
Oecologia (2003) 136:383–393
DOI 10.1007/s00442-003-1290-8

P O P U L A T I O N E C O L O G Y

Bettina M. J. Engelbrecht · Thomas A. Kursar

Comparative drought-resistance of seedlings
of 28 species of co-occurring tropical woody plants

Received: 4 November 2002 / Accepted: 11 April 2003 / Published online: 17 June 2003
� Springer-Verlag 2003

Abstract Quantifying plant drought resistance is impor-
tant for understanding plant species’ association to
microhabitats with different soil moisture availability
and their distribution along rainfall gradients, as well as
for understanding the role of underlying morphological
and physiological mechanisms. The effect of dry season
drought on survival and leaf-area change of first year
seedlings of 28 species of co-occurring woody tropical
plants was experimentally quantified in the understory of
a tropical moist forest. The seedlings were subjected to a
drought or an irrigation treatment in the forest for
22 weeks during the dry season. Drought decreased
survival and growth (assessed as leaf-area change) in
almost all of the species. Both survival and leaf-area
change in the dry treatment ranged fairly evenly from 0%
to about 100% of that in the irrigated treatment. In 43% of
the species the difference between treatments in survival
was not significant even after 22 weeks. In contrast, only
three species showed no significant effect of drought on
leaf-area change. The effects of drought on species’
survival and growth were not correlated with each other,
reflecting different strategies in response to drought.
Seedling size at the onset of the dry season had no
significant effect on species’ drought response. Our study
is the first to comparatively assess seedling drought
resistance in the habitat for a large number of tropical
species, and underlines the importance of drought for
plant population dynamics in tropical forests.

Keywords Growth · Irrigation · Soil moisture · Survival ·
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Introduction

On a global scale, primary productivity, plant species’
distribution and the diversity of plant communities are
correlated with rainfall gradients and moisture availability
(e.g., Lieth 1975; Boyer 1982; Currie and Paquin 1987;
O’Brien 1993). Even within the moist and wet tropics,
species’ distributions and diversity gradients strongly
correlate with annual rainfall (e.g., Gentry 1988; Condit
1998; Swaine 1996; Bongers et al. 1999) and soil
moisture availability may be one of the main factors
influencing habitat associations of tropical trees, shrubs
and herbs (e.g., Whitmore 1984; Richards 1998; Sollins
1998; Webb and Peart 2000). Nevertheless, the responses
of tropical rainforest plants to soil water availability and
drought have received little attention, perhaps because
they were assumed to experience little drought stress.

In tropical forests, annual rainfall varies from about
800 mm to >10,000 mm (Walsh 1998). In most of the
tropics, dry season droughts occur regularly once or twice
per year (Windsor 1990; Walsh and Newbery 1999) and,
even in many aseasonal equatorial areas, dry periods of
15–35 days occur at least every other year (Becker 1992;
Burslem et al. 1996; Walsh and Newberry 1999).
Especially severe droughts in tropical regions occur in
association with El Ni�o climatic events (e.g., Toma et al.
2000; Nakagawa et al. 2000).

During the dry season, plants in tropical forests can be
exposed to considerable drought stress: wilting has been
observed, and pre-dawn water potentials of down to
�3.5 MPa have been measured (Becker and Wong 1993;
Veenendaal et al. 1995; Tobin et al. 1999). Drought has
been associated with increased mortality and decreased
growth rates in tropical plants (e.g., Turner 1990; Fisher
et al. 1991; Veenendaal et al. 1995; Condit et al. 1995).
Thus species’ differences in drought resistance may be a
major factor influencing species distributions in the wet
tropics. However, the link between species’ drought
resistance and plant distribution and diversity remains
poorly understood, mainly because comparative quanti-
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tative assessments of the effects of drought on plant
growth and survival are largely missing.

We use the term drought resistance as “the capacity of
a plant to withstand periods of dryness” (Larcher 1980),
i.e., the ability to survive drought while minimizing
reductions in growth, and ultimately fitness. We exper-
imentally quantified drought resistance for first year
seedlings of 28 co-occurring species of woody plants as
the survival and growth under drought relative to irrigated
conditions in the natural habitat. This method allows us to
isolate the effects of drought from other ecological factors
that determine survival and growth. We chose young
seedlings because, due to their limited root system and
competition with adult plants for soil resources (Lewis
and Tanner 2000), they are likely to be the life stage most
sensitive to drought. By working with a large number of
species, we can assess the degree to which species
occurring in the same area differ in their responses to
drought. This approach may allow us to link variation in
species’ drought resistance with patterns of distributions
and abundance across gradients of soil water availability
in tropical rainforests.

Materials and methods

Site and plant material

The experiment was conducted in Panama at the Buena Vista
peninsula which is part of the Barro Colorado Nature Monument
(BCNM), a protected area of about 5,400 ha administered by the
Smithsonian Tropical Research Institute. Average annual rainfall is
approximately 2,600 mm with a pronounced 4-month dry season
that usually lasts from about mid-December through mid-April
(Windsor 1990). Our study site has semi-deciduous, second growth
forest about 60 years old. Experimental plots were situated in the
understory of the forest in an area of about 25 ha.

We worked with seedlings of 28 woody plant species (Table 1).
Species were chosen according to: (1) availability and germination
of sufficient seeds, (2) sufficient degree of seedling shade-tolerance
for regeneration in the understory, (3) availability of information
about habitat affiliation and distribution relative to indicators of soil
moisture whenever possible. Seedlings were from 21 different
families and 12 orders, and represented different leaf phenologies
(evergreen or deciduous, Table 1), different life forms (shrubs and
trees) and a range of seed sizes. In the following we will refer to the
species by their genus. Seeds were collected in 2000 within the
BCNM. For the “seedlings” of Piper trigonum, which frequently
propagate vegetatively in nature, we used cuttings. Cuttings
included one node and about the proximal fifth of the attached
leaf. Propagules of each species were obtained from a minimum of
three (mostly many more) mother plants. Within a few days after
collection, fleshy seed covers, wings, etc. were removed, and the
seeds were set out in seedling trays for germination in the
greenhouse under moderately low light conditions (5–10% full
sunlight). Seedlings were then transplanted into pots (0.3–1.0 l
according to seedling size) and maintained in the greenhouse until
transplanting into the field. Seedlings were transplanted to plots in
the forest from September through November 2000. For all
seedlings, the dry season of 2000/2001 was the first dry season
they experienced. According to the time of fruiting and germina-
tion, the seedlings were between 2 and 9 months old at the onset of
their first dry season and the start of the experiment. Seedling size
varied between species, with average seedling heights of 36–
308 mm and average leaf areas of 10–263 cm2 (Table 1).

Experimental set-up

The seedlings were exposed to two treatments, irrigated and dry, for
22 weeks in the dry season (18 December 2000–12 June 2001).
Sixty plots (0.8 m�1.0 m) were established in the understory. Plot
positions were chosen along the trails with a minimum distance of
10 m between plots, and all plots were situated near large trees to
allow for root competition for water. All plots were caged with wire
mesh (1.1 cm�1.1 cm mesh width) to exclude vertebrate herbi-
vores, and to minimize damage through leaf-, twig- and branch-fall.
Within each plot, we initially marked 45 positions, permitting the
inclusion of up to 45 species, and randomly assigned the 28
available species to them. One seedling of each species was
transplanted directly into the soil of each plot for a total of 28 plants
per plot, and their survival and leaf-area change followed during the
course of the experiment. At the beginning and the end of the
experiment, light conditions in the plots were assessed with
hemispherical photographs (Model Coolpix-950; Nikon, Melville,
N.Y.; analyzed with Hemiview 2.1, Delta-T Devices, Cambridge)
and the average of the direct site factor (DSF; proportion of direct
light reaching the understory in relation to the light reaching the
canopy) was determined (cf. Engelbrecht and Herz 2001). To
ensure the same range of light conditions in both treatments, the
plots were paired by initial light conditions as predicted by the
Hemiview analysis, and one plot of each pair was randomly
assigned to each treatment.

Dry plots were covered with rain-out shelters (1.2 m�1.4 m)
made from transparent plastic sheets to protect them from any dry
season rains. During rain events, water collected in the rain-out
shelters, and was manually discarded away from the plots. Light
intensities (photosynthetic photon flux density) decreased by
approximately 20% due to the plastic cover (assessed by LICOR
quantum sensor measurements). The resulting range of DSF was
4.5–9.5% in the dry plots, and 5.8–12.6% in the wet plots
(means€SD were 6.6%€1.3% and 7.7%€1.5%, t -test: P<0.05). Wet
plots were watered regularly with water from Gatun Lake. Initially,
15 mm/m2 water was applied with watering cans 3 times a week,
equivalent to 193 mm of monthly rain. Later in the dry season the
amount of water applied was increased because competition from
neighboring plants decreased the relative soil water content even in
the wet plots. The amount of water applied was increased
individually for the different plots according to occasional visible
wilting of the seedlings.

Soil water content and water potential measurements

Censuses of gravimetric soil water content, seedling survival, plant
wilting stage and leaf area were initially conducted monthly, later
biweekly throughout the experiment. Gravimetric soil water
content of the upper 10 cm of soil was determined. Samples were
extracted in each census at a random position in each plot with a
soil corer (1 cm diameter). Samples were placed in sealed plastic
bags, fresh weight was determined in the laboratory (balance to
0.0001 g). The samples were dried to constant weight at 100�C for
at least 48 h, and dry weight was determined. Gravimetric soil
water content (G) was calculated as:

% ðGÞ ¼Wwet �Wdry

Wdry
� 100

After 17 weeks of treatment, when gravimetric soil water
content was at its minimum, we measured profiles of soil water
potentials in seven dry and two wet plots. Soil samples of about 1 ml
were extracted at different depths and immediately placed in field-
portable psychrometer chambers (Merrill Specialty Equipment,
Logan, Utah). Psychrometers were equilibrated in a water bath for
3.5 h to room temperature (approximately 23�C), and water
potentials determined after 15 and 45 s cooling time (CR7;
Campbell Scientific Equipment, Logan, Utah).

384



Assessments of growth, survival and wilting stages

Leaves of all plants were numbered with water-based, water-proof
markers, and length and width of each leaf were measured.
Expanding and mature leaves were color-coded, with leaf stage
based on color and texture (and on comparison with earlier
measurements). Regressions between the product of length and
width, and leaf area, computed from direct measurements on leaves
(and cotelydons, if applicable) of seedlings of equivalent size, were
used to calculate leaf areas from these measurements (mean R
2=0.97, range=0.74–0.99). For each leaf we also noted (in 10%
intervals) the amount of leaf area dead or missing due to pathogen
and/or herbivore damage or to necrosis for other reasons (e.g.,
drought stress), and subtracted the appropriate area from the area of
the intact leaf. In subsequent censuses, we noted: (1) presence/
absence for each leaf; (2) changes in the amount of herbivory,
pathogen damage and/or necrosis; (3) measured leaves that were
not yet fully expanded in the last census; and (4) marked and
measured newly developed leaves. With this information, we
calculated the leaf area of each seedling at each census. Growth was
assessed as (net) leaf-area change relative to the beginning. Leaf-
area change can be caused by an increase in leaf area, due to
development and expansion of new leaves, and/or a leaf-area loss,
e.g., through leaf abscission, or through herbivore or pathogen
damage. Dry weights of roots and stems as well as specific leaf
areas of seedlings in the understory do not change significantly
within the duration of one dry season in this habitat, and are not

affected by drought conditions (Baker, Engelbrecht, Tyree, Kursar,
unpublished data).

Wilting stage of each leaf was classified at each census
according to visual characteristics (Table 2).

Seedling survival was based upon the presence of living above-
ground tissues. In many species living stems were green, and living
plants could clearly be distinguished even without leaves. For some
species, distinguishing dead from alive plants was more difficult
because even living stems were grayish. For these, the commence-
ment of disintegration of the stem and increased fracture suscep-
tibility were considered indicators of death. In species for which
death was difficult to score, seedlings were followed after
rewatering at the end of the experiment, and the scoring confirmed.

Data analysis

We quantified the species’ drought resistance in terms of survival
(DS) as the percent survival in the dry treatment relative to the
irrigated treatment:

DS ¼
SD

SW
� 100

where SW and SD are the number of seedlings after 22 weeks
relative to the actual sample size at the beginning in the wet and the
dry treatment, respectively (Appendix 1). The drought resistance in

Table 1 Study species, family and order, height and leaf area at the
start of the experiment and leaf phenology. The species name,
authority and family are according to the VAST nomenclature

database (2002). The assignment to order is based on APG (1998).
Species information on leaf phenology for adult plants are compiled
from Croat (1978), informations on seedlings are from this study

Species Species
abbreviation

Family Order Height
(mm)

Leaf area
(cm2)

Leaf
phenologya

Andira inermis (W. Wright) Kunth ex. DC AND Fabaceae Fabales 237€8 187€11.9 1
Beilschmiedia pendula (Sw.) Hemsl. BEI Lauraceae Laurales 148€5 102€3.9 1
Calophyllum longifolium Willd. CAL Clusiaceae Malpighiales 307+6 263+7.9 1
Cordia alliodora (Ruiz & Pav.) Oken COR Boraginaceae Solanales 55€2 11€1.0 2
Cupania sylvatica Seem. CUP Sapindaceae Sapindales 60€2 20€0.9 1
Dipteryx panamensis (Pittier) Record &

Mell
DIP Fabaceae Fabales 280€10 217€15.1 2

Garcinia intermedia (Pittier) Hammel GAR Clusiaceae Malpighiales 97€2 16€0.5 1
Hybanthus prunifolius (Humb. & Bonpl.

ex Roem. & Schult.) Schulze-Menz
HYB Violaceae Malpighiales 57€2 13€0.7 3

Hymenaea courbaril L. HYM Fabaceae Fabales 308€10 209€8.9 1
Inga multijuga Benth. ING Fabaceae Fabales 187€4 62€2.7 3
Lacistema aggregatum (P. J. Bergius)

Rusby
LAI Lacistemataceae Malpighiales 52€2 14€0.6 1

Lacmellea panamensis (Woodson) Markgr. LAC Apocynaceae Gentianales 131€3 39€1.2 1
Licania platypus (Hemsl) Fritsch LIC Chrysobalanaceae Malpighiales 274€5 64€6.3 1
Ouratea lucens (Kunth) Engl. OUR Ochnaceae Malpighiales 93€2 27€1.5 1
Picramnia latifolia Tul. PIC Simaroubaceae Sapindales 74€3 13€0.7 1
Piper trigonum C. DC. PTRI Piperaceae Piperales 36€3 59€5.3 1
Pouteria unilocularis (Donn. Sm.) Baehni POU Sapotaceae Ericales 146€3 33€1.0 1
Pseudobombax septenatum (Jacq.) Dugand PSE Malvaceae Malvales 155€4 40€1.9 2
Psychotria horizontalis Sw. HOR Rubiaceae Gentianales 98€3 31€13 1
Pterocarpus rohrii Vahl PTE Fabaceae Fabales 77€4 32€2.0 2
Swartzia simplex (Sw.) Spreng.b SWA Fabaceae Fabales 107€3 36€2.4 1
Sorocea affinis Hernsl. SOR Moraceae Rosales 71€2 12€0.3 1
Tabebuia rosea (Bertol.) A. DC. TAB Bignonaceae Lamiales 77€3 25€1.7 2
Thevetia ahouai (L.) A. DC. THE Apocynaceae Gentianales 159€5 60€3.5 3
Trichilia tuberculata (Triana & Planch.)

C. DC.
TRC Meliaceae Sapindales 78€2 10€0.6 1

Virola surinamensis (Rol. ex Rottb.) Warb. VIR Myristicaceae Magnoliales 143€3 170€6.2 1
Xylopia macrantha Triana & Planch. XYL Annonaceae Magnoliales 66€5 17€1.0 1
Xylosma chlorantha Donn. Sm. XYO Flacourtiaceae Malpighiales 55€2 13€1.0 1

a 1 Evergreen, 2 deciduous as adults and seedlings, 3 deciduous as seedlings
b Referred to as var. grandiflora on Barro Colorado Island (see Croat 1978)
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terms of leaf-area change (DLA)—as a measure of plant growth—
was quantified in the equivalent way as:

DLA ¼
LAD

LAW
� 100

where LAW and LAD are the leaf area after 22 weeks relative to the
leaf area at the beginning in the wet and the dry treatment,
respectively.

Soil water census data were analyzed by repeated measures
ANOVA (STATISTICA; StatSoft, Tulsa, Okla.). An ANCOVA
with light conditions as a covariable was used to analyze for overall
treatment and species effects on leaf-area change, and for treatment
effects on the survival per plot (STATISTICA). Differences within
species between the treatments in leaf-area change and survival
were analyzed with t -tests and Fisher’s exact tests, respectively
(InStat; GraphPad Software, San Diego, Calif.). Additionally, the
significance levels were adjusted in a sequential Bonferroni test for
an experimental error rate a=0.05 (Rice 1989). However, since we
were mainly interested in individual species responses, the Results
and Discussion are based on unadjusted values (Perneger 1998).
The effects of leaf phenology (adult and/or seedling, see Table 1)
on average species survival and leaf-area responses to drought were
assessed with an ANOVA, and Spearman rank correlations were
used to evaluate the effect of initial leaf area and seedling height
(STATISTICA).

Results

The dry season of 2000/2001 was about average both in
terms of amount of rainfall and duration, but it began and
ended 3–4 weeks later in the year than normal (Fig. 1A).
Soil water content was already significantly lower in the
dry than the wet treatment in the first census (after
4 weeks) and stayed significantly lower throughout the
experiment (Fig. 1B; repeated ANOVA: P<0.0001 for
treatment and time effects, as well as their interaction).
The lowest gravimetric soil water contents that were
reached at the end of the dry season under the rain-out
shelters in the dry treatment were slightly below the
values reached in a “normal” dry season in the area
(Engelbrecht, Tyree, Kursar, unpublished data), and are
probably comparable to those reached in severe El Ni�o-
associated dry seasons. Even in the wet treatment the
gravimetric soil water content decreased, due to compe-
tition for water from neighboring plants. A rise in soil
water content in weeks 20 and 22 coincided with rain
events (cf. Fig. 1A, B). The rehydration was probably due
to lateral water movement through soil capillaries and
roots, i.e., lateral hydraulic “lift” (Caldwell et al. 1998).

Table 2 Wilting stages of the
leaves. Wilting stages of the
first four categories were dis-
tinguished individually for each
leaf. For determining whole
plant wilting stages, the stage of
the respective most wilted leaf
was used

Wilting stage Visual characteristics

Normal (not wilted) No signs of wilting or water stress

Slightly wilted Slight leaf angle changes but no folding, rolling, or changes in leaf structure

Wilted Strong leaf angle change or visible change of leaf surface structure but no cell
death

Severely wilted Very strong change of leaf angle or change of leaf surface structure with
beginning leaf necrosis

Nearly dead All leaves dead, but stem alive; distinguished by color and elasticity

Dead All aboveground parts dead; no resprouting after rewatering at the end of the
experiment

Fig. 1A–C Rainfall and soil moisture conditions in the wet and dry
treatments. A Weekly rainfall on Barro Colorado Island (l) during
the experiment and 71-year average (–); we calculated the weekly
rainfall as the sum of the rainfall for the day plotted plus for the
3 days before and after. The total rainfall during the experiment was
563 mm (� indicates 239 mm rainfall in week 2) versus a 70-year
average of 473 mm over the same calendar dates. Data from Steve
Paton, Smithsonian Environmental Science Program. B Gravimet-
ric soil water content in the upper 10 cm of soil in the experimental
plots (� dry treatment, l irrigated treatment; n=30). n Represents
the gravimetric water content at field capacity and h the average
gravimetric water content for the wet season of 2001. Data are
averages€SE. C Soil water potential profiles measured in week 17
when soil water content was at a minimum (symbols as before; dry
treatment n=7, wet treatment n=2)
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Soil water potentials and their vertical distribution also
differed strongly between treatments (Fig. 1C). In the dry
treatment soil water potentials fell to as low as �6 MPa at
the soil surface, and there was a strong increase towards
lower soil layers. In contrast, soil water potentials
measured in the wet treatment were all above �1 MPa,
and there was no vertical gradient.

In most species, dry treatment conditions caused
wilting, and reduced survival and leaf-area increase.
The effects of drought differed strongly among species.
As an example, Fig. 2 shows the wilting behavior and
mortality of nine species in the dry treatment over time. In
some species (e.g., Beilschmiedia, Calophyllum) wilting
started very early in the experiment, plants went quickly
through all wilting stages, and most individuals died
early. At the other extreme (e.g., Ouratea, Garcinia), few
plants showed any visible sign of drought stress, and
mortality in the dry treatment was extremely low. There
was a continuum of reactions (e.g., Tabebuia, Sorocea,
Hybanthus, Psychotria) with different combinations of
wilting behavior and mortality. Pseudobombax was
clearly deciduous with all plants shedding their leaves
but having low mortality. Partial recovery from the more
advanced wilting stages was evident in weeks 20 and 22
and this correlated with the increased soil water content
observed in Fig. 1B.

In 22 of the species, survival over 22 weeks was
extremely high in the wet treatment (�90%, Fig. 3A). In
the other six species (Andira, Beilschmiedia, Dipteryx,
Hymenaea, Inga, Pouteria), >10% of the individuals died
even in the irrigated treatment. For Beilschmiedia we
could not always maintain soil water contents in the
irrigated treatment above stress levels (wilting was
observed), and mortality even in the wet treatment may
have been partly caused by drought. For the other five
species, herbivore and pathogen damage were probably
the main reasons for mortality in the wet treatment
(personal observation).

Seedling survival over 22 weeks was higher in the wet
treatment than in the dry treatment in all except one

species (Fig. 3A), so that survival in the dry treatment
relative to the wet treatment ranged from 0% (Beilsch-
miedia) to 100% (Dipteryx, Fig. 3B). The watering
treatment had a significant effect on seedling survival per
plot (ANCOVA: F=50.24, P <0.0001), whereas light as a
covariable did not have a significant effect. Within
species, 22 weeks of drought caused a significant
reduction of survival in 16 of the species. In the 12 other
species, the effect was not significant.

Net leaf-area change of the surviving individuals
(a measure of growth) varied between treatments and
species (Fig. 4A). In most cases, leaf area increased in the
irrigated treatment and decreased in the dry treatment.
However, in some species leaf area increased and in other
species leaf area decreased in both treatments. Overall,
there was a significant effect of species (ANCOVA:
F=11.71, P <0.0001, see Appendix 1 for n) and treatment
(F=195.52, P<0.0001) on leaf-area change of the surviv-
ing individuals and the effect varied among species
(species�treatment interaction, F=3.28, P<0.0001). In-
cluding light as a covariable did not have a significant
effect on leaf-area change. The maximum effect on leaf-
area change of the survivors (Fig. 4B) was in Pseu-
dobombax, where the leaf area in the drought treatment
was 2% of that in the irrigated treatment. In contrast, in
three species there were no significant differences
between treatments (Swartzia, Andira, Piper). Analyzing
leaf-area change for survivors only focuses on those
individuals contributing to future population dynamics.
This approach ignores the fact that all plants that died in
the experiment suffered complete leaf loss prior to death,
and thus on a population level leaf-area loss was much
more pronounced in those species with lower survival.

Fig. 2 Wilting stages and mortality in the dry treatment. Nine
species are shown as examples. For a description of the wilting
stages see Table 2. For abbreviations, see Table 1

Fig. 3A, B Survival over 22 weeks in the irrigated and the dry
treatment. A Survival in the two treatments relative to the number
of individuals at the beginning ( black bars wet treatment, gray
bars dry treatment). B Survival in the dry treatment relative to the
wet treatment (DS=SD/ SW�100). Species are sorted by increasing
drought resistance. Results of Fisher’s exact test for treatment
effects within each species are given in A [***P<0.0001, **P
<0.005, *P<0.05, (*)P=0.05, not significant n.s. P>0.05]. The
horizontal bar marks those species for which treatment differences
were significant after stepwise Bonferroni adjustment. For abbre-
viations, see Table 1
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We therefore also calculated leaf-area change for the
entire population of each species (Appendix 1).

Species’ survival and leaf-area change of the survivors
in dry relative to wet conditions (DS and DLA) did not
correlate with each other (Fig. 5). Points were scattered,
forming a triangular shape with three “extremes”: both
high relative survival and leaf-area change (e.g., Swart-
zia) (group a), high relative survival combined with a
strong decrease in leaf area (e.g., Dipteryx, Pseudobom-
bax) (group b), and a low relative survival combined with
an intermediate effect on leaf-area change (Virola,
Calophyllum, Piper) (group c). However, when species
with facultatively deciduous seedlings (see Fig. 5) were
excluded from the analysis, there was a significant
relationship between Ds and DLA (r2=0.29, P<0.05). An
analysis of leaf-area change in the whole population of all
species (Appendix 1) showed a significant correlation
between survival and leaf-area change in dry relative to
irrigated conditions (r2=0.36, P<0.01).

Deciduous species (as reported by Croat 1978 for
adults, see Table 1) showed a significantly stronger effect
of drought on leaf-area change than evergreen species
(ANOVA: F=18.38, P<0.0005), but survival did not
differ between deciduous and evergreen species (AN-
OVA:P >>0.05). The same was true when we based our
definition of deciduousness on our direct observations of
the seedlings in the experiment and added Hybanthus,
Inga , and Thevetia, species that are not deciduous as
adults (see Fig. 5). Initial seedling leaf area or seedling
height did not have any effect on relative survival or
relative leaf-area change (P>>0.05 in Spearman rank
correlations).

Discussion

Survival and growth reduction due to drought

A trend towards decreased seedling survival was observed
in all except one of the 28 species (Fig. 3A). The effect of
drought on survival varied considerably and continuously
among species (Fig. 3B). Few studies have conclusively
shown drought-induced death of tropical seedlings (Turn-
er 1990; Fisher et al. 1991; Veenendaal et al. 1995),
although many present circumstantial evidence (e.g.,
Garwood 1982; Schupp 1988; Brown and Whitmore
1992; Gilbert et al. 2001). That survival of 43% of the
species in this study was not significantly affected by the
severe drought conditions in the experiment, shows that
many species in the BCNM forest are well adapted to
drought conditions, and may survive severe dry seasons
and/or in dry microsites. The high number of drought-
resistant species may seem surprising, given that tropical
rainforest plants have been viewed as extremely drought
sensitive. However, drought conditions do occur even in
wet tropical forests (see Introduction). Adaptations to
drought, allowing high survival rates under drought
conditions, therefore may be more advantageous than
had been recognized previously, especially for plants in
areas with a pronounced dry season. These findings are
concurrent with results from a recent study where
seedlings of three common shade-tolerant tree species in
the Barro Colorado Nature Monument did not show
increased mortality in a severe El Ni�o dry season
compared to normal years (Engelbrecht et al. 2002).

Our measure of growth (leaf-area change) was signif-
icantly lower in the dry than the irrigated treatment in
most species, and the effect varied widely and signifi-
cantly (Fig. 4). Seedlings in the dry treatment showed
reduced development and expansion of new leaves, and/
or increased leaf loss compared to seedlings under
irrigated conditions. Growth reduction poses a cost on

Fig. 4A, B Leaf-area change over 22 weeks of the surviving
individuals in the irrigated and dry treatment. A Leaf-area change
relative to the leaf area at the beginning ( black bars wet treatment,
gray bars dry treatment). Values >1 and <1 are net leaf-area
increases and losses, respectively. The values are averages€SE, n
are given in Appendix 1. B Leaf-area change in the dry treatment
relative to the wet treatment ( D LA=LAD/LAW�100). Results of t -
tests for treatment effects in each species are given in A (***P
<0.0001, ** P <0.005, * P<0.05, n.s. P>0.05). The t -test for
unequal variances was used where necessary. Horizontal bars mark
those species for which treatment differences were significant after
stepwise Bonferroni adjustment. For abbreviations, see Table 1

Fig. 5 Relation between DS and DLA of survivors in the dry relative
to the wet treatment. The three species that overlap at the right of
center are HYM, XYO and TRC. * Species a priori known to be
deciduous as adults (Croat 1978), ** additional species whose
seedlings were found to be facultatively deciduous in this study.
For abbreviations, see Table 1
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plants. It is therefore likely that individuals that suffer
little growth reduction will have less drought-related
fitness losses than those with strong decreases in growth
rates. Reduced growth and leaf shedding as a result of
drought stress are well known phenomena (e.g., Jarvis and
Jarvis 1963; Kozlowski and Pallardy 1997 and citations
therein). However, few studies have directly compared
the extent of growth reduction due to drought between
species (e.g., Jarvis and Jarvis 1963; Evans and Ether-
ington 1991; Espigares and Peco 1995; Fernandez and
Reynolds 2000). Of the relevant studies of drought effects
on growth of woody rainforest plants, most have shown
that droughted seedlings, as well as saplings and mature
trees, have reduced growth compared to plants under wet
conditions (e.g., Unwin and Kriedemann 1990; Fisher et
al. 1991; Veenendaal et al. 1995; Poorter and Hayashida-
Oliver 2000; Ito et al. 2000; Chandrashekar et al. 1998).
Methodological differences and the very limited number
of species investigated do not allow comparisons based on
the available data.

Species’ drought responses both in terms of survival
and growth varied continuously. Any separation into
“drought-resistant” versus “drought-sensitive” species
must therefore remain arbitrary. This result indicates the
difficulty of defining drought-related functional groups in
tropical forests in order to reduce ecological complexity
for modeling of forest dynamics, consequences of distur-
bance or global climate change (cf. Swaine and Whitmore
1988; Gitay and Noble 1997).

Strategies of drought resistance

The reductions in survival and in growth (leaf-area
change) of the surviving plants due to drought were not
correlated. The combinations of responses indicate three
extreme strategies of coping with drought (see Fig. 5):

1. Little effect on both growth and survival: drought of
the same length and intensity as in the present
experiment, comparable to a severe drought at the
study site, does not stress these species. We conclude
that these species are well adapted to drought. The
adaptations may include deep and extended root
systems (especially in relation to their leaf area), low
drought-induced xylem dysfunction, and osmotic ad-
justment, so that transpiration, photosynthesis and cell
expansion continue at similar rates under wet and dry
conditions.

2. Little effect of drought on survival, but a strong effect
on growth: the seedlings of these species shed their
leaves under dry conditions and kept (most of) them in
the wet treatment. They are facultatively deciduous.
Leaf shedding may be crucial for maintaining above-
lethal water potentials in meristems and roots of
seedlings. Although leaf shedding does have a pro-
nounced negative impact on growth, this strategy may
allow survival through strong drought conditions, and
successful colonization of relatively dry habitats.

3. A strong effect of drought on survival with the
surviving individuals showing an intermediate growth
reduction: these species may be taking a gamble on
maintaining high photosynthesis, transpiration and
growth rates while rapidly approaching lethal desic-
cation levels, possibly combined with shallow roots.
This strategy may be successful in habitats where
droughts are usually mild or short but not in habitats
with extended or severe droughts. The absence of
species with both low survival and growth under
drought may reflect the climatic conditions in our
study area, where soil moisture declines regularly in
the dry season. Such highly drought-sensitive species
may be more common in continuously wet habitats.

The scatter of points when relating drought effects on
survival and growth was continuous, despite the three
extremes identified above (Fig. 5). This suggests that
plant strategies to cope with drought cannot be clearly
separated from each other, but rather represent a contin-
uum and are the outcome of different combinations of
traits. Accordingly, dry season measurements of midday
leaf water potentials on saplings of four of our species
showed strong species differences (averages of �1.8 to
�4.5 MPa, Tobin et al. 1999), but no relation to drought
resistance in terms of survival or growth in our study.
That different strategies to cope with drought can lead to
similar survival rates is supported by our unexpected
result that species with deciduous seedlings did not have
higher relative survival than non-deciduous species. Our
data also suggest that strategies to cope with drought may
change throughout the life cycle of plants: the seedlings
of three of our species ( Inga, Hybanthus and Thevetia)
were facultatively drought deciduous in the experiment,
whereas adults are not known to be deciduous (Croat
1978).

Even though seedling size varied tenfold, we found no
relation between seedling size at the beginning of the
experiment and the magnitude of the drought effect on
either leaf-area increase or survival across species. This is
contrary to expectations that seedling size at the onset of a
drought might be a good predictor of drought resistance,
reasoning that larger plants have deeper roots and thus
can better exploit the higher water potentials in deeper
soil layers. Lower susceptibility to drought in larger
plants has been shown in some tropical plants (Cao 2000;
Poorter and Hayashida-Oliver 2000). The lack of a trend
towards a smaller drought effect in species with larger
seedlings may have two possible reasons: (1) species’ leaf
area and seedling height may poorly reflect rooting depth;
(2) other mechanisms of desiccation-avoidance and
desiccation-tolerance may have a larger effect on species’
survival and growth under drought conditions, e.g.,
drought deciduousness may be a determining factor in
some of our species.

Our data set showing large differences among species’
drought resistance may permit us to provide a better
understanding of the relative importance of the underlying
morphological and physiological mechanisms across
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species. We have developed methods to assess the
desiccation-tolerance of individual species (Tyree et al.
2002), and studies to link mechanisms of desiccation-
tolerance and -avoidance to species’ performance in the
habitat are currently being conducted.

Quantifying drought responses

Survival and growth of plants under drought conditions in
the field are not only influenced by drought effects, but
also by other abiotic and biotic factors, namely light
intensity, herbivore and pathogen pressure (e.g., Howe
1990). To distinguish between drought effects and other
factors and to assess the relative importance of drought
effects requires direct comparison between performance
under dry and irrigated conditions. In such an experiment
all differences between treatments are caused by drought
effects—both direct and through interactions between
drought and various non-drought related factors. For
example drought may lead to reduced allocation to plant
defenses, and make plants more susceptible to herbivore
or pathogen attack (Schoeneweiss 1986). Because non-
drought related factors affecting plant performance vary
spatially and temporally (e.g., Wright 1996; Wolda 1988),
approaches comparing wet and dry sites, years, or seasons
do not distinguish between drought- and non-drought-
related effects. The value of a direct comparison between
dry and irrigated conditions is exemplified by our result
that several of the species showed pronounced mortality
even under irrigated conditions, mainly due to herbivores
or pathogens. An experimental analysis without an
irrigation treatment would have underestimated the
drought resistance of these species. To our knowledge,
only three studies have been conducted where growth
and/or survival of tropical plants under dry season
conditions were directly compared to irrigated conditions,
each working on only one to five species (Fisher et al.
1991; Mulkey and Wright 1996; Poorter and Hayashida-
Oliver 2000).

The temporal and spatial dynamics of soil water
availability are important for the effectiveness of mech-
anisms of desiccation-tolerance and desiccation-avoid-
ance (especially rooting depth), but are difficult to mimic
in potted plants under greenhouse conditions. Conducting
the experiments in the natural habitat allowed for natural
soil moisture depletion rates as well as natural profiles of
soil water potentials (Fig. 1C) by taking advantage of root
competition from neighboring plants and evaporation
from the soil surface.

Ecological implications

The moist tropical forest in the Barro Colorado Nature
Monument (BCNM) is subjected to annual dry seasons of
varying intensity that result in pronounced decreases in
soil moisture (Windsor 1990). The significant negative
drought effect on seedling survival and growth of most of

the species we studied (Figs. 3, 4) suggests that drought is
a strong selective agent in the moist tropical forest in the
BCNM, with an especially important role in severe El
Ni�o dry seasons. Decreases in available soil moisture
affected the seedlings of our study species to very
different extents (Figs. 3, 4), which likely results in
differential influences on species’ recruitment patterns.
Recruitment of those species identified as most drought
resistant will not be affected by the average dry season
drought in the area, whereas recruitment of the most
drought-sensitive species will be affected, restricting
successful recruitment of these species to wet microhab-
itats or to exceptionally wet years. Decreased seedling
survival in the dry season in the BCNM has been shown
for drought-sensitive species ( Virola and Ocotea, Fisher
et al. 1991; Howe 1990; Gilbert et al. 2001), but for an
intermediately drought-resistant species there was no
drought effect even in a severe El Ni�o dry season
(Trichilia, Engelbrecht et al. 2002). Differential drought
effects on species’ recruitment success may explain why
seedlings of many of our study species that are common
in the BCNM forest were rather drought resistant,
whereas only a few species were very drought sensitive
(Figs. 3, 4).

Differences in drought resistance among species,
combined with spatial and temporal differences in soil
moisture availability are expected to have profound
effects on species’ distribution patterns both on a small
and large scale, i.e., drought-sensitive species occur in
wetter sites and are excluded from drier areas, and species
with high drought resistance occur in drier sites than
drought-sensitive species.

Variation in soil moisture at the microhabitat scale is
due to differences in topography, drainage, soil type and
texture, and root density. Much evidence indicates that
trees, palms and herbs of the wet tropics have habitat
associations with variables that are indicative of rhizo-
sphere water availability (reviews by Whitmore 1984;
Richards 1998; Sollins 1998; Webb and Peart 2000).
However, we are unaware of studies that have determined
whether the relationship between soil water availability
and species drought resistance explains microhabitat
distribution. In a 50-ha forest dynamics plot on Barro
Colorado Island (BCI), which is about 4 km south-west of
our study site, 50% of the tree and shrub species showed a
positive association with topographic habitat classifica-
tions (plateaus, slopes or streams; Harms 2001). Slopes
are wetter than ridge or plateau sites on BCI (Becker et al.
1988). Interestingly, the most drought-sensitive species in
our study, Calophyllum , Virola , Xylopia and Beilsch-
miedia, showed positive habitat associations with (wet)
slopes, whereas Garcinia and Ouratea, which were highly
drought resistant in our study, were among the relatively
few species positively associated with the (dry) plateau
(Harms 2001). These preliminary data suggest that further
analysis of the relation between species’ drought resis-
tances and their habitat associations will provide new
insights into the underlying processes of the observed
patterns.
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On a larger scale, plant abundance, distribution and
diversity in tropical forests vary along rainfall gradients
(Condit 1998; Veenendaal and Swaine 1998; Bongers et
al. 1999). The mechanisms leading to these changes of
tropical forest communities remain open (Givnish 1999;
Hubbell 2001). Especially debated are the processes that
allow for species coexistence in highly diverse tropical
forest communities, and that lead to gradients of diversity
(e.g., Hubbell 2001; Wright 2002). Variation in forest
composition along rainfall gradients suggests that changes
in rainfall may have profound impacts on tropical forest
communities. Shifts in rainfall patterns, together with an
increase of the frequency of El Ni�o events, are the main
effects of global climate change expected for the tropics
(Hulme and Viner 1998; Timmermann et al. 1999).
Drying trends could cause the local extinction of drought-
sensitive species, and lead to the invasion of more
drought-resistant species (Condit 1998). Quantitative
assessments of differential drought resistance provide a
baseline for linking species’ ecological characteristics to
distribution patterns at different spatial scales, and
therefore contribute to the understanding of gradients of

species diversity in the tropics, and to predicting climate-
induced changes in tropical forest communities.
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Appendix 1

Sample sizes at the beginning of the experiment for each treatment,
number of survivors, and relative leaf-area changes (DLA) for all
individuals (alive and dead)

The data are medians (minimum; maximum in parentheses). For
abbreviations, see Table 1.

Species code N Alive Leaf-area change Mann-Whitney

Wet Dry Wet Dry Wet Dry

AND 30 29 18 12 0.000 0.000 n.s.
(0.000; 1.572) (0.000; 1.235)

BEI 30 30 16 0 0.964 0.000 –
(0.000; 1.393) (0.000; 0.000)

CAL 30 30 30 6 1.000 0.000 ***
(0.000; 1.533) (0.000; 1.180)

COR 28 26 27 19 0.965 0.347 ***
(0.000; 2.315) (0.000; 0.925)

CUP 30 31 29 26 1.079 0.957 **
(0.000; 1.951) (0.000; 1.377)

DIP 30 30 22 22 0.764 0.000 **
(0.000; 4.789) (0.000; 0.967)

GAR 30 30 30 29 1.000 1.000 **
(0.949; 2.120) (0.000; 1.000)

HOR 30 29 29 27 1.076 0.861 ***
(0.000; 1.803) (0.000; 1.036)

HYB 30 31 30 26 1.228 0.368 ***
(0.107; 2.480) (0.000; 1.306)

HYM 30 30 23 18 0.801 0.246 *
(0.000; 1.615) (0.000; 1.155)

ING 30 30 25 23 1.039 0.235 **
(0.000; 2.082) (0.000; 1.190)

LAC 30 30 30 26 1.292 1.000 **
(0.000; 1.821) (0.000; 1.392)

LAI 30 30 30 16 1.412 0.805 ***
(0.000; 5.201) (0.000; 1.222)

LIC 30 30 27 18 1.000 0.697 **
(0.000; 1.410) (0.000; 1.116)

OUR 30 30 30 29 1.372 1.013 ***
(0.293; 2.149) (0.000; 1.310)

PIC 30 30 28 20 1.315 0.985 **
(0.000; 2.300) (0.000; 1.512)

POU 30 30 26 17 1.012 0.415 **
(0.000; 2.533) (0.000; 1.468)

PSE 30 30 27 24 0.471 0.000 ***
(0.000; 3.624) (0.000; 0.079)

PTE 26 24 26 17 1.000 0.790 **
(0.745; 3.056) (0.000; 1.075)
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