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Abstract
Tropical forests occur under rainfall regimes that vary greatly in the rainfall pattern and
frequency and int ensity of drought. Consequently water availability is one of the most
important environmental factors influencing community structure, species composition,
and plant functioning across large -scale rainfall gradients and small-scale topographic
gradients wi thin forests. The relative success of tree species to establish along these
gradients of water availability and their success in dealing with future changes in water
availability will depend on how they are adapted to tolerate drought.

In this dissertation I applied a multi -species, multi-trait approach in field studies
and a controlled experiment to give detailed information on the mechanisms of drought -
tolerance of a large set of tropical dry and moist forest tree species.The following research
questions were addressed; 1) How do dry and moist forests dif fer in soil water availability?
2) How are dry and moist forest species adapted to drought and what different drought -
strategies can be distinguished? 3) Is there a trade-off between drought - and shade-
tolerance?and 4) How do drought - and shade-tolerance determine local and regional tree
species distribution?

Dry season soil water availability is clearly lower in the dry forest than in the moist
forest. Especially in the dry forest there is a lot of temporal and spatial variation in soil
water availability. Temporal variation depends on the annual cycle of precipitation. Spatial
heterogeneity is two-dimensional; 1) water availability varies with topography of the
landscape; elevated crests are dry in comparison to slopes and low valleys, and 2) soil
water is vertically redistributed with soil depth; in the dry season more water is available in
deep soil layers while in the wet season most water is found in the top soil. When
combining temporal and spatial dimensions, a complex mosaic of soil water availability
emerges that shows great potential for niche partitioning among species at various levels, if
species are adapted to exploit this variation.

Seedlings of dry forest species have evolved mechanisms that enhance their access
to water in deep soil layers, increase drought-induced cavitation resistance and increase
water conservation. Seedlings of moist forest species show adaptations that improve their
light foraging capacity and increase nutrient and wa ter acquisition. Associations among
functional traits show that there are three major drought strategies among tropical tree
species, 1) physiological drought-tolerance, 2) drought-intolerance and 3) drought -
avoidance.

No conclusive evidence for a direct trade-off between species drought- and shade-
tolerance was found, and the association between drought- and shade-tolerance is mainly
subject to the scale of observation. Onsmall scales, within the dry forest, drought - and
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shade-tolerance are positively related, as species hydraulic properties are integrally linked
with niche differentiation for both light and water. This implies that in their distribution,
light -demanding species will be restricted to habitats that combine high light and high
moisture avai lability, while shade -tolerant species will be the better competitors in drier
and shadier habitats. On larger scalesa strong trade-off between above and belowground
biomass allocation was found, which should in theory have resulted in a trade -off between
drought - and shade-tolerance, but in practice it did not. Plants can compensate for a low
root mass fraction by producing relatively cheap roots with a large specific root length and
compensate for a low leaf mass fraction by making cheap leaves with a large specific leaf
area. Drought- and shade-tolerance thus depend largely on different suites of
morphological traits and can be uncoupled.

Species distribution along the rainfall gradient was not directly explained by species
drought survival, mainly beca use deciduousness was the most important factor
contributing to survival and deciduous species are well represented in both dry and moist
forests. The occurrence of evergreen species at the dry end of the rainfall gradient largely
depends on drought related traits as a high wood density and a large biomass allocation to
deep roots. Species occurrence at the moist end of the rainfall gradient was mainly
determined by traits related to light -demand, as a high leaf mass fraction and long,
branched root systems. In conclusion, I propose that at small scales, within forests, species
distribution along water gradients depends on the interaction between species drought -
and shade-tolerance while at larger scales distribution of (evergreen) species is mainly
determined by their drought -tolerance.
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DROUGHT IN TROPICAL F ORESTS

Tropical forests are found under rainfall regimes that vary greatly in rainfall pattern, as
well as the frequency of occurrence and intensity of drought (Walsh 1996, Walsh and
Newberry 1999). Most tropical forests have a pronounced seasonality with dry period s of
15-30 days occurring every other year in tropical wet forests (Walsh and Newbery 1999,
Veenendaal et al.1996) and up to 8 months per year in tropical dry monsoon forests (Walter
1985, Walsh 1996). Even in hyper-wet forests, known for not having a cle ar annual
seasonality, droughts occur typically every three to six years triggered by El Ni�o Southern
Oscillation (ENSO) events (Allan et al.1996).

Water availability is one of the most important environmental factors in tropical
forests and the variation in community structure, composition and plant functioning that
distinguish different tropical forest types is to great extent determined by the variation in
rainfall (Medina 1999, Poorter et al. 2004). Continuous and gradual changes in species
richness (Gentry 1988, Ter Steegeet al. 2006), species composition (Hall and Swaine 1981,
Bongers et al.1999, Engelbrechtet al.2007) and species abundance (Bongerset al.2004) are
observed along the rainfall gradient, while within forests species tend to sort o ut along
slope gradients in water availability (Van Rompaey 1993, Webb and Peart 2000).

Climate change models for the tropics show that water availability in the tropics is
going to be of even greater importance as considerable shifts in precipitation patterns are
predicted involving both reductions in the total amount of annual precipitation and longer
dry seasons, with a greater year to year variability (Bawa and Markham 1995, Hulme and
Viner 1998, Margin et al.2007). The question in need of answering is how this will affect the
occurrence and distribution of species in the tropics.

A logical corollary would be that that the relative success of species to establish
along small and large scale gradients of water availability will depend on how species are
adapted to drought, but studies that examine drought -tolerance across many tropical tree
species are rare. Existing studies tend tofocus on only few species of distinct groups e.g.
species that differ clearly in leaf phenology (deciduous vs. evergreen species) or on species
at the extremes of the shade-tolerance continuum (pioneers vs. shade-tolerant species).This
implies that generalization of results and the up-scaling of species-specific processes to the
level of the forest community are difficult to make. In this dissertation we applied a multi -
species, multi-trait gradient approach to overcome this dilemma and give detailed
information on the mechanisms of drought -tolerance on a large set of species.New insights
into the drivers that shape species distribution should be of great value as they can help
explain patterns of local and regional biodiversity in the present as well as help predict the
vulnerability of communities to current and future environmental change.
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DROUGHT AND PLANT PER FORMANCE

Drought negatively affects plant performance by reducing recruitment, growth and
survival. In Amazonia, Malaysia and Central America severe droughts (related to El Ni�o �
Southern Oscillation) increased both seedling and adult tree mortality (Condit 1995, 2004,
Delissio and Primack 2003, Williamson et al. 2000) and experimental rainfall reduction of
~60% increased mortality of trees in the Brazilian Amazon with nearly 38% (Nepstad et al.
2007). In Panama and Peru dry season irrigation positively affected growth, survival,
density and diversity of seedlings (Engelbrecht et al.2005, Paineet al.2009).

When a soil dries out the energy state of the water in the soil matrix is affected and
the soil water potential decreases. In response to this drop in soil water potential a decrease
of the leaf water potential of the plant is observed (Tobin et al.1999, Cao 2000). According
to the cohesion-tension theory of the ascent of sap (Dixon 1894), lower leaf water potentials
are needed to maintain a sufficiently negative p ressure gradient between soil and leaf to
continue whole plant conductivity and photosynthesis (Tyree 1997, Angeles 2004). The
drop in leaf water potential is mainly a passive process that results from the negative water
balance of the plant created by excessive transpiration, but plants can also actively lower
their leaf water potential by changes in the cell modulus of elasticity or by lowering the leaf
osmotic potential (Zimmermann 1978, Monson and Smith 1982). A decrease in leaf water
potential triggers a reduction in stomatal conductance. In turn this enables the plant to
reduce excessive transpiration and recover the leaf water potential to avoid desiccation
damage to the leaf tissue (Brodribb 2009). An increased stomatal conductance will not only
reduce transpiration but also decrease carbon assimilation through a reduced gas exchange.
When dry spells are short and do not occur too often no real harm is done to the plant and
reduced stomatal conductance will only temporally reduce carbon assimilation ( Hsiao
1973). In case of severe or prolonged drought, however, a series of events may be triggered
that will results in a continued decline of assimilation and thus a noticeable growth
reduction and eventually reduced survival.

Under extreme or prolonged dr ought the potential gradient between soil and leaf
can become so negative that an increased number of xylem vessels run the risk of cavitation
(the formation of an embolism under negative pressure), as a result of air-seeding or vessel
implosion. Air -seeding occurs when air is being sucked into the vessel through the pit
pores under high pressure (Zimmermann 1983, Sperry and Tyree 1988, Jarbeauet al.1995).
Vessel implosion can occur when negative xylem pressure induces cell wall collapse (Hacke
et al. 2001). In both cases cavitation leads to embolisation which can lead to vessels
becoming completely dysfunctional, a loss of plant hydraulic conductivity, stomatal closure
and eventually the abscission of leaves, shoots, and branches, and finally plant death(Tyree
and Sperry 1988, Davis et al. 2002, Engelbrechtet al. 2005). Although many other factors
affect plant functioning during drought (e.g. hormonal regulation of hydraulics; Pons et al.
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2001), in theory the above holds for any given plant, though in re ality plants have evolved
to cope with these drought -induced problems in different ways (Fitter and Hay 2002).

DROUGHT-TOLERANCE STRATEGIES

Drought -tolerance can be defined as the ability of species to survive desiccation while
minimizing reductions in gr owth and fitness (Larcher 2003, Engelbrecht and Kursar 2003).
At present we recognize two different strategies to deal with desiccation across species;
species can either secure growth and survival by resisting desiccation or by delaying
desiccation.

Desiccation resistance is supported by a continued plant functioning during
drought, through continued hydraulic conductance, increased resistance to xylem
cavitation, sustained gas exchange, and cell survival at low leaf water contents and low leaf
water potentials (Engelbrecht and Kursar 2003, Tyree et al. 2003). Desiccation delay is
promoted by an increased accessibility to water and/or increase water conservation.
Species desiccation resistance and desiccation delay will depend on different suites of
functi onal traits.

FUNCTIONAL PLANT TRAI TS

Functional plant traits are physical plant attributes caused by genetic expression, which
serve as indicators or estimators of plant responses to environmental factors (Lavorel and
Garnier 2002, Cornelissenet al.2003). Functional traits are as such usually divided into hard
traits and soft traits. Hard traits are precise estimators of plant functions, but difficult to
measure, whereas soft traits are relatively quick and easy to measure and good estimators
of hard tra its. This makes soft traits especially efficient when assessing large numbers of
individuals or species (Cornelissen et al. 2003). Most species traits addressed in this
dissertation are soft traits and an example is the specific root length (SRL) that expresses the
root length produced per gram root biomass. SRL serves as an estimator of the efficiency of
belowground resource foraging (hard trait). In figure 1.1 other examples of functional traits
are presented that will be explained in detail in the follow ing chapters of this dissertation.

Desiccation resistance and desiccation delay, mentioned earlier, will largely depend
on different suites of functional traits. Desiccation tolerance is related to an increased leaf
tissue density (notably a high leaf dry matter content (LDMC) and/or low specific leaf area
(SLA)), because dense leaves have smaller cells with thicker and more rigid cell walls that
restrict the leaf modulus of elasticity and help avoid the loss of turgor at low leaf water
potentials (Cheung 1975, Zimmermann 1978, Monson and Smith 1982). Another example of
a typical desiccation tolerance trait is a high wood density (WD) that facilitates cavitation
resistance and is associated with a suite of anatomical adaptations, including thin and short
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xylem vessels, thick cell walls, a decreased total lumen area and small pit-pores (Hacke et
al. 2001, Zanneet al. 2006, Sperry et al. 2008).  All of these adaptations potentially limit
conductivity by increasing the hydraulic resistance of the flow path way (Hacke 2001;
Jacobsenet al. 2005, 2007). Species traits that increase the accessibility to water are for
example an increased root biomass, and extensive or deep root systems. Species traits that
facilitate water conservation are for example a reduced leaf area per unit plant mass, early
stomatal closure, water storage in plant organs, and a deciduous leaf habit.

A TRADE-OFF BETWEEN DROUGHT- AND SHADE -TOLERANCE?

Environmental factors are often negatively associated. With an increase in rainfall net
prim ary production increases (Field et al. 1998) and forests become denser and more
complex in structure (Medina 1999, Toledo et al.submitted). As a result tropical wet forests
cast deeper shades than dry forests (cf. Coomes and Grubb 2000, Parkeret al. 2005). In
tropical dry forests water may be the �most important� limiting factor to plant growth and
survival, but it is not the �only� limiting factor. In the wet season the vegetation of dry
forests is often very lush, forest canopies are closed and understory plants experience deep
shade. As such over the year combined water and light gradients exist within dry forests
and species distribution along these gradients will largely depend on their ability to tolerate
both drought and shade.

A trade-off between drought - and shade-tolerance can exist if adaptations that
enhance species drought-tolerance constrain the species� survival under low light
conditions and vice versa. An example of this situation is given by Smith and Huston (1989)
who argued that a trade-off between drought - and shade-tolerance would result from a
trade-off in biomass allocation to roots versus shoot. The idea behind this hypothesis is that
a plant can only invest its carbon once. Extra biomass investment in the root system gives
the plant a competitive advantage in foraging for water, but it results in a reduced above
ground biomass and a limited light foraging capacity. According to their principle no
woody plant could thus simultaneously tolerate low levels of water and light availabilit y.

A trade-off between drought - and shade-tolerance would imply that drought -
tolerant species are per definition more light -demanding and that drought -intolerant
species are per definition more shade-tolerant. Under wet, shady conditions, drought -
tolerant species will be out-competed by shade-tolerant species, which are intolerant to
drought. In dry forests the distribution of those drought -intolerant species will be restricted
to relatively wet and shady habitats (e.g. slopes or valley bottoms) (Harms et al. 2001;
Engelbrecht and Kursar 2003).

While the hypothesised trade-off between drought and shade-tolerance has been
confirmed in a meta-study across 806 woody species from the Northern Hemisphere
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(Niinemets and Valladares 2006), it remains a controversial theory as other studies find
them to be largely unrelated (Holmgren 2000, Sack and Grubb 2002, Sack 2004). The
ecological consequence of an uncoupling or independence of drought- and shade-tolerance
will be that there no direct constraints on niche differ entiation and species coexistence.
Ecological niches can be as many as the possible combinations of water and light
availability in the forest.

OBJECTIVE AND RESEARCH QUESTIONS

In this dissertation I study soil water availability in a dry and moist tropi cal forest and
identify the basic morphological and physiological adaptations to drought of a large
number of coexisting tropical tree species. A multi -trait, multi -species gradient approach is
used to identify drought -tolerance strategies and to address how trade-offs among
functional traits affect the interaction between species drought and shade-tolerance. The
final objective is to examine how species adaptations affect their drought survival and how
they determine the local and regional distribution of species along gradients of water
availability. A conceptual framework of this dissertation is given in figure 1.1. The
following questions are addressed:

1) How do dry and moist forests differ in soil water availability?

2) How are dry and moist forest species adapted to drought and what different drought -
strategies can be distinguished?

3) Is there a trade-off between drought - and shade-tolerance?

4) How do drought - and shade-tolerance determine local and regional tree species
distribution?

THESIS OUTLINE

The four research questions are addressed and discussed in the following seven chapters.
The order of the chapters is overall in line with the order of the research questions and the
conceptual frame work (Fig. 1.1), but the final answers, most notably those to QUESTION 2, 3
and 4 are presented in the synthesis ofCHAPTER 8, where I integrate the findings from all
chapters.

In CHAPTER 2 I assess to what extent our current knowledge on light acclimation of
tropical trees applies to dry tropical ecosystems. I evaluate sun�shade plasticity of leaf traits
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that are important for the heat, water, and carbon balance of the plant, of 43 tropical dry
forest tree species. I wanted to know if leaf trait plasticity is related to maximum adult
stature, juvenile crown exposure, and ontogenetic changes in crown exposure of the species
and how sun-shade plasticity varies among tropical forests that differ in annual
precipitation.

In CHAPTER 3 I address the variation in soil water availability in a dry forest and
moist forest by examining seasonal changes in soil water potentials along a topographical
gradient and with soil depth. I also investigate the implications of seasonal drought on the
water status of tree saplings by evaluating changes in predawn and midday leaf water
potentials throughout the dry season.

In CHAPTER 4 I examine variation in morphological seedling traits of tropical dry and
moist forest tree species. Traits were selected based on their importance for water or light
acquisition, water and carbon conservation or continued plant functioning during drought.
To identify species traits underlying drought -tolerance I evaluated how morphological
seedling traits differed between dry and moist forest tree species, whether functional
strategies of species could be identified, and whether there is a functional basis for a trade-
off between drought and shade-tolerance.

In CHAPTER 5 I analyse vulnerability curves (the relation between percentage loss of
hydraulic conductivity and xylem potential) for saplings of 13 tropical dry forest tree
species differing in life history strategy and leaf phenology. I examined how cavitation
resistance (i.e. P50, the xylem pressure at 50% loss of hydraulic conductivity) is influenced
by stem and leaf traits and how it determines the leaf wa ter potential in the field.

In CHAPTER 6 I assess hydraulic conductivity (K S and KL) of saplings of 40 co-existing
dry forest tree species and evaluate how it was related to plant traits, and the moisture and
light requirements of the species.

In CHAPTER 7 I compare functional traits of 38 dry and moist forest tree species and
quantify their ability to survive drought in a dry -down experiment under standardized
conditions. I examine how seedling traits are related to species position along the rainfall
gradient, what functional groups can be distinguished, and what seedling traits are good
predictors for drought survival and species distribution.

Finally, in CHAPTER 8 I summarise the main findings of the different chapters and I
present a synthesis in which I link back to the general research questions.

STUDY SITES

The field studies and experiments that form the backbone of this dissertation were carried
in the lowlands of eastern Bolivia, in the department of Santa Cruz. I worked in two
distinct forest ty pes situated at the transition between the Amazonian wet forests in the
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north and the thorn -shrub formations of the Gran Chaco in the south (Killeen et al.1998;
Jardim et al.2003). The sites are classified as tropical lowland deciduous dry forest (Inpa)
and tropical lowland semi -deciduous moist forest (La Chonta) (Fig. 1.2) and will hereafter
be referred to as dry and moist forest respectively. Both forests are located on the
Precambrian Brazilian shield (Cochrane 1973) and are long-term research sites of the
Instituto Boliviano de Investigaci�n Forestal (IBIF). Forests differ considerably in structure,
diversity and species composition (Pe�a-Claros et al.submitted manuscript).

Moist forest

The moist forest site, La Chonta, is a forestryconcession(15�47’S, 62�55’W) located some 30
km east of the town Ascensi�n de Guarayos and has a mean annual precipitation of 1580
mm (meteorological data from 2000-2007 at La Chonta sawmill). Monthly potential
evapotranspiration exceeds rainfall only in July and the dr y season is therefore only 1
month long . Mean annual temperature is 25.3 �C. Soils are relatively fertile inceptisols with
a high cation exchange capacity and especially rich in P and Ca (Pe�a-Claros et al.
submitted manuscript). The forest has a mean stemdensity of 367 trees ha-1, a basal area of
19.3 m2 ha-1, and a species richness of 59 ha-1 (trees> 10 cm dbh, Pe�a-Claros et al.
submitted manuscript). The average canopy height is about 27 m and about one-third of the
canopy species shed their leaves inthe dry season. Most common tree species are
Pseudolmedia laevis(Ruiz & Pav.) J.F. Macbr.(Moraceae), Ampelocera ruiziiKlotzsch
(Ulmaceae)and Hirtella triandra Sw. (Chrysobalanaceae).

Dry forest

The dry forest site, Inpa, is situated in a privately owned concessionexploited for timber
by Inpa Parket ltda. (16�07’S, 61�43’W). The dry forest is located some 40 km east of the
town of Concepci�n. It has a mean annual precipitation of 1160 mm (meteorological data
from 1943-2005 from AASANA for Concepci�n) with a dry period of three months (June -
September) when potential evapotranspiration exceeds rainfall. Mean annual temperature
is 24.3 �C. The study area has generally poor soils, classified as oxisols (Pariona 1996). The
forest has a mean stem densityof 420 trees ha-1, a basal area of 18.3 m2 ha-1, and a species
richness of 34 ha-1 (trees 10 cm diameter at breast height; Pe�a-Claros et al.submitted).
Average canopy height is about 20 m and virtually all canopy trees shed their leaves in the
dry season. The most dominant species are Acosmium cardenasiiH.S. Irwin & Arroyo
(Fabaceae), Casearia gossypiospermaBriquet (Flacourtiaceae), and Caesalpinia pluviosaDC
(Fabaceae).
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Figure 1.2.

Location of the study sites in the eastern lowlands of Bolivia. La Chonta is a
tropical lowland semi -deciduous moist forest located some 30 km east of the
town of Ascensi�n de Guarayosand Inpa is the tropical lowland deciduous
dry forest, located some 40 km east of the town of Concepci�n.
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