; Scharf et al. 1998;
Koenker 2005) to obtain a diameter increment function through the upper (>99%)
quantiles of the data. Quantile regression is a conditional regression technique that
allows estimating rates of change for different quantiles of the distribution of responses
(Cade et al. 1999). For example, Qy(0.75|x), the regression quantile at τ = 0.75, is the
75th percentile of the distribution of y conditional on the values of x. This function
minimizes the sum of absolute deviations of the fit from the observed values in such a
way that 75% of the values of y are equal or smaller than the regression estimate and
25% of the values are equal or greater. High (>95%) regression quantiles – describing
the “envelope” of distributions as – are commonly used to model the upper limit of the
response, where limitation by other factors than the explanatory variable is supposedly
minimal (Cade et al. 1999; Cade & Guo 2000).
Many functions have been proposed to model expected growth increment as a function
of current size (reviewed in Vanclay 1994). The function that we used to model
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FIGURE 1. Size dependent absolute diameter growth rates in two early successional tree
species. Effects of initial size on estimated potential diameter increments. Lines are best
non-linear quantile regressions for absolute growth rate. Numbers in graphs give the
regression quantiles. Dots are observed diameter increment values for individual trees,
averaged over the first two years of monitoring. A) Trichospermum mexicanum; B) Cecropia
peltata.
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diameter increment was ln∆d = α + β·lnd – γ·d (Vanclay 1994), where d is the original
diameter, ∆d is the diameter increment and α, β and γ are the estimated coefficients.
This equation is realistic for tree growth in that estimates are always positive, allowing
some growth even for very large individuals, in contrast to several other common
equations that impose a maximum attainable diameter. Zeide (1993) examined many
equations for predicting tree growth and found this equation the best alternative for
estimating individual tree diameter increment. We fitted the increment function with
the “nlrq” routine for nonlinear quantile regression in the R-package “quantreg”, which
uses likelihood maximization to optimize the fit. We approximated ∆dmax for a species
as the 99% regression quantile, that gave ≥10 individuals above the regression
estimates.

RESULTS
For Trichospermum (Fig. 1a), ∆dmax was approximated by the 0.99-quantile for
individuals 0.5 ≤ d ≤ 15 cm (n = 2960) as ln∆d = 1.08 + 0.77·lnd – 0.13·d. For Cecropia
(Fig. 1b), ∆dmax was approximated by the 0.99-quantile for individuals 1 ≤ d ≤ 10 cm (n
= 553) as ln∆d = 0.09 + 0.75·ln d – 0.10·d. Regression lines for lower quantiles are
plotted as well.
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SUMMARY
SAMENVATTING
RESUMEN
SUMMARY
The succession of tropical secondary forests on abandoned agricultural fields has been
studied since long, most often by comparing stands of different age since
abandonment. These so-called chronosequence studies have yielded much insight in
general patterns of succession and the constraints and conditions that affect the course
of succession (shortly reviewed in chapter 1). Successional dynamics, however, are
inferred rather than directly monitored in such studies; i.e. direction and rates of
change of community structure and composition are deduced indirectly on the
assumption that similar successional processes take place in any one stand. Only very
few studies followed successional dynamics through repeated measurements in
permanent sample plots, hence our current understanding of the variation in
successional dynamics across secondary forest stands, the underlying processes of
growth, mortality and recruitment, and the processes and mechanism that steer them,
is still poor.
This thesis presents data from one of the very few studies on secondary tropical forest
succession in multiple permanent sample plots. The focus of this work is on the first
years of secondary forest succession, and on the role of competition on the level of
individuals, populations and communities. The main aims of this work were: 1) To
evaluate the dynamics of young secondary forests on abandoned agricultural fields in
terms of rates and direction of community changes, how these dynamics vary across
sites and how they change with time since abandonment; 2) To evaluate the dynamics
of young secondary forests in terms of growth, mortality and recruitment, and how
community changes are related to these processes; and 3) To examine the degree to
which competition for light can account for variation in growth and mortality of
saplings within a population and for variation in population dynamics across distinct
sites.

Summary– 219

The study was carried out in three villages in the Marqués de Comillas (MdC) region,
part of the Selva Lacandona in eastern Chiapas, Mexico. The climate of the MdC region
is humid tropical, with an average annual temperature of 24 ºC, mean annual rainfall of
~3000 mm and a short dry period in February-April. The original vegetation consists
mainly of tropical evergreen and semi-deciduous forests. Colonization of the region
started in the late 1960s, and since then a large part of the landscape has been converted
to a mosaic of temporary and permanent grazing pastures, cultivated land, young
secondary forest and old-growth remnants. The prevailing land use types in the three
villages are slash-and-burn shifting cultivation practices (mainly maize) with short
fallow periods and semi-permanent cattle ranging.
Data for this study were collected in secondary forests on abandoned agricultural fields
and pastures with time since abandonment (age) ranging from 0.5 to 18 years. A first
dataset consisted of a chronosequence of 72 stands, widely distributed over an area of
roughly 60 km2 and encompassing different geomorphological units (low hills vs.
alluvial planes) and former land-use types (abandoned agricultural fields vs. pastures).
In each stand, three 2 x 25 m transects were randomly located in which all woody stems
with diameter at 1.3-m above ground (dbh) ≥ 1 cm identified to lowest possible taxon
and their dbh and height were measured. A second dataset consists of permanent
sample plots in twelve secondary forests with similar former land-use (maize fields)
and geomorphology (low hills with sandy acidic and unfertile soils). Initial stand age
ranged from 1-17 y. In each stand a 10 x 50-m permanent sample plot is established,
and all trees with height ≥ 1.5-m are recorded, and tagged. Location of each tree was
determined using a 1 x 1-m grid system. Every year dead trees and new recruits are
recorded and dbh and height of all living trees is (re-)measured. The first dataset is
used in chapter 2, and in chapters 3-7 data are used from the first three years of
permanent plot study.

Chapter 2 demonstrates that patterns of species diversity, frequency and dominance
are highly variable across secondary forests of an agricultural landscape, even when
they are of similar age. Diversity varied widely between the plots, which could only
partly be explained by differences in time since abandonment and geomorphology
while the influence of former land use was even more ambiguous. Species richness
changed with age, but dominance levels remained similar over the first 18 year of
succession. Similarly, species richness, but not dominance, differed between secondary
forests on low hills and alluvial plains. Across-stand frequency and abundance patterns
varied strongly among tree species, and most among pioneer species. Despite the high
species richness (almost 200 species identified across all plots), only a very small subset of the regional species pool dominated secondary forests in terms of frequency of
occurrence and abundance, all of them pioneer species. Most pioneer species, however,
and nearly all shade tolerant species, occurred in less than 15% of the plots and always
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in low densities. Only two species (Cecropia peltata and Trichospermum mexicanum)
occurred in ≥ 50% of the plots and they were also the only species that were relatively
dominant (> 10 stems / > 10% of stand basal area) in ≥ 20% of the plots. Other species
were dominant (> 10% basal area) in the plots were they occurred, but never abundant
(e.g. Ochroma pyramidale); frequent but never abundant (e.g. Vernonia patens); or locally
abundant but with low relative basal area (e.g. Acalypha diversifolia).
The “Initial Floristic Composition” hypothesis predicts that, on abandoned agricultural
fields with light previous land-use and close to seed sources, both pioneer and shadetolerant species colonize a site directly after abandonment and that the recruitment of
pioneers sharply declines while the recruitment of shade-tolerant species continues as
soon as the canopy closes. It also predicts higher mortality among pioneers.
Consequently, recruited and dead trees are expected to differ in species composition,
with highest species richness for the recruits. To evaluate these predictions, recruitment
and mortality was examined in eight permanent sample plots with initial fallow age of
1 to 5 y (chapter 3). Shade-tolerant species established in the first years of succession,
albeit in low numbers. As predicted, recruited and dead trees differed in species
richness and composition, and in shade-tolerant frequency. In contrast to expected,
over 50% of recruits were from pioneer species. Results suggested that high stand-level
mortality opened new opportunities for continued pioneer colonization. Results
demonstrate that species turnover starts very early in succession but is not always a
gradual and continuous process, complicating prevailing succession models.
In chapter 4, stand structure dynamics (i.e, rate and direction of stand structure
changes) were related to mortality, growth, and recruitment rates over a two-year
period, and the dependence of these demographic processes on fallow age and initial
stand structure attributes was evaluated. Changes in stand structure were especially
fast in the first 5 y of succession, and decreased rapidly afterwards, which resulted
from similar stand-level changes in relative mortality, growth, and recruitment rates.
Changes in most stand structure attributes (e.g. basal area, canopy height) were closely
correlated, and more linked with tree growth rates than with net changes in tree
density due to recruitment and mortality. Demographic processes were negatively
related with initial stand basal area, but independent of initial tree density. Results
suggest that asymmetric competition and resulting patterns of size and density
dependent mortality and growth are major driving forces determining secondary forest
successional pathways. Sudden mass mortality among dominant species in some
stands showed that early secondary forest succession is not always a gradual and
unidirectional process.
The strong spatial and temporal variability of successional dynamics emphasizes the
need to monitor these dynamics in permanent plots across a range of initial stand ages,
with multiple plots in a given age class. In chapter 5, case studies in Costa Rica and
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Mexico show that the actual rates of change in tree communities often deviate from
chronosequence trends. With respect to tree species composition, sites of different ages
differ more than a single site followed over time through the same age range. While
changes in stem density have little to do with chronosequence trends, changes in basal
area within stands generally followed chronosequence trends. Stem turnover rates
were poor predictors of species turnover rates, particularly at longer time-intervals.
Effects of the surrounding landscape on tree community dynamics within individual
plots were not specifically included in this or in any of the other chapters, but results
suggest that they are likely to be important determinants of species accumulation rates
and relative abundance patterns.
Competition for light is often considered to be one of the main mechanisms that
regulate successional vegetation dynamics. Competition for light is largely asymmetric,
as larger trees shade smaller trees and not the other way around. Consequently, withinsite variation in growth and survival of tree saplings can be expected to relate to
variation in the degree of neighborhood competition, especially from the larger
neighbors. In chapter 6, these hypotheses were tested for Cecropia peltata and
Trichospermum mexicanum saplings in two adjacent 1-2 year old secondary forest stands.
The degree of competition was estimated by neighborhood basal area (NBA). Both
diameter and height growth were strongly negatively related to NBA of the larger
neighbors. Only a small proportion of variation in survival, on the other hand, could be
accounted for by variation in NBA, suggesting that other factors are more important.
The effect of NBA of smaller neighbors on growth and survival was very weak or nonsignificant, indicating that competition between neighbors, indeed, is largely
asymmetric.
Population dynamics of a species vary much from one secondary forest to another. In
chapter 7 we examined if such between-site differences in demographic behavior can
be related to variation in asymmetric competition that result from differences in stand
and population size structures. Specifically, we tested if differences in mean growth
and mortality of the biggest and of the smallest trees of a population (growth and
survival asymmetry) were related to differences in the average level of asymmetric
neighborhood competition in both size groups (competition asymmetry). We used 24
populations of four pioneer tree species in nine early (1-5 y) secondary forest stands.
For each population, we compared average neighborhood basal area, growth and
survival of the twenty percent smallest and twenty percent largest trees. The betweenplot variation in competition asymmetry explained a significant part of the betweenplot variation in growth asymmetry, with smallest trees growing faster in populations
with low competition asymmetry, and largest trees growing fastest in populations with
high competition asymmetry. Survival was size-related, with lowest survival rates
among the smallest plants, as expected. However, survival asymmetry was
significantly related to competition asymmetry in just one species. The differences in
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the effects of asymmetric competition on the mortality and survival of the four species
show that susceptibility to competition for, presumably, light, varies considerably
between early successional pioneer species. Results of chapter 6 and 7 support the
prediction that in young secondary forests, asymmetric competition for light is one of
the main mechanisms that govern secondary forest dynamics.

SAMENVATTING
De vegetatiesuccessie van secundaire tropische bossen op verlaten en/of braakliggende
landbouwgronden wordt sinds lange tijd bestudeerd, meestal door het vergelijken van
opstanden met verschillende leeftijd sinds braaklegging. Deze zogenoemde
chronosequentiestudies hebben veel inzicht opgeleverd in algemene successiepatronen
en in de voorwaarden en factoren die deze patronen bepalen (zie kort overzicht in
hoofdstuk 1). Successiedynamiek, d.w.z. de richting waarin - en de snelheid waarmee
opstandstructuur en soortensamenstelling verandert, wordt in dergelijke studies niet
gevolgd in tijd en kan dus slechts op indirecte wijze worden afgeleid uit de gevonden
patronen. Impliciete aanname in een dergelijke afleiding is dat vergelijkbare processen
plaatsvinden in alle opstanden, en dat gevonden patronen de dynamiek in elk van de
individuele opstanden weerspiegelt. Tot nu toe hebben slechts zeer weinig studies
tropische secundaire bossuccessie bestudeerd door herhaalde metingen in permanente
onderzoekpercelen. Hierdoor hebben we geen goed idee van de mate waarin
successiedynamiek verschilt tussen secundaire bosopstanden, en een beperkt begrip
van de ecologische processen en mechanismen die deze dynamiek beïnvloeden.
Dit proefschrift presenteert de resultaten van een van de weinige studies die secundaire
tropische bossuccessie op verlaten landbouwgronden gevolgd hebben in meerdere
permanente onderzoekspercelen. The focus van dit werk is op de eerste jaren van de
bossuccessie en op de rol die concurrentie speelt in de dynamiek van secundaire
bosgemeenschappen en van populaties van enkele boomsoorten. De belangrijkste
doelstellingen van dit proefschrift zijn: 1) Evaluatie van de snelheid en richting waarin
jonge secundaire bossen op verlaten landbouwgronden veranderen, van de mate
waarin deze dynamiek verschilt tussen opstanden van dezelfde leeftijd, en hoe dit
verandert met toenemende leeftijd. 2) Analyse van de patronen van groei, mortaliteit
en vestiging van nieuwe planten die deze dynamiek bepalen. 3) Evaluatie van het
belang van concurrentie om licht tussen individuele bomen voor de variatie in groei en
mortaliteit van jonge staken in een populatie en voor de verschillen in de dynamiek
van populaties (van dezelfde soorten) in verschillende bosopstanden.
Veldwerk voor deze studie heeft plaatsgevonden in drie dorpen in de Marqués de
Comillas (MdC) regio, dat deel is van de ‘Selva Lacandona’ in oostelijk Chiapas,
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Mexico. De MdC regio heeft een gemiddelde jaartemperatuur van 24 ºC, een jaarlijkse
regenval van ongeveer 3000 mm en een korte drogere periode van februari tot april. De
oorspronkelijke vegetatie bestaat uit immergroen en deels bladverliezend tropisch
loofbos. Kolonisatie van de regio is begonnen in de vroege jaren zestig, en sindsdien
zijn grote delen van het oorspronkelijke landschap omgevormd naar een mozaïek van
landbouwgronden, veeweiden, jong secundair bos en restanten van het oorspronkelijke
bos. De belangrijkste vormen van landgebruik in het onderzoeksgebied zijn
zwerflandbouw (vooral maïs) met korte rotaties en semipermanente veeweiden.
Gegevens voor deze studie zijn verzameld in secundaire bossen op verlaten
landbouwgronden en veeweiden, met leeftijden (vanaf het moment waarop ze verlaten
zijn) die variëren van een half tot 18 jaar. Voor hoofdstuk 2 zijn gegevens verzameld in
een chronosequence van 72 secundaire bosopstanden. Deze opstanden waren verspreid
over een gebied van ruwweg 60 km2 en werden gekenmerkt door een grote variatie in
geomorfologie en voormalig landgebruik. In elke opstand is een inventarisatie van alle
bomen met een diameter van tenminste 1 cm uitgevoerd in drie 2 x 25 m transekten.
Alle bomen werden zover als mogelijk geïdentificeerd en hun diameter en hoogte
werden gemeten. In de andere hoofdstukken zijn de gegevens gebruikt van
permanente studiepercelen in twaalf secundaire bossen. Deze opstanden hebben
hetzelfde voormalige landgebruik (maïs), dezelfde geomorphologie (lage heuvels met
arme zanderige bodems), en hun leeftijd aan het begin van de studie varieerde van 1 tot
17 jaar. In elke opstand is een 10 x 50 m perceel uitgelegd, waarin alle bomen met een
hoogte van ≥ 1.5 m zijn geïdentificeerd en gemerkt. Positie van alle bomen is bepaald
met behulp van een 1 x 1 m grid. Elk jaar wordt mortaliteit en rekrutering van nieuwe
bomen (in de ≥ 1.5 m hoogteklasse) gevolgd en worden diameters en hoogtes van alle
levende bomen (opnieuw) gemeten.
Hoofdstuk twee laat zien dat diversiteit sterk varieert tussen secundaire bosopstanden,
ook als ze dezelfde leeftijd hebben. Opstandsleeftijd en verschillen in geomorfologie
verklaarden een beperkt deel van deze variatie, en de invloed van voormalig
landgebruik was zelfs minder duidelijk. Soortenrijkdom veranderde met leeftijd, maar
de mate waarin de opstanden werden gedomineerd door een of enkele soorten was niet
gerelateerd aan leeftijd. Op dezelfde manier verschilde soortenrijkdom wel, maar
soortendominantie niet tussen verschillende geomorfologische landschapseenheden.
De frequentie waarmee soorten voorkwamen in de 72 plots – een benadering van hoe
wijdverspreid deze soorten zijn – en de aantallen waarmee ze voorkwamen in de
individuele plots, verschilde sterk tussen soorten. De grootste variatie werd gevonden
in de groep van pioniersoorten. Ondanks de hoge soortenrijkdom in de secundaire
bossen (bijna 200 soorten geïdentificeerd), kwamen maar slechts enkele
(pionier)soorten wijdverspreid en in grote aantallen voor. Toch werden ook de meeste
pioniersoorten, net als bijna alle schaduwtolerante boomsoorten, in minder dan 15%
van de opstanden gevonden en in lage dichtheden (meestal met slechts een individu).
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Slechts twee pioniersoorten (Cecropia peltata and Trichospermum mexicanum) kwamen in
≥ 50% van de plots voor en dit waren ook de enige twee soorten die relatief dominant
waren (> 10 bomen / > 10% van grondvlak) in ≥ 20% van de opstanden. Andere
soorten waren dominant (> 10% van grondvlak) in de opstanden waar ze voorkwamen,
maar nooit abundant (bijv. Ochroma pyramidale); kwamen frequent voor waren nooit
abundant in de opstanden waar ze gevonden werden (bijv. Vernonia patens); of lokaal
heel erg abundant maar met een relatief laag grondvlak (e.g. Acalypha diversifolia).
De “Initial Floristic Composition” hypothese voorspelt dat, op verlaten
landbouwgronden met licht voormalig landgebruik en dichtbij potentiële zaadbronnen
(overblijvende bomen of stukken ouder bos), zowel pioneer als schaduwtolerante
soorten een stuk grond koloniseren direct nadat dit verlaten is. Verder voorspelt de IFC
hypothese dat, na sluiting van het kronendak, rekrutering van de pioniersoorten sterk
afneemt en mortaliteit sterk toeneemt, terwijl rekrutering van de schaduw tolerante
groep gewoon doorgaat. Als een gevolg hiervan zou de soortensamenstelling van de
groep van nieuw gevestigde bomen sterk moeten verschillen van de bomen die dood
zijn gegaan over een zelfde periode, waarbij verwacht kan worden dat de
soortenrijkdom van de eerste groep veel hoger is. Om deze voorspellingen te evalueren
hebben we rekrutering en mortaliteit gevolgd in acht opstanden van 1 tot 5 jaar oud
gedurende anderhalf jaar (hoofdstuk 3). Schaduwtolerante en pioneersoorten vestigden
zich in het begin van vegetatiesuccessie, hoewel de schaduw tolerante soorten in heel
lage aantallen. Zoals voorspeld verschilden de nieuw gerekruteerde bomen van de
bomen die doodgingen in soortenrijkdom en -samenstelling en het percentage van
schaduwtolerante soorten. In tegenstelling tot wat we verwachtten was meer dan 50%
van de gerekruteerde bomen pionier. De resultaten suggereren dat de hoge mortaliteit
in deze jonge secundaire bossen het kronendak opent en zo doorlopend nieuwe
mogelijkheden genereert voor de vestiging van pioniers. Deze studie toont aan dat
succesionele veranderingen in soortensamenstelling vroeg in vegetatiesuccessie niet
altijd een gradueel en continu proces is, wat de ontwikkeling van successietheorieën
compliceert.
In hoofdstuk 4 wordt opstanddynamiek over een periode van twee jaar (d.w.z. snelheid
en richting waarin opstand structuur verandert) gerelateerd aan de dynamiek van
groei, mortaliteit en rekrutering, en de mate waarin deze demografische processen zijn
gerelateerd aan opstandleeftijd en initiële opstandstructuur wordt geëvalueerd.
Mortaliteit, groei en rekrutering en de resulterende veranderingen in bosstructuur
waren heel erg hoog en variabel in de eerste vijf jaar van successie, en namen daarna
snel af. Veranderingen in de meeste variabelen die waren gebruikt om bosstructuur te
beschrijven (zoals grondvlak, hoogte van het kronendak) waren sterk gecorreleerd en
sterker beïnvloed door boomgroeisnelheden dan door veranderingen in stamdichtheid
door mortaliteit en rekrutering. Demografische processen waren negatief gerelateerd
met initiële opstandgrondvlak, maar onafhankelijk van initiële stamdichtheid.
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Resultaten van deze studie suggereren dat asymmetrische concurrentie en de
resulterende patronen van grootte- en dichtheidafhankelijke groei en mortaliteit
belangrijke mechanismen zijn die grote invloed hebben op de successie van secundaire
bossen. In de hoofdstukken 6 en 7 wordt hier verder op ingegaan. Plotseling
optredende en massale mortaliteit die in sommige plots een dominante soort zwaar
trof, illustreerden dat vroege bossuccessie niet altijd een geleidelijk en unidirectioneel
proces is.
Studies in Costa Rica and Mexico laten zien dat de werkelijke veranderingen en
snelheid van verandering in bosstructuur en samenstelling sterk kan afwijken van
voorspellingen die gebasseerd zijn op chronosequenties (hoofdstuk 5). De sterke
variatie van successie dynamiek in ruimte (verschillen tussen opstanden) en tijd (in een
opstand) die we gevonden hebben benadrukken dat permanente plotstudies nodig zijn.
De resultaten van de hoofdstukken 3 en 4 van dit proefschift geven al aan dat een
benadering waarin een reeks van plots met verschillende leeftijden worden gevolgd in
tijd zeer nuttig kan zijn, vooral wanneer er meerdere plots in elke leeftijdsklasse
worden genomen. Verschillen in soortensamenstelling waren groter tussen opstanden
van verschillende leeftijd dan de veranderingen in een enkele opstand over dezelfde
leeftijdsperiode. Veranderingen in stamdichtheid had weinig van doen met
chonosequentie trends, maar veranderingen in grondvlak volgde over het algemeen
min of meer de trens zoals voorspeld bij chronosequenties. De ratio tussen mortaliteit
en rekrutering van individuele bomen en van soorten waren niet of nauwelijks
gerelateerd. Het effect van de omliggende vegetatie was niet meegenomen in deze
studies, maar de resultaten van deze studies suggereren wel dat de aard van de
omliggende vegetatie een grote invloed heeft op de soortendynamiek in individuele
opstanden.
Concurrentie om licht wordt vaak beschouwd als een van de belangrijkste
mechanismen die vegetatiesuccessie beïnvloeden. Concurrentie om licht is grotendeels
asymmetrisch, dat wil zeggen dat grotere bomen kleinere bomen beschaduwen, maar
niet andersom. Een gevolgtrekking zou kunnen zijn dat de variatie in groei en
mortaliteit van jonge bomen voor een belangrijk deel wordt bepaald door variatie in de
dichtheid van buurbomen en vooral van grotere buurbomen. In hoofdstuk 6 testten we
deze hypothese voor geselecteerde Cecropia peltata en Trichospermum mexicanum staken
(doelbomen) in twee 1-2 jaar oude secundaire bosopstanden. De sterkte van
concurrentie door de buurbomen werd benaderd door het gecombineerde grondvlak
van alle buurbomen (BGV). Zowel hoogte als diameter groei waren sterk gerelateerd
aan het BGV van de buurbomen die hoger waren dan de doelbomen. Aan de andere
kant werd slechts een klein deel van de variatie in mortaliteit verklaard door het BGV
van de grotere bomen wat aangeeft dat andere factoren een belangrijke(re) rol spelen.
Kleinere buurbomen hadden geen of een verwaarloosbaar kleine invloed op groei en
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mortaliteit van de doelbomen. Dit geeft aan dat onderlinge concurrentie in deze jonge
secundaire bossen inderdaad grotendeels asymmetrisch is.
De dynamiek van populaties van dezelfde soort kan sterk verschillen tussen
opstanden. In hoofdstuk 7 bekijken we of deze verschillen in demografie gerelateerd
kunnen worden aan variatie in asymmetrische concurrentie die voortkomen uit
verschillen in populatie - en opstandstructuur. Meer specifiek bekijken we of de
verschillen tussen de gemiddelde groei en mortaliteit van de 20% kleinste en van de
20% grootste bomen van een populatie (groei- en mortaliteit-asymmetrie) gerelateerd
waren aan verschillen tussen deze twee groepen in de gemiddelde sterkte van de
concurrentie van grotere buurbomen (concurrentie-asymmetrie). Zoals in hoofdstuk 6
was concurrentiedruk benaderd door het gecombineerde grondvlak van de (grotere)
buurbomen. We analyseerden deze relaties voor 24 populaties van vier verschillende
pioneersoorten in negen 1-5 jaar oude secundaire bosopstanden. De verschillen in
concurrentie-asymmetrie tussen populaties verklaarden een significant deel van de
variatie in groei-asymmetrie: de kleinste bomen groeiden sneller dan de grootste
bomen in populaties met lage concurrentie-asymmetrie, en de grootste bomen groeiden
sneller wanneer de concurrentie-asymmetrie groot was. Mortaliteit was gerelateerd aan
boomgrootte, met zoals verwacht de hoogste mortaliteit onder de kleinere bomen.
Mortaliteit was echter slecht in één soort gerelateerd aan concurrrentie-asymmetrie. De
verschillen tussen de vier sooreten met betrekking tot deze relaties laten zien dat
gevoeligheid voor concurrentie behoorlijk kan verschillen tussen soorten die tot
dezelfde groep van vroege pioneersoorten behoren. De resultaten van de hoofdstukken
6 en 7 ondersteunen de hypothese dat concurrentie om licht een belangrijk mechanisme
is gedurende de eerste jaren van secundaire bossuccessie

RESUMEN
La sucesión secundaria de bosques tropicales en campos agrícolas abandonados ha sido
estudiada desde hace mucho tiempo, la mayoría de las veces mediante la comparación
de parcelas con distintas edades de abandono. Estos estudios, conocidos como
cronosequencias, han permitido elucidar tanto patrones generales de sucesión, como
las limitantes y condiciones que afectan el curso de la sucesión (brevemente revisados
en el capítulo 1). No obstante, la dinámica sucesional ha sido inferida más que
monitoreada de forma directa en dichos estudios; i.e. la dirección y las tasas de cambio
en la estructura y la composición de la comunidad han sido deducidas indirectamente
bajo el supuesto de que procesos sucesionales similares se desarrollan en cualquier
parcela. Son muy pocos los estudios que han seguido la dinámica sucesional a través de
mediciones repetitivas en parcelas permanentes; por ello, todavía es muy pobre el
conocimiento actual cacerca de la variación en la dinámica sucesional en los bosques
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tropicales, los procesos subyacentes de crecimiento, mortalidad y reclutamiento, y los
procesos y mecanismos que los gobiernan.
Esta tesis presenta datos de uno de los pocos estudios de sucesión secundaria en
bosques tropicales realizado en múltiples parcelas permanentes de muestreo. El estudio
se enfoca en los primeros años de sucesión y en el papel que juega la competencia a
nivel de individuos, poblacional y de comunidades. Los principales objetivos de esta
investigación fueron: 1) evaluar la dinámica de bosques secundarios jóvenes en campos
agrícolas abandonados en términos de las tasas y la dirección de los cambios en la
comunidad vegetal; 2) evaluar como esta dinámica varía entre sitios y cómo cambian
con el tiempo de abandono; 3) evaluar la dinámica en los bosques secundarios jovenes
en términos de crecimiento, mortalidad y reclutamiento, y cómo los cambios en la
comunidad vegetal estan relacionados a estos procesos; y 4) y cómo la competencia por
la luz puede explicar la variación en el crecimiento y la mortalidad de los brinzales de
una población, y la variación en la dinámica poblacional entre sitios.
El estudio se llevo a cabo en tres pueblos de la región del Marqués de Comillas (MdC),
en la selva Lacandona del este de Chiapas, México. El clima de la región del MdC es
tropical húmedo, con una temperatura media anual de 24 °C, precipitación media
anual de ~3000 mm y un breve periodo de sequía entre Febrero y Abril. La vegetación
original consiste principalmente de selva perenifolia y selva semi-decidua. La
colonización de la región inicio a finales de la decada de los 60 y desde entonces una
gran parte del paisaje ha sido convertida a potreros temporales y permanentes, parcelas
de cultivo y bosque secundarios jóvenes. El tipo de uso de suelo dominante en los tres
poblados son: cultivos (principalmente de maíz) por roza tumba y quema con periodos
cortos de barbecho y ganadería semi-permanente.
Los datos de este estudio se colectaron en bosques secundarios en campos agrícolas y
pastizales abandonados, con un tiempo de abandono (edad) entre 0.5 a 18 años. Una
primera base de datos consistió en una cronosecuencia de 72 parcelas ampliamente
distribuidas en un área de alrededor de 60 km2 que abarcó unidades geomorfológicas
(cerros bajos vs. planicies aluviales) y usos del suelo distintos (campos agrícolas vs.
pastizales, abandonados). En cada parcela se eligieron aleatoreamente tres transectos
de 2 × 25 m en los cuales se identificaron taxonomicamente todos los individuos
leñosos con un diámetro a la altura del pecho de 1.3 m(>1cm), asimismo su dap y y
altura fueron medidos. Una segunda base de datos consintió en parcelas permanentes
de muestreo ubicadas en doce bosques secundarios con una historia de uso (maizales
abandonados) y geomorfología semejantes (cerros bajos con suelos arenosos ácidicos e
infértiles). La edad de las parcelas varió entre 1 y 17 años. En cada parcela se estableció
un cuadro de muestreo de 10 × 50 m en donde se marcó y se registró la altura y el dap
de todos los árboles ≥1.5 m. La localización de cada árbol se determino con una
cuadrícula de 1 × 1 m. Cada año se registraron los árboles muertos y reclutados, y se
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rehicieron las mediciones de altura y dap. La primera base de datos se utilizó en el
capítulo 2 y en los capítulos 3-7 la de los 3 primeros años de seguimiento de las parcelas
permanentes.
El capítulo 2 demuestra que en los patrones de diversidad, la frecuencia y dominancia
de especies son altamente variables entre los boques secundarios del paisaje agrícola.
La amplia variación de la diversidad entre las parcelas pudo explicarse en parte por las
diferencias en el tiempo de abandono y el tipo de sustrato, mientras que la influencia
del uso de suelo previo fue más ambigua. La riqueza de especies cambió con la edad
pero los niveles de dominancia se mantuvieron similares a lo largo de los primeros 18
años de sucesión. Similarmente la riqueza de especies, pero no la dominancia, difirió
entre los bosques secundarios de los cerros bajos y las planicies aluviales. Los patrones
de frecuencia y abundancia entre parcelas variaron fuertemente entre las especies de
árboles, fundamentalmente las pioneras. A pesar de la alta riqueza de especies (casi 200
especies fueron identificadas en todas las parcelas), solo un pequeño grupo del pool de
especies regionales, todas ellas pioneras, dominó los bosques secundarios en términos
de frecuencia y abundancia. No obstante, la mayoría de las pioneras, y casi todas las
especies tolerantes a la sombra, estuvieron presentes en menos del 15% de las parcelas
y siempre en bajas densidades. Solamente dos especies (Cecropia peltata y
Trichospermum mexicanum) estuvieron presentes en ≥ 50% de las parcelas y fueron las
únicas especies relativamente dominantes (> 10 tallos / > 10% del área basal de la
parcela) en ≥ 20% de las parcelas. Otras especies fueron dominantes (> 10% área basal)
en las parcelas en las que estuvieron presentes, pero nunca abundantes (e.g. Ochroma
pyramidale); frecuentes pero nunca abundantes (e.g. Vernonia patens); o localmente
abundantes pero con un área basal relativa baja (e.g. Acalypha diversifolia).
La hipótesis de la “Composición florística inicial” predice que en campos agrícolas
abandonados que previamente tuvieron un uso “ligero” y cercanos a fuentes de
semillas, 1) tanto las especies pioneras, como las tolerantes a la sombra, colonizan el
sitio directamente después del abandono y 2) el reclutamiento de especies pioneras
declina rápidamente mientras que el reclutamiento de especies tolerantes a la sombra
continúa con el cierre del dosel. Así mismo predice una alta mortalidad de las especies
pioneras. Consecuentemente, se espera que los grupos de árboles reclutados y los
muertos difieran en su composición específica, con una riqueza específica mayor en los
reclutas. Para evaluar estas predicciones, se examinó el reclutamiento y la mortalidad
de ocho parcelas permanentes de muestreo con una edad inicial de 1-5 años (capítulo
1). Las especies tolerantes a la sombra se establecieron en los primeros anos de
sucesión, aunque en bajas densidades. De acuerdo con las predicciones, los grupos de
árboles reclutas y muertos difirieron en su composición y riqueza de especies, así como
en la frecuencia de especies tolerantes a la sombra. En contraste con lo esperado, más
del 50% de los reclutas fueron especies pioneras, toda vez que la gran mortalidad
registrada a nivel de la parcela abrió nuevas posibilidades para el reclutamiento
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continuo de las pioneras. Los resultados demuestran que el recambio de especies inicia
muy temprano en la sucesión, pero no siempre es un proceso gradual y continuo, lo
que complica los modelos de sucesión prevalecientes.
En el capítulo 4 se relacionó la dinámica estructural (i.e. la tasa y dirección de los
cambios en la estructura de la comunidad) con las tasas de mortalidad, crecimiento y
reclutamiento durante un periodo de dos años; también se evaluó la dependencia de
estos procesos demográficos a la edad y a la estructura inicial de la parcela en barbecho.
Los cambios en la estructura del barbecho fueron especialmente rápidos durante los
primeros 5 años de sucesión y con una desaceleración rápida después de este período,
la cual fue el resultado de cambios similares entre las tasas relativas de mortalidad,
crecimiento y reclutamiento a nivel de la parcela. Los cambios en la mayoría de los
atributos de la comunidad (e.g. área basal y altura del dosel) estuvieron fuertemente
correlacionados y más ligados a las tasas de crecimiento de árboles que a los cambios
netos en la densidad debidos al reclutamiento y la mortalidad. Los procesos
demográficos estuvieron negativamente correlacionados con el área basal inicial y
fueron independientes de la densidad inicial de árboles. Los resultados sugieren que la
competencia asimétrica y los patrones de aclareo resultantes, son fuerzas gobernantes
fundamentales en la determinación de las vías de sucesión de los bosques secundarios.
La mortalidad masiva y repentina de las especies dominantes en algunas de las
parcelas mostró que la sucesión secundaria temprana no siempre es un proceso
unidireccional ni gradual.
La fuerte variación temporal y espacial de la sucesión secundaria enfatiza la necesidad
del seguimiento de su dinámica en varias parcelas permanentes con un mismo tiempo
de abandono y a lo largo de un intervalo amplio de edades de abandono. En el capítulo
5 se muestra, con estudios de caso de Costa Rica y México, que las tasas de cambio
reales de la comunidad de árboles frecuentemente se desvía de los patrones
establecidos mediante cronosecuencias. Con respecto a la composición de especies de
árboles, los sitios con edades distintas fueron más diferentes entre sí que con un mismo
sitio seguido en el tiempo por un lapso equivalente al intervalo de edades entre los
sitios en cuestión. Mientras que los cambios en la densidad de tallos tuvieron poca
relación con los patrones establecidos en la cronosequencia, los cambios en el área basal
generalmente siguieron dichos patrones. Las tasas de recambio de tallos fueron pobres
predictores de las tasas de recambio de especies, particularmente a intervalos de
tiempo prologados. Los efectos del paisaje adyacente en la dinámica de las
comunidades de árboles de las parcelas no fueron incluidos de forma específica ni en
este ni en ningún otro capítulo, pero los resultados sugieren que probablemente sean
factores importantes que determinan de las tasas de acumulación de especies y los
patrones de abundancia relativa.
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La competencia por la luz se considera, frecuentemente, como uno de los principales
mecanismos reguladores de la dinámica sucesional vegetal. La competencia por la luz
es ampliamente asimétrica, toda vez que son los árboles grandes los que sombrean a los
pequeños y no a la inversa. Consecuentemente, se puede esperar que la variación en el
crecimiento y la sobrevivencia de brinzales en un sitio este relacionada a la variación en
el grado de competencia en su vecindario y, en especial, con respecto a los vecinos más
grandes. En el capítulo 6 se ponen a prueba estas hipótesis estudiando brinzales de
Cecropia peltata y Trichospermum mexicanum en dos parcelas adyacentes de bosque
secundario con 1-2 años de edad. El grado de competencia fue estimado según el área
basal del vecindario (ABV). Tanto el crecimiento en altura como en el diámetro del tallo
de los brinzales estuvieron negativamente correlacionados con el ABV de los vecinos
más grandes. En contraparte, sólo una pequeña proporción de la variación en la
sobrevivencia pudo relacionarse con la variación en el ABV, lo cual sugiere que otros
factores son más importantes en este aspecto. El efecto adicional del ABV de vecinos
más pequeños en el creciemiento y la sobrevivencia de los brinzales fue muy débil o no
significativo.
La dinámica poblacional de especies varía mucho de un bosque secundario a otro. En el
capítulo 7 examinamos si las diferencias en el comportamiento demográfico entre sitios
pueden estar relacionandas a la competencia asimétrica que resulta de las diferencias
en la estructura de tamaños de las poblaciones y las parcelas. Específicamente
probamos si las diferencias en crecimiento y mortalidad entre los árboles más grandes
y más pequeños de una población (asimetría en crecimiento y sobrevivencia) estaban
relacionadas con las diferencias en el nivel promedio de competencia asimétrica del
vecindario en ambos grupos (competencia simétrica). Para ello utilizamos 24
poblaciones de cuatro especies de árboles pioneros en nueve parcelas de bosque
secundario joven (1-5 años). Para cada población comparamos el área basal del
vecindario con el crecimiento y la sobrevivencia de los árboles dentro del 20% más
pequeño y el 20% más grande. La variación en la competencia asimétrica entre parcelas
explicó una parte siginificativa de la variación en el crecimiento asimétrico entre
parcelas, con los árboles pequeños creciendo más rápido en poblaciones con baja
competencia asimétrica y los árboles más grandes creciendo más rápido en poblaciones
con gran competencia asimétrica. Como se esperaba, la sobrevivencia también estuvo
relacionada al tamaño, con menores tasas de sobrevivencia entre las plantas más
pequeñas. No obstante, la sobrevivencia asimétrica estuvo relacionada con la
competencia asimétrica en tan sólo una especie. Las diferencias en los efectos de la
competencia asimétrica en la mortalidad y la sobrevivencia de las cuatro especies
muestra que la susceptibilidad a la competencia por (presumiblemente) la luz varía
considerablemente entre las especies pioneras de la sucesión temprana. Los resultados
de los capítulos 6 y 7 apoyan la predicción de que en los bosques sucesionales jóvenes
la competencia asimétrica por la luz es uno de los principales mecanismos que
gobiernan la dinámica sucesional de los bosques secundarios.
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