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10.1 Introduction
Tropical forests harbour the most diverse plant communities on Earth. This

high diversity makes it particularly challenging to understand and predict

how these communities will be altered by changing climatic conditions.

However, doing so is imperative since, like other systems, tropical forests

have experienced and are predicted to experience increases in CO2 and tem-

perature, as well as large shifts in precipitation patterns (Bawa & Markham

1995; IPCC 2007; Malhi & Phillips 2004). Nonetheless, studies of how tropical

species will respond to climate change are scarce (e.g. Colwell et al. 2008;

Miles, Grainger & Phillips 2004).

One of the main consequences of global climate change projected for the

tropics is shifts in rainfall patterns (Hulme & Viner 1998). Models have pre-

dicted changes in annual rainfall up to 3000 mm per year, and changes in dry

season length of up to several months in the tropics (Cox et al. 2000; Hulme &

Viner 1998; Neelin et al. 2006). Projections differ hugely among tropical

regions, and both increases and decreases are expected (Hulme & Viner

1998; IPCC 2007; Neelin et al. 2006). Global climate models are converging

on projecting significant decreases in mean rainfall in Central and South

America, while increases are expected in tropical Africa and Southeast Asia,

although considerable uncertainty in rainfall projections still exists (IPCC

2007). Increases in extreme weather events (e.g. droughts, intense precipita-

tion) are also expected in tropical regions (IPCC 2007). Increased frequency of
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El Niño events (Timmermann et al. 1999) would also affect rainfall patterns in

the tropics, since El Niño is associated with extreme climatic events including

drought and flooding. At regional scales, changes in climate are also likely

to result from land-use change, with large-scale deforestation and habitat

fragmentation leading to drier conditions (Costa & Foley 2000; Hoffmann,

Schroeder & Jackson 2003; Malhi et al. 2008).

Predicting how changing precipitation patterns will affect tropical forests

depends on a clear understanding of how tree species are affected by water

availability. Tree species’ responses to water availability play a significant role

in influencing their distribution patterns and abundance (Baltzer et al. 2008;

Comita & Engelbrecht 2009; Engelbrecht et al. 2007). This in turn shapes

patterns of community composition and diversity across landscapes (Pyke

et al. 2001; ter Steege et al. 2006; Toledo et al. 2011) and ultimately influences

ecosystem functioning (Bunker et al. 2005; Hooper & Vitousek 1997). Thus,

shifts in water availability are likely to have significant consequences for

tropical forests.

Adult trees have exhibited increased mortality rates in response to severe

experimental and natural droughts in tropical forests (e.g. Allen et al. 2010;

Ashton 1993; Becker & Wong 1993; Condit, Hubbell & Foster 1995; da Costa

et al. 2010; Nakagawa et al. 2000; Nepstad et al. 2007; Phillips et al. 2010;

Williamson et al. 2000; Potts 2003; Slik 2004), suggesting that substantial

changes in rainfall patterns will influence tropical forests through altera-

tions to current tree composition. However, even small changes in climate

may alter tropical forest communities through effects on juvenile plants.

Most tropical tree species spend tens to potentially hundreds of years in the

forest understorey as seedlings or small saplings (Delissio et al. 2002;

Hubbell 1998) whose ability to persist in the face of multiple stresses (e.g.

pest pressure, light, water and nutrient limitation) determines their chances

of reaching the reproductive stage. Seedlings and small saplings are

thought to be more susceptible to changes in water availability than larger

individuals, owing to their relatively shallow roots which do not reach

deep, moist soil layers (Cao 2000; Engelbrecht & Kursar 2003; Gibbons &

Newbery 2003) and to asymmetric competition with adults for soil moisture

(Lewis & Tanner 2000). Impacts of changing precipitation patterns on juve-

nile plants are likely to alter future forest composition, since early life

stages are considered a bottleneck in the life cycle of trees (Harper 1977)

and since processes affecting seedling recruitment and survival are hypoth-

esised to play a major role in the maintenance of high levels of diversity in

tropical tree communities (Chesson & Warner 1981; Connell 1971; Grubb

1977; Janzen 1970).

In order to gain a better understanding of how shifts in precipitation

patterns due to climate change will alter tropical forests, we examine how
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tropical tree species respond to variation in water availability and how that

translates into species distributions and patterns of diversity. Here we focus

specifically on how regeneration dynamics are affected by low water avail-

ability (i.e. drought). We review recent experimental and observational stud-

ies from tropical forests, and present new data from our own ongoing studies

in the forests of central Panama. We largely restrict our review to studies

assessing effects of water availability on seedlings in the field, because of the

limitations of greenhouse and laboratory experiments (see Box 10.1).

BOX 10.1 Field versus pot experiments on seedling responses
to drought
Field experiments are best suited for examining the ecological importance

of variation in water availability in natural habitats, whereas isolated

effects of individual factors and how they specifically influence plants

are generally best explored under controlled conditions in the laboratory

or in the greenhouse. Field experiments allow for the evaluation of the

effects of individual factors in the context of all other processes influenc-

ing species performance in the natural habitat, thus giving amore realistic

picture of the ecological importance of a factor. For example, low light

levels in the understorey may limit seedling performance in the field so

that plants cannot take advantage of added moisture. Additionally, work-

ing under field conditions assures that environmental variations are

within the ranges relevant in the habitat. With adequate experimental

design and interpretation, these aspects outweigh the problem of limited

experimental control of water availability in field experiments, especially

in the light of a number of substantial problems associated specifically

with drought experiments in potted plants, many of which are avoided in

field experiments:

* The rate of drying in pots is mainly given by water depletion by the

plants, which in turn is proportional to the transpiration rates of the

plants (Jarvis & Jarvis 1963). Larger individuals and/or species with high

transpiration rates deplete the available water faster and are therefore

subjected to drought stress earlier than smaller/less transpiring plants –

potentially leading to the erroneous conclusion that they are more

drought-sensitive. Thismay be especially pronouncedwhen comparing

deciduous and evergreen plants with vastly different leaf areas. In

contrast to pot experiments, in the field, asymmetric competition for

water from the surrounding trees overrides water depletion from any

target seedling, so that drying rates are independent of seedling size

and transpirational behaviour.
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BOX 10.1 (cont.)
* Maintaining low, relevant and constant water availability treatments

across species (and potential additional treatments, such as light) is

rather complicated in pot experiments owing to the interaction of

plant size/behaviour (which are in turn influenced by many treat-

ments) and soil water content, i.e. drought intensity.
* It is well known that root restriction in containers can change alloca-

tion patterns and limit growth. Since root allocation and extension

influence plant access towater andwater uptake, thismay significantly

affect plant water relations.
* The limited soil volume available to plants in pots additionally implies

that they cannot evade drought by developing deeper/more extended

root systems, and thus gaining access to additional water.
* The rate and direction of drying in pots are usually substantially differ-

ent from field conditions (e.g. faster drying and no progressive drying

from the top to lower soil layers). Gradual acclimation to drought

conditions over time is known to be important for plant performance

under drought. Given the substantially different drying dynamics,

drought responses in pots may not reflect processes in the field.

In particular, the first two issues substantially complicate designing and

analysing comparative studies of effects of water availability in pots.

Methods used in agricultural and physiological work to control substrate

water potential, such as the use of polyethylene glycol (Burlyn &

Kaufmann 1973; Turkan et al. 2005; also see Snow & Tingey 1985), do not

allow plants to reach the low water potentials that critically influence

survival and growth of many tropical species (<< –3 MPa, e.g. Baltzer

et al. 2008; Kursar et al. 2009; Markesteijn et al. 2010). In pot experiments,

soil water status has to be very carefully monitored and either differen-

tially transpired water replaced across treatments (e.g. Sack 2004), or

measurements of plant performance or physiological processes be related

to measurements of soil or plant water status, rather than to duration of

the dry treatment (Baltzer et al. 2009; Bonal & Guehl 2001; Kursar et al.

2009; ter Steege 1994). If soil water availability is not maintained constant

across species and treatments (and/or carefully monitored) the desired

effect of more specific control in greenhouse or laboratory experiments

is lost, and the power of the experimentmay be severely limited. Although

the potential problems mentioned above can be dealt with, they are fre-

quently not adequately accounted for, rendering the interpretation of the

data difficult.
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Throughout this chapterwe use the term drought resistance as ‘the capacity of

a plant to withstand periods of dryness’ (Larcher 2003), i.e. the ability to

survive drought while minimising reductions in growth, and ultimately fit-

ness. When using the term drought resistance, we refer to performance under

drought conditions relative to performance under ‘optimal’ irrigated condi-

tions, assessed in field experiments (see Engelbrecht & Kursar 2003). This

approach allows the differentiation of the effects of low water availability,

including both direct and indirect effects, from non-drought related factors

that may additionally reduce performance and induce mortality during dry

periods, e.g. pest pressure or low light conditions (Engelbrecht, Kursar & Tyree

2005). The term drought resistance is thus equivalent to response ratios

(Hedges, Gurevitch & Curtis 1999). In contrast, we use the term drought per-

formance simply to describe the performance of plants during dry periods,

which is the outcome of all drought and non-drought related factors acting on

the plants.

10.2 Regeneration dynamics in experimental field manipulations
of water availability
In this section we review studies in which levels of water availability were

experimentallymanipulated. Themajority of these studies involved irrigation

to supplement precipitation, typically during dry periods, because removing

water from a natural system is associated with substantial logistical difficul-

ties, and the required structures may have indirect effects on regeneration

(e.g. shading and seed rain exclusion through panels and gutters).

10.2.1 Germination
Seeds of most tropical woody species are desiccation-sensitive (i.e. recalci-

trant; Daws, Garwood & Pritchard 2005, 2006; Vazquez-Yanes & Orozco-

Segovia 1993). Nevertheless, water availability is unlikely to be a major factor

limiting seed survival and germination for these species, because the peak of

seed dispersal and germination often occurs in the wet season when water is

abundant (Daws, Garwood & Pritchard 2005; Garwood 1983). Consistent with

this, supplemental irrigation had no overall effect on seed germination in 12

species in an Amazonian rainforest (Paine, Harms & Ramos 2009). Similarly,

in a study that simulated various patterns of rainfall in a seasonal tropical

forest in Mexico, seed germination and seedling establishment rates differed

little among rainfall treatments for three focal species (Blain & Kellman 1991).

However, differential seed responses to water potential have been suggested

to be important for determining habitat preferences of pioneer species, which

have desiccation-tolerant seeds that germinate after gap formation (Daws et al.

2008), as well as for species associated with drier terra firme habitats (Paine,

Harms & Ramos 2009). In addition, short dry stretches can occur during the
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wet season (Burslem, Grubb & Turner 1996; Engelbrecht et al. 2006) and may

lead to the desiccation of drought-sensitive seeds, which could affect their

viability (Daws et al. 2007). Additionally, decreasingwet season duration could

delay seed germination, giving seedlings less time to establish sufficient root

systems before the start of the dry season. Thismay adversely affect seedlings’

ability to withstand their first dry season, but such effects remain to be

explored.

10.2.2 Growth and survival
A number of field studies examining the effects of supplemental irrigation on

seedling growth and survival in tropical forests have accumulated over the

past several years (Table 10.1). These studies focused on the forest understorey

and were mostly, but not exclusively, conducted in seasonal moist forests in

Central Panama. They clearly indicate widespread water limitation of seed-

ling performance during the dry season: growth and/or survival generally

increase with supplemental irrigation in the dry season compared with seed-

lings under naturally dry conditions (Figures 10.1 and 10.2) (Brenes-Arguedas,

Coley & Kursar 2009; Bunker & Carson 2005; Engelbrecht & Kursar 2003;

Engelbrecht et al. 2007; Fisher, Howe & Wright 1991; Paine, Harms & Ramos

2009; Yavitt &Wright 2008). For example, irrigation had a significant positive

effect on height growth of both naturally regenerating and experimentally

seeded species in Peru, and a positive effect on survival of the experimentally

seeded species (Paine, Harms & Ramos 2009). Similarly, irrigation increased

survival and growth of transplanted seedlings of 28 woody species relative to

performance under severe dry season conditions (Figure 10.2) (Engelbrecht &

Kursar 2003). Survival increased in 82% of the 28 species (with a significant

effect in 57%), and growth increased in 92% (with a significant effect in 89%).

Perhaps most strikingly, in several studies (Bunker & Carson 2005;

Engelbrecht & Kursar 2003; Paine, Harms & Ramos 2009), growth rates shifted

from negative (i.e. leaf and biomass loss) under dry season conditions, to

positive in irrigated plots (Figure 10.1). The effects of dry season drought on

seedlings growing in gaps have been examined in only a handful of studies.

Consistent with understorey effects, dry season irrigation increased seedling

growth and survival in gaps in a single species study in Panama (Fisher,

Howe & Wright 1991), but watering at the end of the dry season did not

increase growth in gaps for three species studied in the Bolivian Amazon

(Poorter & Hayashida-Oliver 2000). Overall, for most species studied there is

a clear trend for increased performance with supplemental irrigation during

dry periods, indicating that they are indeed water-limited; however, the

occurrence and magnitude of the effects are not entirely consistent across

studies (see Box 10.2 for a discussion of the reasons contributing to such

differences).
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In the wet season, water availability is unlikely to be limiting. Consistent

with this idea, supplementary irrigation has been shown to have generally no

effect on growth and survival of seedlings in the moist forest understorey

during the wet season (Figure 10.1) (Bunker & Carson 2005; Brenes-Arguedas,

Coley & Kursar 2009; Fisher, Howe & Wright 1991). However, small seedlings

of pioneer species growing in gaps were found to have increased mortality

during short dry spells of only a couple of days in dry versus irrigated con-

ditions in the wet season (Engelbrecht et al. 2006).

Supplemental irrigation can result in higher annual growth and survival

rates (Tanner & Barberis 2007 for survival; Brenes-Arguedas, Coley & Kursar

2009 for growth), but this is not necessarily the case (Bunker & Carson 2005;

Tanner & Barberis 2007 for growth). For example, Bunker and Carson (2005)

found increased seedling survival in irrigated treatments during the dry

season for 10 woody species in Panama, but no differences in survival across

the full year. Thus, under some circumstances, other factors affecting per-

formance in the wet seasonmay cancel out positive effects of increased water

availability in the dry season (Bunker & Carson 2005; Tanner & Barberis 2007).

10.2.3 Seedling size/age effects
Smaller plants are generally considered to be more vulnerable to drought

stress than larger ones (Bunker & Carson 2005; Paine, Harms & Ramos 2009).

Within species, the impact of low water availability indeed decreases with

seedling size, which is determined by seedling age as well as genetic factors
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Figure 10.1 Effect of supplementary irrigation

in the dry and wet season on growth (A) and

mortality (B) of naturally regenerating

seedlings of 10 woody species in the

understorey of a lowland tropical moist forest

on Barro Colorado Island (BCI), Panama.

Growth rates were significantly lower in the

dry season than in the wet season. Growthwas

not significantly affected by irrigation,

although a consistent trend of higher growth

under irrigated conditions was seen in all

species. Mortality rates did not differ between

seasons, but in the dry season irrigation led to

significantly lower mortality rates. Data are

means ±1 SE. Drawn from data in Bunker and

Carson (2005; the high irrigation treatment).
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Box 10.2 Reasons for differential outcomes of supplemental
irrigation studies
Although there is a clear overall trend of higher seedling growth

and survival with supplemental irrigation in the dry season, growth and

survival are not necessarily simultaneously affected, and the size and

significance of the effects vary among studies (Table 10.1). Several factors

probably contribute to these differences, some of them ecologically mean-

ingful, others due simply to differences in experimental design.

First, even at a single site, experiments conducted in years with differing

drought severities are likely to yield different results, withmore pronounced

effects in drier years. Furthermore, drought intensity and soil properties vary

locally and regionally, such that the same level of supplemental irrigation

will probably have stronger effects on seedling growth and survival at sites

where water is more limiting. The lack of an ecologically meaningful meas-

ure of water availability or drought intensity that is easy (and inexpensive) to

measure and is comparable across sites and years currently hinders mean-

ingful comparisons among forests and years. This also precludes a meta-

analysis of such studies, allowing only a descriptive review of the literature

(see Tables 10.1–10.3). To advance understanding of the effects of water

availability and the extent of drought impacts, future studies must include

a measure of soil water availability that is independent of plant species and

size. Rainfall data alone are not sufficient, since differences in topography or

soil characteristics, as well as evapotranspiration, also modulate soil water

availability. Profiles of soil water potentials through the rooting zone of

the seedlings will provide the most meaningful information. They can be

assessed, for example, with psychrometers, the ‘filter paper technique’, or by

gravimetric (or volumetric) soil water content, calibrated to soil water poten-

tials through soil retention curves (e.g. Bonal & Guehl 2000; Engelbrecht &

Kursar 2003; Markesteijn et al. 2010; Rascher et al. 2004).

Furthermore, variation in seedling drought resistance among species can

lead to strong sampling effects in studies that examine only a few species

(see Westoby 2002). Often, study species are not explicitly chosen with

respect to (or randomly with respect to) their drought resistance (or a pre-

liminary indicator thereof), so that a studymay be inadvertently restricted to

either drought-resistant or drought-sensitive species. This may result in

hugely different outcomes when trying to generalise from the study species

to the community, or when trying to infer differences across sites or years.

Thus, caremust be takenwhen interpreting experiments that include only a

small subset of species from the community. Future studies should aim to

use explicit species sampling schemes to adequately take into account the

large interspecific variation in species’ drought responses.

Additionally, differences in experimental study results can be due to

differences in irrigation effects. Quantifying the strength of water
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Box 10.2 (cont.)
limitation requires that drought stress is completely alleviated, i.e. species

do not experience any drought stress in the supplemental irrigation treat-

ment. This can be astonishingly hard to achieve experimentally, and may

require very different amounts of irrigation in different sites and years.

For example, in an irrigation study in a forest on the dry side of the Isthmus

of Panama in the dry season, soil moisture did not show any appreciable

increase despite water supplementation equivalent to the amount of

average rainy-season rainfall (>200 mm), presumably owing to intense

competition from neighbouring trees (the study had to be abandoned;

Engelbrecht, unpublished data). Experiments that do not completely alle-

viate drought stress may reveal some effects, if water limitation exists, but

will not quantify its full extent. In such cases, experiments are essentially

simulating the effect of a less intense dry season or drought event, which

may produce unexpected results. For example, in the irrigation study of

Bunker et al. (2005), several species showed decreased growth at intermedi-

ate irrigation, but increased growth at high irrigation. Adjusting irrigation

levels so that adequate and comparable water levels are achieved is espe-

cially critical in studies comparing irrigation effects across sites or years.

Again, careful monitoring of soil water availability is critical.

In field irrigation studies, both effects on growth, but not survival

(Bunker & Carson 2005; Yavitt & Wright 2008), and effects on survival,

but not growth (Tanner & Barberis 2007), have been found. Effects on

growth, but not survival, can be easily understood, since even slight

drought stress at plant water potentials well above lethal levels (and even

before wilting) can lead to decreased growth rates due to decreased turgor,

stomatal closure limiting photosynthesis and generally inhibited meta-

bolic processes (Hsiao 1973). Thus, in such studies, drought intensities

(i.e. the extent and/or length of low water potentials) were simply not

strong enough to induce death in the study species, an ecologically mean-

ingful result. In contrast, effects on survival, but not on growth, are harder

to explain, because, as described above, growth reductions should occur

considerably before lethal water potentials are reached. One possible

reason for detecting only survival effects is that growth rates can only be

quantified for individuals that survive over the census interval. Studies

that have few intermittent growth measurements may not detect lower

growth before death since growth measurements exclude seedlings that

show strong negative growth (e.g. leaf loss, stem dieback) and conse-

quently die relatively quickly (i.e. before the first growth measurements

are taken). Therefore, studies addressing effects of drought on growth

should census plants frequently enough to avoid such effects.
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and environmental conditions. This ismost directly shown by decreases in the

effect of irrigation with seedling age or size (Bunker & Carson 2005; Paine,

Harms & Ramos 2009; Poorter & Hayashida-Oliver 2000), and supported by

observational studies (e.g. Delissio & Primack 2003). Across species, however,

comparative irrigation studies of 28 understorey species (Engelbrecht &

Kursar 2003) and six gap species (Engelbrecht et al. 2007) found no differences

in drought resistance between species with larger vs. smaller seedlings.

Increases of drought resistance with plant size or age are usually attributed

to smaller and/or younger plants having smaller roots systems and less access

to deeper soil layers with higher water availability (Cao 2000; Gibbons &

Figure 10.2 Interspecific variation in drought effects on growth and survival in

transplanted seedlings of 28 co-occurring woody species in the understorey of a

lowland tropical forest in Central Panama. (A) Leaf-area change, relative to initial leaf

area, in transplanted seedlings under dry and irrigated conditions, (B) survival under

dry and irrigated conditions, and (C) drought resistance (DRs) calculated as percent

survival in dry conditions (grey) relative to irrigated conditions (black). Results of

t-tests in (A) and of Fisher’s exact test in (B) for treatment differences within species are

given as: ***P < 0.0001, ** P < 0.005, * P < 0.05, (*) P = 0.05, n.s. P > 0.05 (not significant).

Horizontal bars mark those species for which treatment differences were significant

(P < 0.05) after stepwise Bonferroni adjustment.When deciduous species are excluded,

growth and survival responses to drought are positively correlated with each other.

Redrawn from Engelbrecht and Kursar (2003). With permission from Springer Science

and Business Media.
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Newbery 2003), although the evidence for differences in rooting depth lead-

ing to the size dependence of drought resistance is limited (see Section 10.3).

Within species, smaller seedlings may additionally, or alternatively, be less

hardy (owing to unsuitable local conditions or genetics) and therefore more

vulnerable to drought-induced mortality.

10.2.4 Interspecific variation
Comparative experimental studies clearly indicate that the strength of the

effect of drought on seedling performance varies widely among species, under-

scoring their differential capacity to withstand periods of lowwater availability

(Brenes-Arguedas, Coley & Kursar 2009; Bunker & Carson 2005; Engelbrecht &

Kursar 2003; Engelbrecht et al. 2007; Tanner & Barberis 2007). For example,

among 48 native tree and shrub species in the forest understorey in Central

Panama, performance in dry relative to irrigated conditions (i.e. drought resist-

ance) varied from 0% to 100% (Figure 10.2) (Engelbrecht & Kursar 2003;

Engelbrecht et al. 2007). As discussed below, the wide variation of drought

resistance among species is consistent with the large variation among species

in physiological and morphological traits relevant to plant water relations. We

later reviewhow these large interspecific differences in drought resistance have

pronounced effects on population dynamics and species distribution patterns.

10.3 Mechanisms determining interspecific variation in seedling
drought responses
Various traits andmechanisms have been suggested to underlie differences in

drought resistance among seedlings of tropical tree species. Mechanisms are

broadly divided into two categories: desiccation avoidance and desiccation toler-

ance (Larcher 2003). Mechanisms of desiccation avoidance are those that

prevent or delay species from experiencing low tissue water potentials

(the thermodynamic state of water, measured as pressure or suction in pascal,

with lower (i.e. more negative) values indicating a lower ‘availability’ of

water). Efficient mechanisms of desiccation avoidance minimise the decrease

of plant water potentials under drought conditions. These traits include (1)

maximising water uptake through deep and/or extended root systems; (2)

water storage in stems, leaves or roots; and (3) minimising transpirational

water loss through early stomatal closure and efficient cuticles, or drought

deciduousness (leaf shedding).

Mechanisms of desiccation tolerance allow plants to continue functioning

or, under more severe conditions, to survive despite a decrease of plant water

potentials. These mechanisms include (4) mechanisms at the leaf (and mer-

istem) level, e.g. maintaining cell turgor through high osmotic potentials and

rigid cell walls, and maintaining vital cell processes through protection of

membranes, enzymes and DNA, and (5) mechanisms in the water-conducting
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tissues (xylem) that promote a high resistance to xylem cavitation, thus

allowing plants to maintain water transport under conditions of low water

availability.

The two groups of mechanisms have traditionally been treated as alterna-

tive strategies, even implying a trade-off between the two (Larcher 2003).

However, all terrestrial vascular plants exhibit all of these mechanisms

(with the exception of deciduousness) – all have roots, stomata and cuticles,

water-containing tissues and water-conducting tissues, and are able to with-

stand some degree of water loss. Indeed, the evolution of these characters in

vascular plants is the basis of their ecological success on land. What species

differ in is the efficiency of the different mechanisms (and the expression of

the associated traits) and how they combine to allow each species to with-

stand periods of low water availability.

The variation in drought resistance of species within and across systems

may be governed by the variation in the efficiency of one dominant trait or a

combination of several traits. For example, inMediterranean systems, rooting

depth has been shown to determine the drought survival of seedlings

(Padilla & Pugnaire 2007). On the other hand, different combinations of traits

may lead to the same integrated drought resistance. Evaluating the role and

importance of potentially relevant traits (or their combination) in driving the

variation in species’ responses to drought in a community requires directly

relating them to species’ drought resistance. Apart from trait values, we need

quantitative, comparative assessments of drought resistance via controlled

experiments or, if such data are not available, comparative data on species

performance or distribution with respect to drought intensity.

Numerous studies on the physiology of water relations of tropical woody

plants have revealed enormous variation among species in water uptake,

stomatal reactions, deciduousness, water storage and hydraulic architecture,

resulting in differences in plant water balance and potentials (e.g. Bonal &

Guehl 2001; Brodribb et al. 2003; Jackson et al. 1995; Markesteijn et al. 2011;

Tyree & Ewers 1996). However, studies allowing for the rigorous evaluation of

the importance of various traits and mechanisms in shaping plant drought

resistance, and their performance and distribution under drought conditions,

remain scarce. This is due to a scarcity of relevant comparative datasets on

species performance responses to drought (i.e. drought resistance) combined

with complementary data on the potentially relevant traits for the same set of

species. Even datasets that combine trait data with quantitative data on

species distribution patterns with respect to water availability remain scarce

(but see Baltzer et al. 2008; Markesteijn & Poorter 2009), and to our knowledge

no datasets exist that directly relate traits to comparative field performance

under drought conditions. In the following we summarise the evidence for
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the importance of different mechanisms for drought resistance of tropical

seedlings from the few available comparative studies.

Differences in rooting depth and volume, which determine access to soil

water, have long been suggested to be main drivers of variation in seedling

drought performance across species in tropical forests. In Mediterranean

systems, rooting depth has indeed been shown to be decisive in shaping

seedling survival over dry periods (Padilla & Pugnaire 2007). However, seed-

ling size, root–shoot ratio, rooting depth, and ‘rooting depth per leaf area’

were all unrelated to variation in seedling drought resistance among 28

understorey and 6 pioneer species in Central Panama (Engelbrecht et al.

2006; Engelbrecht et al. unpublished data; Kursar, Engelbrecht & Tyree

2003). Survival under irrigated versus control conditions was unrelated to

root–shoot ratios in another study in Panama (Mulkey, Wright & Smith

1993), and dry season mortality in a moist forest in Thailand was unrelated

to rooting depth (Marod et al. 2002). Similarly, in a comparison of dry and

moist forest species, Markesteijn and Poorter (2009) found no relationship

between rooting depth, or root length per leaf area, and species abundance

in the two forest types, and even a decrease in root volume with

stronger association to dry sites – despite various differences in biomass

allocation to roots and root structure. In contrast, in a study comparing four

Neotropical forests (in Costa Rica, Panama, Brazil and Peru), seedlings had

deeper roots relative to leaf area at the most seasonal site (Paz 2003). The

accumulating evidence suggests that under field conditions access to soil

water resources through deep and/or extended root systems is not a decisive

mechanism driving the variation among species in drought performance

responses of tropical seedlings. However, root traits may vary across forest

systems.

Plants can store water in their leaves, stems or roots, a characteristic that in

tropical woody plants is mainly expressed in dry forests (Borchert 1994).

Across species in a moist forest in Panama, leaf water content was not related

to species’ drought resistance (Engelbrecht et al., unpublished data), and in

Bolivia, contrary to expectation, root water content increased with associa-

tion to moist vs. dry forests (Markesteijn & Poorter 2009). The limited data

therefore do not support an important role of water storage in drought

responses of tropical seedlings, but more data, especially including stem

water storage, are clearly needed.

Plants canminimise their transpirational water loss through early stomatal

closure, an effective cuticle, or shedding their leaves during periods of low

water availability, i.e. drought deciduousness. During the dry season, plants in

the forest understorey exhibit reduced stomatal conductance, i.e. they close

their stomata (Cao 2000; Engelbrecht, Wright & De Steven 2002; Mulkey

et al. 1992; Mulkey, Wright & Smith 1993; Veenendaal et al. 1996; Wright
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et al. 1992). However, comparative data on stomatal responses to drought in

tropical seedlings, and how they relate to performance under drought con-

ditions, remain exceedingly rare. In a detailed study of seedlings of three

tropical tree species during a soil drying cycle in a growth chamber, Bonal

and Guehl (2001) showed tremendous differences among species. In one

species, stomata were extremely sensitive to soil drying, immediately reduc-

ing stomatal conductance with initiation of soil drying and reaching zero

stomatal conductance at relatively high soil water contents. The most con-

trasting species maintained the stomata open until soil water contents were

reduced to rather low levels (almost a third of saturation contents) and only

reached full closure at much lower soil water contents than the other species.

The differences in stomatal behaviour directly affected leaf water potentials,

which remained high in the specieswith early stomatal closure, but decreased

strongly with soil water content in the species whose stomata remained open,

with the intermediate species showing intermediate leaf water potentials.We

would expect that the species with sensitive stomatal response to drying

would have the lowest growth rate, but the highest survival, whereas the

species with delayed stomatal closure should exhibit faster growth, but lower

survival. For growth, this pattern was indeed found, but the intermediate

species showed even higher growth than both other species. Drought survival

was not assessed in the study. In field studies in the tropics, stomatal con-

ductance during the dry season in dry control versus irrigated plots was

unrelated to survival (Mulkey, Wright & Smith 1993), and similarly, stomatal

reaction to decreasing soil water contents did not reflect distribution patterns

with respect to water availability (ter Steege 1994). Assessing stomatal

responses to soil drought requires careful monitoring of soil and/or plant

water status, especially for studies conducted in potted plants (see Box 10.1;

also see Bonal & Guehl 2001). In cases where water status is not monitored

(e.g. Slot & Poorter 2007), clear interpretation of results becomes difficult. At

present, further research on the importance of stomatal responses for

drought resistance of tropical trees is needed.

Cuticular conductance for water vapour in leaves is generally low, and when

stomata are open it contributes little to overall plant water loss. However, as

stomata close, cuticular water loss becomes increasingly important, and at

stomatal closure it constitutes all of the plant water loss (Kerstiens 1996a, b).

Differences in cuticular conductance might therefore be important for

drought survival under severe drought stress, and thus species with lower

cuticular conductance may be more drought-resistant. In seedlings of 20

tropical tree species, cuticular conductance (assessed as minimum leaf con-

ductance) varied four-fold and differed significantly among species. However,

it was not related to species’ drought resistance (Engelbrecht et al., unpub-

lished data).
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Deciduous trees generally occur under drier conditions in tropical forests

(e.g. Malhi et al. 2009; Poorter, Bongers & Lemmens 2004). Leaf shedding

decreases transpirational water loss and may therefore contribute to higher

drought resistance (Borchert 1994; Reich & Borchert 1984). Even species

whose adults are evergreen may have seedlings that shed their leaves under

drought conditions (Engelbrecht & Kursar 2003). Unexpectedly, variation in

deciduousness among species was unrelated to seedling drought resistance in

Central Panama (Engelbrecht & Kursar 2003). Poorter and Markesteijn (2008)

found longer survival times of deciduous species in pot experiments.

However, such longer drought survival times of deciduous species in pots

come with the caveat that soil drying can be substantially delayed for such

species because of the reduced transpirational water loss, thus exposing them

to less intense drought conditions (see Box 10.1). Rigorous evidence for an

important role of deciduousness for drought performance of tropical seed-

lings is therefore still lacking.

The current evidence on individual traits associated with mechanisms of

desiccation avoidance, presented above, does not support the idea that the traits

individually are important in determining interspecific variation in drought

resistance among seedlings of tropical woody plants. The effectiveness of the

combined mechanisms of desiccation avoidance in a plant can be evaluated

by assessing its leaf water potential under conditions of lowwater availability.

If mechanisms of desiccation avoidance are important, leaf water potentials

should remain high, whereas low leaf water potentials indicate that desicca-

tionwas not effectively avoided. Thusmidday leaf water potentials provide an

integrated measure of the effectiveness of mechanisms of desiccation avoid-

ance. Midday leaf water potentials of 20 species in the dry season in Panama

ranged from −1.2 to −3.2 MPa, but were not related to drought resistance

(Engelbrecht et al., unpublished data). This provides further support that

desiccation avoidance does not govern seedling drought resistance in tropical

forests.

An integrated measure of desiccation tolerance is lethal leaf water potential. If

plants already die with minimal desiccation, i.e. at high water potentials,

mechanisms of desiccation tolerance are not well developed, whereas low

lethal water potentials indicate high desiccation tolerance. In a screenhouse

study, Kursar et al. (2009) assessed lethal leaf water potential (and leaf water

content) as the value at which 50% of the individuals of a species die (equiv-

alent to LD 50). Across 19 species, lethal leaf water potential showed a highly

significant negative correlation with species’ drought resistance (independ-

ently assessed in a field experiment, Figure 10.3A; also see Tyree et al. 2003),

and it also varied between species found in high vs. low rainfall areas

(Figure 10.3B; Kursar et al. 2009). Specifically, drought-sensitive species die at

high leaf water potentials whereas drought-resistant species can withstand
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low water potentials. Additionally, across seedlings of 24 species, Baltzer et al.

(2008) found significantly lower lethal leaf water potentials (and water

contents) in species that occur in seasonally dry forests than in species

restricted to wet evergreen forest south of the Kangar–Pattani Line (KPL) on

the Malay–Thai Peninsula in Southeast Asia (Figure 10.3C). Combined, these

datasets provide strong support for the idea that mechanisms of desiccation

tolerance that allow plants tomaintain tissue function or viability despite low

water contents play an important role in determining variation in drought

resistance across woody seedlings in tropical moist forests worldwide.

Which mechanisms of desiccation tolerance are actually important?

Mechanisms at both the leaf level (mesophylls and epidermis) and in the

xylem tissue may contribute. Wilting at lower water potentials (i.e. more

negative turgor loss points), higher solute concentrations at full turgor

(i.e. more negative solute potentials) and more rigid cell walls (i.e. higher

bulk modulus of elasticity) are associated with lower lethal leaf water poten-

tials and with species occurring in drier seasonal forests (Baltzer et al. 2008).

These results demonstrate that there are strong inherent differences in leaf-

level tissue characteristics consistent with mechanisms leading to higher

desiccation tolerance in species in drier sites. Osmotic adjustments and

changes in cell wall elasticity are known to occur under drought conditions

(Tyree & Jarvis 1982; Eamus & Prior 2001), and interspecific differences in the

acclimation potential of these parameters may additionally contribute to

differences in lethal leaf water potentials. The extent to which compatible
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Figure 10.3 Desiccation tolerance, assessed as lethal leaf water potentials, correlates

with seedling drought resistance assessed experimentally in the field in Panama (A;

n = 19, R2 = 0.70, P < 0.0001). Lethal leaf water potentials are significantly higher in wet

forest species than moist forest species in Panama (B; t-test, P < 0.005, data for 25

species), and significantly higher in species restricted to wet aseasonal forests than in

species occurring in drier seasonal forests on the Malay–Thai Peninsula in Southeast

Asia (C; t-test, P< 0·005, data for 24 species). (A, B) Redrawn fromKursar et al. (2009); and
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solutes, i.e. solutes not involved in primary metabolism (Arndt et al. 2001;

Chen & Murata 2002; Merchant et al. 2006), play a role in the desiccation

tolerance of tropical seedlings through stabilising macromolecules has not

yet been addressed.

Maintaining the functionality of the xylem, the water-conducting tissue,

under drought conditions is critical initially tomaintain transpirational water

flow and photosynthesis, and under more advanced drought conditions to

supply leaf and meristem tissues with sufficient water to stay above lethal

water potentials. Under decreasing stemwater potentials (increasing tension),

xylem vessels cavitate and embolisms (air bubbles) form, which interrupt the

water flow and thus reduce the stem hydraulic conductance (Tyree & Sperry

1989). Vulnerability to cavitation varies enormously among species of tropical

plants (Brodribb et al. 2003; Choat, Sack & Holbrook 2007; Markesteijn et al.

2011; Tyree & Ewers 1996). No direct data are available to relate comparative

xylem vulnerability of tropical seedlings to their desiccation tolerance

(i.e. lethal leaf water potential or content). However, Kursar et al. (2009)

found that leaf specific hydraulic conductivity (the hydraulic conductivity

of the stem per leaf area) declined with increasing desiccation tolerance.

Leaf specific hydraulic conductivity is usually positively related to xylem

vulnerability (e.g. Markesteijn et al. 2011), in turn suggesting that species

with higher xylem vulnerability are indeed less desiccation-tolerant. This is

further supported by the finding of a significant increase in seedling wood

density with the degree of association to dry forests in Bolivia (Markesteijn &

Poorter 2009). High wood density is associated with small diameter xylem

vessels that have higher resistance to xylem embolism than large vessels

(Hacke et al. 2001).

To summarise, strong evidence has accumulated over the past several years

that mechanisms of desiccation tolerance are decisive in determining differ-

ential seedling responses to drought, with both leaf and xylem level processes

being relevant. However, contrary to longstanding assumptions and results

from other ecosystems, currently there is no convincing empirical evidence

that mechanisms of desiccation avoidance are important for shaping differ-

ences in seedling drought resistance in tropical moist and wet forests. These

results will be important to consider when selecting ‘soft traits’ indicative of

plant drought responses.

10.4 Effects of temporal and spatial variation in water
availability on tropical tree regeneration
We can gain further insights into how species are affected by water availabil-

ity by examining how current variation in water availability affects seedling

dynamics and species distributions. In tropical forests, annual rainfall and dry

season intensity vary widely and lead to pronounced spatial and temporal
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variation in water availability (Walsh 1996). Plant responses to this variation

can provide insight into how sensitive or resilient tropical species and com-

munities will be to changes in precipitation, and can provide key baseline

information that can be used in quantitative models of species distributions

and forest composition under specific climate scenarios.

10.4.1 Temporal variation in water availability
In many tropical forests – including moist and wet ones – rainfall is seasonal,

with one or two dry seasons per year (Walsh 1996). Even in aseasonal equato-

rial forests, dry periods of more than two weeks occur and can affect plants

(e.g. Becker 1992; Burslem, Grubb & Turner 1996; Walsh & Newbery 1999). In

addition to seasonal variation, there is large interannual variation in total and

seasonal rainfall in the tropics. Extreme wet and dry years are often related to

the El Niño–Southern Oscillation. In the moist and wet tropics, severe

droughts often occur in association with El Niño climatic events (Allan,

Lindesay & Parker 1996; Walsh & Newbery 1999). For example, the El Niño

event of 1982–83 resulted in an unusually severe dry season and elevated tree

mortality rates at Barro Colorado Island (BCI), Panama (Condit, Hubbell &

Foster 1995), and the 1997–98 El Niño event caused widespread droughts in

Southeast Asia (Bebber, Brown& Speight 2004). Even in the absence of El Niño

conditions, pronounced regional droughts can occur, such as the 2005

drought in the Amazon basin (Phillips et al. 2009). In contrast, La Niña years

generally have above average rainfall and lower solar irradiance owing to

increased cloud cover (Wright 2005).

10.4.2 Effects of seasonal variation in water availability
Two alternative hypotheses can be proposed concerning seasonal effects on

tropical seedlings. First, seedling performance may be higher in the dry

season than in the wet season, because light, the most limiting resource in

the understorey of tropical forests, occurs at higher levels in the dry season

(Russo et al. 2012; Wright 2005), and at the same time, pest pressure may be

lower, although that is not always the case (Coley 1983; Wolda 1978).

Alternatively, seedling performancemay be higher in the wet season, because

low water availability limits growth and survival in the dry season so that

seedlings are not able to take advantage of higher light levels. Evidence has

now accumulated that seedling performance does indeed vary substantially

between seasons. Table 10.2 lists studies examining effects of temporal varia-

tion in water availability on seedling performance. The majority of these

studies support the latter hypothesis, that seedling performance is negatively

affected by dry season water limitation.

In nearly all studies, seedling growth and/or survival were higher in the wet

season than in the dry season (Table 10.2). This is consistent with studies that
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have found that plants in tropical forests can be exposed to considerable

drought stress. At the height of the dry season, widespread wilting has been

observed (Chiariello, Field & Mooney 1987; Engelbrecht et al., unpublished

data), and leaf water potentials down to –4.8 MPa have been measured in

moist tropical sites during the dry season (Eamus & Prior 2001; Engelbrecht

et al., unpublished data; Tobin, Lopez & Kursar 1999; Veenendaal et al. 1996),

levels far below the conventional wilting point (–1.5 MPa, Larcher 2003) and

comparable to midsummer values in savanna datasets or Mediterranean

climates (e.g. Eamus & Prior 2001).

In an extensive survey of seasonal growth and survival of seedlings of 36

woody species on Barro Colorado Island, Panama (Comita & Engelbrecht

2009), overall seedling mortality was significantly higher in the dry season

than the wet season, particularly in the drier plateau habitat (Figure 10.4).

Growth rates also differed significantly between seasons, with overall nega-

tive growth (i.e. leaf loss) in the dry season and positive growth in the wet

season (Figure 10.4). This was partially, but not exclusively, due to drought-

deciduous species. When examining performance of species separately, 80%

of species showed higher growth and 65% higher survival in the wet season

than in the dry season (Comita & Engelbrecht 2009). The magnitude of the

differences in seasonal growth and survival varied among species, and some

species showed a pronounced opposite trend, reflecting the wide variation in

drought resistance among species. This study was conducted in a year with a

relatively severe dry season, and patterns may differ among years with
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Figure 10.4 Spatial and temporal

differences in the performance of

naturally regenerating seedlings in the

understorey of a tropical moist forest in

Panama. Seedlings were monitored in

dry plateau and wet slope sites in the dry

and the wet season. Relative growth rates

(A) were significantly lower in the dry

season than in the wet season, but did

not differ between habitats. Mortality rates

(B) were higher in the dry than in the wet

season and higher in the dry plateau than

in moist slope sites. Both growth and

mortality varied significantly among

species (see text). Data are means ±1 SE

for 36 species for mortality, and 33 species

for growth. Redrawn from Comita and

Engelbrecht (2009). With permission from

the Ecological Society of America (ESA).

284 L IZA S . COMITA AND BETT INA M. J . ENGELBRECHT



differing precipitation (see Section 10.4.3 below). However, monthly survival

(but not growth) rates were consistently lower in the dry season in three years

with different rainfall regimes (Comita & Engelbrecht, unpublished data). The

findings of these and other studies (Table 10.2) are consistent withwidespread

water limitation of seedling growth and drought-inducedmortality during the

dry season in seasonal tropical forests.

Drought has even been shown to be an important driver of seedling mortal-

ity in seasonally flooded forests, where inundation during the wet season is

often thought to be the most extreme stress with which seedlings have to

contend. In a study of four species in seasonally flooded forests in Darien,

Panama, seedling mortality per month was three times as great in the dry

season as in the wet season (Lopez & Kursar 2007). Similarly, decreased seed-

ling growth and increased seedling mortality in response to drought has been

observed for tree species in Amazonian floodplain forests (reviewed in Parolin

et al. 2010).

Despite the fact that the majority of species examined exhibit lower seed-

ling performance in the dry season, depending on species’ drought resistance,

dry season strength and microsite conditions, some species appear to be able

to take advantage of higher light conditions and lower pest pressure in the dry

season (e.g. Comita & Engelbrecht 2009; Yavitt & Wright 2008). In particular,

drought-resistant species and individuals located in moist microsites should

stand to benefit from dry season conditions.

Not only do rates of seedlingmortality vary between seasons, but the agents

of mortality can differ completely between wet and dry seasons. For example,

in a study of 12 species in Thailand, drought and fire caused mortality in the

dry season, whereas wet season mortality was caused by pathogens, insect

herbivores and physical damage, as well as additional unknown causes

(Marod et al. 2002). Furthermore, the importance of different agents for accu-

mulated annual mortality differed substantially among species: whereas in

one species all mortality was due to drought, in other species pathogens or

physical damage were the main causes of death. These results highlight the

differential selection pressures in the dry and wet season, and indicate that

the importance of different mortality agents is likely to shift under altered

precipitation regimes.

10.4.3 Effects of interannual variation in precipitation
Year-to-year variation in total rainfall and dry season severity has also been

shown to influence seedling dynamics (Table 10.2). For example, strong inter-

annual variation in seedlingmortality was found in a 5-year study in Thailand

(Marod et al. 2002) and could be attributed to differences in annual rainfall:

seedling survival was lowest in the driest year and highest when annual

rainfall was highest. Further evidence for the role of water availability in
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driving these patterns comes from the fact that these differences in annual

survival were related to dry season mortality, which varied substantially

among years (3.2–8.7% per month), but not to wet season mortality, which

was relatively stable across years (11.6–13.8% per month).

A number of studies have specifically compared seedling performance in

years with andwithout El Niño-related droughts. In northwest Borneo, higher

seedling mortality and stem-dieback was observed over a 2-year census inter-

val with a severe El Niño-associated drought compared with earlier (baseline)

census intervals (Delissio & Primack 2003). In a 3-year study of Prioria copaifera,

the dominant species in a seasonally flooded forest, seedling mortality was

higher during a long El Niño dry season compared with amild dry season, but

seedlingmortality rates were highest in a ‘normal’ dry season (Lopez & Kursar

2007).

At our study site in Central Panama, we monitored growth and survival of

naturally occurring seedlings of 36 species over three years that differed

substantially in precipitation patterns (Comita & Engelbrecht, unpublished

data). The first year of the study, 2003, had a particularly severe dry season

associated with an El Niño event (Figure 10.5A). Dry season rainfall in 2004

was also below average, but higher than in 2003. In contrast, dry season

rainfall in 2005 was above average. Interestingly, wet season rainfall, as well

as total annual rainfall, showed the opposite pattern, with precipitation high-

est in 2003 and lowest in 2005, thereby allowing us to separate out effects of

dry season vs. total annual rainfall on seedling performance (Figure 10.5B).

We found that dry season survival was lowest in 2003 and 2004, years with

below average dry season rainfall, and highest in 2005, the year with above

average dry season rainfall (Figure 10.5B). Over the three years, wet season

mortality rates similarly mirrored rainfall in the wet season, with the highest

wet season survival in 2003 (the year with the highest wet season rainfall) and

the lowest wet season survival in 2005 (the year with the lowest wet season

rainfall). Interestingly, annual survival rates did not differ significantly among

years (Figure 10.5C), in part owing to the opposing trends in dry and wet

season mortality, but also owing to mixed responses of the 36 focal species

(Figure 10.6), which were driven by differences in species’ drought resistance

(discussed below). These results demonstrate how a lack of community-level

variation in seedling performance can mask large differences among species

in responses to water availability. Ignoring such variation would lead to

incorrect predictions about how species composition and diversity would

shift in response to climate change. In addition, these results and others

(e.g. Lopez & Kursar 2007, discussed above) suggest that while drought stress

during severe dry seasons, such as those associated with El Niño events, often

negatively affects seedling performance, annual mortality rates may not be

strongly affected since non-drought-related mortality agents can also cause
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high mortality rates. As a result, across years differing in precipitation pat-

terns, the relationship between water availability and seedling performance

is far from straightforward, further complicating attempts to predict how

regeneration dynamics will respond to changing climate.

10.4.4 Spatial variation in water availability
Annual rainfall varies widely across tropical regions. For example, across the

Amazon basin, as well as in tropical West Africa, annual rainfall varies from

about 1000 mm to more than 4000 mm (Sombroek 2001; Poorter et al. 2004;

Quesada et al. 2009; Swaine 1996). Sharp rainfall gradients can also occur over
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Figure 10.5 Rainfall and survival of

seedlings of 36 species in lowland

tropical forest on BCI, Panama, in

three years that differed in

precipitation patterns. Cumulative dry

and wet season rainfall (black bars and

grey hatched bars, respectively) varied

widely among the three years (A), as
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Figure 10.6 Annual survival rates of naturally regenerating seedlings of 36 species on

Barro Colorado Island, Panama, in three years that differed in precipitation (see

Figure 10.5A). Values of proportion surviving are corrected for differences in leaf

number (within species) to account for changes in the size of surviving seedlings over

time.
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relatively short distances. Across the Isthmus of Panama, rainfall varies from

c. 1600 mm on the Pacific coast to c. 3100 mm on the Caribbean coast, over a

distance of only 65 km (ACP 2011), and results in pronounced differences in

soil moisture availability (Engelbrecht et al., unpublished data). Such rainfall

gradients are usually, but not always, associated with changes in dry season

length (e.g. Clinebell et al. 1995; Davidar et al. 2007).

At local scales, soil moisture varies with topographic position, slope angle

and position, soil texture (e.g. % clay), and canopy openness, leading some

plants to experience significantly higher or lower water availability than

individuals located only tens or hundreds ofmetres away. In particular, ridges

and plateaus tend to have drier soils than slopes and valleys (Becker et al. 1988;

Daws et al. 2002; Gibbons & Newbery 2003; Markesteijn et al. 2010), sandy

soils aremore drought-prone than loamy soils (Larcher 2003) and understorey

sites drier than gaps (Becker et al. 1988; Poorter & Hayashida-Oliver 2000;

Veenendaal et al. 1996). In the following, we will first discuss effects of local-

scale variation inwater availability on seedling performance, and then review

available data on effects of larger-scale variation in rainfall.

10.4.5 Effects of local-scale variation in soil moisture
Since soil moisture varies with topography and soil properties, differences in

seedling performance among local habitats may be driven in large part by

differences in soil water availability. It is important to note, however, that

additional factors, including light and nutrient availability, and pest pressure,

can vary among soil types or with topography (e.g. Fine, Mesones & Coley

2004; Gunatilleke et al. 2006; John et al. 2007; Palmiotto et al. 2004; Russo et al.

2012) so care must be taken when interpreting results of observational stud-

ies. Table 10.3 lists studies that have compared seedling performance between

habitats that vary in soil moisture.

Differences in habitat soil moisture may initially shape regeneration

through effects on germination and early seedling establishment. For exam-

ple, seedling emergence and dry season survival of first year seedlings were

higher inmoist slope sites than in drier plateau sites on Barro Colorado Island,

Panama (Daws et al. 2005). However, during the wet season, mortality was

elevated on slopes, presumably owing to damage from overland water flow

during intense rainfall or higher pathogen attack in the wetter slope sites.

Thus, wetter habitats can be either beneficial or detrimental to early seed-

lings, depending onwhether drought or physical damage and pathogen attack

are more important causes of mortality.

The performance of later seedling stages has also been shown to vary

among topographic habitat types. Higher mortality in drier plateau sites

than in wetter slope sites was observed in the 50-ha Forest Dynamics Plot on

Barro Colorado Island, with the difference between habitats particularly
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pronounced in the dry season (Figure 10.4), suggesting that differences

between the two habitats in seedling performance was due primarily to

water availability (Comita & Engelbrecht 2009). In particular, species whose

adult trees are associated with themoist slope habitats showed highermortal-

ity in the plateau versus the slope habitat in the dry season. On the other hand,

species whose adults are associated with drier plateau habitats showed no

difference in seedling mortality rates between the habitats, regardless of

season (Comita & Engelbrecht 2009). The fact that differential mortality

between the two habitats was most pronounced for species associated with

moist sites, specifically in the dry season, again suggests that water availabil-

ity was indeed a key driver of patterns of seedling performance.

The importance of water availability, rather than nutrients, in driving

differences in species’ performance among topographic habitats was convinc-

ingly shown in a transplant study in Malaysian Borneo (Palmiotto et al. 2004).

For four out of six species studied, seedling growth rates varied significantly

between drier ridges and wetter gullies, habitats that also differ in soil water

holding capacity and nutrient status. Two of the species showed higher

growth and two lower growth in gullies, indicating interspecific variation

in resource requirements. The importance of varying water availability

(and/or the development of anoxic conditions) for the observed habitat differ-

ences was confirmed by the fact that phosphorus additions had no significant

effect on growth rates (despite elevated soil and tissue P concentrations). In

the same study, seedling survival was significantly higher in thewetter gullies

than on the drier ridge tops for three of the study species, but only when they

were growing in gap sites. In summary, available data indicate that variation

in water availability can play a substantial direct role in driving local perform-

ance differences among habitats.

10.4.6 Effects of regional variation in rainfall
Regional-scale variation in water availability may also influence seedling

performance. A comparison of dynamics of naturally occurring seedlings

at four tropical forest sites with different rainfall regimes (BCI, Panama;

Pasoh, Malaysia; Nouragues, French Guinea; and Yasunı́, Ecuador) showed

that the most seasonal site (BCI) had the highest annual mortality rates

(Metz et al. 2008). However, the second highest mortality rate occurred at

the wettest, aseasonal site (Yasunı́), and within-site spatial and temporal

variation in seedling demographic rates exceeded differences among sites

(Metz et al. 2008). Such comparisons are useful at the community level, but

do not allow for comparisons of the performance of individual species

under varying rainfall conditions, because of corresponding shifts in species

composition.
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Large-scale transplant experiments are therefore necessary to assess varia-

tion of seedling performance under different rainfall regimes (Table 10.3). In a

transplant experiment with 24 woody plant species across a rainfall gradient

in Panama ranging from c. 1700mm to 3000mm, Brenes-Arguedas et al. (2009)

found overall very similar annual mortality rates for seedlings planted at the

dry and the wet site (2.3% vs. 2.5% per month). At both sites, mortality was

considerably higher in the seedlings’ first dry season than in the subsequent

wet season, but this effect was especially pronounced at the dry site. Overall

leaf production at the dry site was double that at the wet site. However, these

overall effects average out pronounced differences among the species that

were related to their distribution with respect to rainfall, with each group

having the highest survival in their place of origin: species occurring in dry

areas exhibited higher survival at the dry site, and species restricted to moist

sites had higher survival at the wet site. For growth, both groups had higher

leaf production at the dry site, but the difference was especially pronounced

for species restricted to wet sites. The pronouncedmortality in the dry season

in the dry site, which was alleviated through irrigation, shows that low water

availability directly leads to mortality at that site. However, other results of

the study hint towards the importance of additional factors in shaping per-

formance differences between the sites. Understorey light levels and

nutrients were higher in the dry site (Brenes-Arguedas et al. 2008, 2011),

probably contributing to the considerably higher growth rates at that site.

Additionally, leaf damage was higher at the wet site, further reducing growth

rates there (Brenes-Arguedas, Coley & Kursar 2009). Because forest structure,

understorey light levels, pathogen and herbivore pressure, and soil nutrients

vary among forests and along rainfall gradients, it is challenging to separate

out the effect of drought in such experiments. However, they give a realistic

picture of the integrated responses of seedling performance and dynamics to

the complex shifts of environmental factors with changing rainfall regimes,

and are therefore highly relevant for understanding consequences of global

climate change.

Two additional multi-species datasets from transplant experiments across

rainfall gradients in tropical wet to moist forest, another one from Panama

and one from Southeast Asia, also found strong differences in survival of

seedlings of woody species between sites with different rainfall regimes, but

neither found growth differences (Engelbrecht, unpublished data; Baltzer &

Davies, personal communication). A comparison between transplanted seed-

lings at twowoodland sites with different dry season lengths in Benin showed

consistent results (Biaou et al. 2011): survival was considerably higher at the

mesic than at the dry site, with an especially pronounced effect on the

drought-sensitive species, but growth again did not differ between sites.
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10.5 Species’ drought resistance, regeneration dynamics,
and species distributions and diversity
The studies reviewed above indicate that periods of low water availability

typically have negative effects on seedling performance at the community

level, but, at the same time, there exists huge variation among species in their

responses. Variation in species’ drought resistance – as quantified from irri-

gation experiments – has been shown to determine how individual species

respond to natural variation in water availability. For example, Comita and

Engelbrecht (2009) found that survival rates in drier plateau habitats were

significantly positively correlated with species’ drought resistance in the dry

season (where drought resistancewasmeasured in independent experiments;

Engelbrecht et al. 2007). However, this was not the case in either the wet

season or in wetter slope habitats. Similar patterns were found for growth

rates (after excluding drought-deciduous species; Comita & Engelbrecht

2009). These results provide strong evidence that direct effects of low water

availability lead to low survival and growth of seedlings of drought-sensitive

species in drier habitats.

Species’ drought resistance also determines how species respond to interan-

nual variation in water availability. Overall, seedling survival rates were pos-

itively related to species’ drought resistance in all three years of our study of

naturally occurring seedlings in central Panama (Figure 10.7, Comita &

Engelbrecht, unpublished data; described above in Section 10.4.3). However,

the relationship was significantly stronger in the year with the driest dry

season, indicating that drought-sensitive species do indeed have reduced sur-

vival in drought years (Figure 10.7). Interestingly, growth rates showed a pos-

itive relationship with species’ drought resistance in years with below average

dry season rainfall, but a negative relationship in the year with above average

dry season rainfall (Figure 10.7). These results suggest that, despite their lower

survival, drought-sensitive species are able to coexist with drought-resistant

species owing to their higher growth in years when water is not as limiting.

This is consistentwith results froma regional-scale study that found that species

occurring on the wetter side of the Isthmus of Panama had higher growth rates

and were better able to take advantage of increased light availability when

water was not limiting, compared with species occurring on the drier side

(Brenes-Arguedas et al. 2011). Similarly, in a study of saplings and trees ≥1 cm

dbh in Southeast Asia, species restricted to wet aseasonal forests had higher

growth rates than species occurring in dry seasonal forests (Baltzer et al. 2007).

These studies suggest that variation in tropical tree species’ drought resist-

ance, combined with variation in water availability, plays a large and direct

role in determining where and when species can successfully regenerate.

This, in turn, suggests a key role for drought resistance in shaping distribution

patterns of tropical tree species. Indeed, it has long been recognised that
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water availability is amajor correlate of distributions and diversity patterns of

plant species (e.g. Currie & Paquin 1987; Hawkins et al. 2003; Kreft & Jetz 2007;

Whittaker & Niering 1975). In lowland tropical forests, numerous regional-

scale studies have found that diversity, species composition and species dis-

tributions strongly correlate with annual rainfall or dry season intensity (e.g.

Bongers et al. 1999; Bongers, Poorter & Hawthorne 2004; Clinebell et al. 1995;

Condit 1998; Davidar, Puyravaud & Leigh 2005; Gentry 1988; Hall & Swaine

1981; Hawkins et al. 2003; Holdridge et al. 1971; Medina 1999; Pyke et al. 2001;

Slik et al. 2003; ter Steege et al. 2006). In addition, tropical forests undergo

pronounced temporal shifts in species abundance and distribution on scales

of decades, as well as thousands of years, that are associated with changes in

rainfall patterns (e.g. Condit, Hubbell & Foster 1996; Enquist & Enquist 2011;

Feeley et al. 2011; Mayle & Power 2008). Moreover, at local scales, many

tropical plants show associations with topographic habitat types that vary in

soil moisture (e.g. Harms et al. 2001; Newbery et al. 1996; Svenning 1999;

Valencia et al. 2004; Webb & Peart 2000).

Despite obvious correlations with water availability, other factors, such as

soil nutrients, light availability, pest pressure or historical mechanisms, can

covary withwater availability and therefore could be responsible for observed

correlations between water availability and species’ distributions (Baltzer

et al. 2008; Brenes-Arguedas et al. 2009; Givnish 1999; ter Steege et al. 2003;

Veenendaal & Swaine 1998). However, two recent studies strongly suggest a
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Figure 10.7 Relationship between species’ drought resistance and (A) annual seedling

growth and (B) survival in three years with different rainfall patterns on Barro

Colorado Island, Panama. Data are for 2003 (black, very strong dry season), 2004 (dark

grey, below average dry season rainfall) and 2005 (light grey, above average dry season

rainfall). Data are means (solid lines), and 1 SE (dashed lines). All relationships were

significant, and there was a significant growth × year and survival × year interaction.

Mean and SE values of growth rates and proportion surviving are corrected for

differences in leaf number (within species) to account for changes in the size of

surviving seedlings over time. Drought resistancewas independently assessed in a field

irrigation experiment (Figure 10.2C; Engelbrecht et al. 2007).
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direct, causal role of water availability in shaping tropical tree species’ dis-

tributions at regional and local scales. Engelbrecht et al. (2007) examined

distribution patterns of 48 tree and shrub species and found that species’

drought resistance, assessed experimentally at the seedling stage, was signifi-

cantly correlated with species distributions at the regional scale across 122

inventory plots spanning a strong rainfall gradient from the Pacific to the

Caribbean side of the Isthmus of Panama (Figure 10.8). At the local scale,

within a single large plot (50 ha) in the centre of the rainfall gradient, the

distributions of species across topographic habitat types that vary in soil

moisture (plateau vs. slope) were also significantly related to species’ drought

resistance both at the seedling and adult stage (Figure 10.8). In addition, it was

shown that these correlations did not arise indirectly through species’

responses to variation in light or nutrients (Engelbrecht et al. 2007).

Similarly, Baltzer et al. (2008) found that species’ distributions along a climatic

gradient spanning the Malay–Thai Peninsula were related to experimentally

assessed species’ desiccation tolerance, not to historical factors, as had pre-

viously been suggested. Specifically, species whose distributions included

seasonally dry forests were more desiccation-tolerant and showed different

associated physiological characteristics than species restricted to wet asea-

sonal forests (see Section 10.3 above). Together, these studies provide strong

evidence that species’ drought resistance interacts with water availability to

shape distribution patterns at local and regional scales in the tropics.

2.5

2.0

1.5

S
qr

t
(d

en
si

ty
 d

ry
/d

en
si

ty
 w

et
)

Lo
g

((
de

ns
ity

 d
ry

+
1)

/(
de

ns
ity

 w
et

+
1)

)

w
et

 s
ite

s
dr

y 
si

te
s

D
en

si
ty

Local

Drought resistance (%)

Regional

1.0

0.5

0.0
0 20

A Seedlings B Adults C Adults

40 60 80 100 0 20 40 60 80 100 0
−2

−1

0

1

2

3

20 40 60 80 100

Figure 10.8 Relationship between species drought resistance and local and regional

distribution patterns in lowland tropical forests in Central Panama. There was a

significant relationship with drought resistance for local density in dry plateau vs.

wetter slope sites for (A) seedlings (R2 = 0.14, P = 0.035), and for (B) trees ≥1 cm dbh

(R2 = 0.34, P = 0.0004) in the BCI 50-ha Forest Dynamics Plot. There was also a

significant relationship between drought resistance and the density of adults in a

plot on the dry side vs. on the wet side of the Isthmus of Panama (C) (R2 = 0.44,

P = 0.0006). Redrawn from Engelbrecht et al. (2007).
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Water availability also plays a significant role in shaping patterns of

diversity within and among tropical forests. In general, species diversity

increases with precipitation and decreases with dry season length across

tropical forests (Bongers, Poorter & Hawthorne 2004; Clinebell et al. 1995;

Condit 1998; Davidar, Puyravaud & Leigh 2005; Gentry 1988; Hall & Swaine

1981; Hawkins et al. 2003; Holdridge et al. 1971; Medina 1999; Pyke et al. 2001;

ter Steege et al. 2003). On local scales, habitats with high soil moisture tend to

support higher tree species richness than drier habitats, although light and

nutrient availability also vary with topography (e.g. Gunatilleke et al. 2006;

Hubbell & Foster 1983; Hubbell et al. 1999). Experimental studies support the

idea that water availability plays a direct role in shaping such patterns

through effects on seedling diversity. In an irrigation experiment in Peru,

watered plots had a higher density and higher species richness than unwa-

tered plots, for both sown and naturally occurring seedlings (Paine, Harms &

Ramos 2009). Similarly, irrigation had a significant, positive effect on seedling

species richness in Panama (Bunker & Carson 2005). These results suggest that

drought stress leads to the loss of drought-sensitive species throughmortality,

and thus decreases species diversity. Additionally, density-dependent mortal-

ity due to species-specific pests may be higher in wetter habitats, thus allow-

ing for the coexistence of more species (Givnish 1999).

10.6 Conclusions and future research directions
Several conclusions can be drawn from the studies reviewed above. First,

water availability is clearly an important driver of regeneration dynamics

under current climatic conditions, particularly in seasonal tropical forests

and during drought events. This is demonstrated by patterns of seedling

recruitment, growth and survival in response to seasonal, interannual and

spatial variation in water availability, as well as by experiments that show

increased performance in response to supplemental watering during dry

periods. Second, although low water availability (i.e. drought) tends to have

negative consequences on seedling performance at the community level,

there exists huge variation among species in their responses to drought.

Variation in drought resistance among tropical woody plant species is gov-

erned by differences in physiological traits, primarily those that allow species

to tolerate low water availability (i.e. mechanisms of desiccation tolerance).

Third, the variation among species in drought resistance, and resulting varia-

tion in regeneration dynamics, plays a significant role in shaping differences

in species distribution and diversity patterns across rainfall gradients

(i.e. changes in annual precipitation and dry season length) at regional scales,

and across local soil moisture gradients (associated with topography or soils).

How will altered precipitation patterns due to climate change affect tropical

forests, given the relationship between water availability, regeneration
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dynamics and species distributions? First, increases in dry season length or

increases in the severity or frequency of drought events are expected to reduce

recruitment, growth and survival of seedlings of drought-sensitive species,

particularly in dry habitats and at the dry end of their ranges. As a result, within

tropical tree communities, we anticipate a decrease in the abundance of

drought-sensitive species, and a restriction of those species towettermicrosites

(e.g. slopes and depressions). Failure to regenerate may eventually lead to local

extinction of drought-sensitive species, resulting in a loss of diversity within

the local community, and a contraction of species ranges at the regional scale,

which will increase the probability of extinction at larger scales.

On the other hand, increased rainfall or decreased dry season length will

not necessarily increase seedling performance at the community level or

favour drought-sensitive species. The irrigation experiments reviewed above

found that, although increased water availability increases seedling perform-

ance in the dry season, such effects do not necessarily add up to higher growth

and survival over the course of the entire year. This is because other mortality

agents may become increasingly important with higher water availability

(e.g. pathogen and herbivore damage, and light and nutrient availability),

and may compensate for decreased drought-related mortality. In addition,

increases in the intensity of precipitation events, i.e. strong rainfall, may

wash away seeds and young seedlings and also physically damage established

seedlings and saplings. Thus, under increased rainfall, the ‘winners’ are more

likely to be determined by resistance to physical damage and pest pressure or

their competitive ability than by their drought resistance. Increased rainfall

that leads to flooding would also favour tropical tree species that can tolerate

anoxic conditions (Parolin et al. 2010).

If changing precipitation patternsmainly affect regeneration, such changes

to tree community composition and diversity may not be observable for tens

to hundreds of years or longer, since tropical trees species are very long-lived.

However, if drought events or intense rainfalls are severe enough to increase

adult tree mortality (e.g. Phillips et al. 2010), effects could be evident on a

much shorter time scale. Increased adult mortality would additionally affect

regeneration through increased formation of light gaps, which would favour

pioneer species (Slik 2004).

To accurately predict how tropical tree species and communities will

respond to changing precipitation through effects on regeneration, there

are several areas of research that still need to be undertaken. First, the

majority of studies of tropical tree species’ response to water availability

come from a relatively small number of sites, with the majority being con-

ducted in lowland, seasonal, moist forests in the Neotropics. Studies from

additional tropical areas (e.g. dry and wet forests, aseasonal and montane,

Neotropical vs. Palaeotropical) are needed to further our understanding of
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the differences in drought responses and drought resistance among commun-

ities and regions. It is important to note that careful monitoring of water

availability will be necessary to allow for meaningful cross-site comparisons.

Second, there is a dearth of quantitative data on how water availability

interactswith other abiotic factors (i.e. light, nutrients, temperature and CO2),

and how it influences biotic interactions (e.g. pathogen or herbivore attack).

These factors undoubtedly influence species performance and distributions,

and are known to vary often with water availability (e.g. Givnish 1999; Swaine

1996; Veenendaal et al. 1996). However, how such interactions affect regen-

eration dynamics in tropical forest communities, and the ramifications for

species distributions and diversity, remain to be explored.

Third, an improved mechanistic understanding of tropical tree species’

physiological responses to drought is needed to develop meaningful proxies

and identify ‘soft traits’ that correlate with species’ drought resistance. This is

particularly important for making projections of species’ responses and

effects on ecosystem functions in tropical forests, where the high diversity

precludes detailed studies of all species in the community.

Fourth, although it is clear that there is wide variation among tropical tree

species in drought resistance, little is known about variation within species,

in terms of either phenotypic plasticity or genetic variation. Such information

is key for assessing the potential of species to adapt to changing climate and to

predict when and where species will be most affected (Williams et al. 2008).

Furthermore, estimates of tropical tree species’ migration potentials are

needed to determine whether species will be able to track climate across the

landscape (Clark et al. 2003).

Finally, efforts to predict the future of tropical forests under global climate

change are currently hampered by the fact that existing climate change

models can only predict precipitation patterns with extremely high uncer-

tainty (IPCC 2007), particularly at regional to local spatial scales (e.g. Malhi

et al. 2009).

In conclusion, our results highlight the sensitivity of tropical forest trees to

variation in water availability. Thus, shifts in precipitation patterns will

undoubtedly influence the population dynamics and distributions of individ-

ual species, with likely consequences for community composition, diversity

and ecosystem functioning. The full extent of these changes remains unclear,

but the resilience of these ecosystems will depend in large part on the degree

to which large, contiguous, intact swaths of tropical forest are preserved.
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