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Rainfall and soil moisture availability vary greatly 
both spatially and temporally. They are prime factors 
influencing species distribution patterns, diversity and 
habitat associations in a range of biomes, and limit 
primary productivity in many natural ecosystems, as 
well as in forestry and agricultural systems (Hawkins 
et al. 2003, Kozlowski & Pallardy 1997, Lieth 1975). 
Projections of drying trends, and increased frequency and 
intensity of drought events with climate and land-use 
changes (Hulme & Viner 1998, IPCC 2001) have fuelled 
an increased interest in the role of drought in determining 
the structure and function of natural and managed forest 
systems (Allen &Breshears 1998, Miles etal. 2004). Such 
projections accentuate the need to assess, understand and 
predict plant reactions to drought, as well as soil moisture 
variation at different scales. 

In most tropical forests, dry-season droughts occur 
regularly once or twice per year, and especially severe 
droughts occur in association with El Nino climatic events 
(Walsh & Newbery 1999). They can lead to considerable 
drought stress in natural as well as managed tropical 
forests, with differential susceptibility to drought among 
species (Engelbrecht & Kursar 2003). Recent evidence 
indicates that, even in moist and wet tropical forests, 
low water availability plays a prominent role for plant 
population dynamics, local and regional distribution 
patterns, community composition and diversity and 
ecosystem function (Bongers etal. 1999, Bunker & Carson 
2005, Chazdon et al. 2005, Engelbrecht et al. 2007). 
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Furthermore, in agroforestry, a major factor determining 
the success of stand establishment in tropical reforestation 
efforts is known to be the careful matching of water 
availability and the moisture requirements of species 
(Evans 1996, Gerhardt 1993). 

At the large scales required for comparative ecological 
or forestry studies it often is not possible to apply the 
difficult and costly techniques typically used to assess 
soil moisture variation, leaf water potentials, or plant 
responses to drought. The development of proxies that 
are easy to assess and that allow one to infer the spatial 
variation in plant and soil water status, as well as the 
variation in drought survival among a large number of 
species would significantly assist such studies. 

Wilting under drought stress is a very commonly 
observed phenomenon, and indeed is probably the most 
widely used indicator of plant drought stress. This visual 
cue is used in agriculture and gardening, and has also 
been used to assess plant drought resistance in ecological 
studies (Bannister 1986). However, to our knowledge, no 
studies have explicitly examined the relationship between 
wilting and leaf water potentials or drought survival. 
The aim of this study is to quantitatively determine 
whether wilting, scored visually, provides a suitable 
proxy for assessing leaf water potentials as well as for 
comparing drought survival among species. We analysed 
data from (1) a screen-house experiment on drought 
tolerance of seedlings of five tropical woody species (Tyree 
et al. 2003), and (2) a comparative field experiment on 
drought effects on seedling survival of 28 species from 
21 families, representing different life forms (shrubs and 
trees), phenologies (evergreen or deciduous) and seed 
sizes (Engelbrecht & Kursar 2003). Both experiments 
were conducted in the moist tropical forest of the Barro 
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Table 1. Description of the categories used in the visual assessments of wilting, fn the category 'nearly dead', A was used in the field experiment, B 
was used in the screen-house trials, since leaf water potentials cannot be measured in dead leaves. 

Category Wilting stage Visual characteristics 

1 Normal (not wilted) 
1 Slightly wilted 
3 Wilted 
4 Severely wilted 
5 Nearly dead 

Dead 

No signs of wilting or drought stress 
Slight leaf angle changes but no folding, rolling or changes in leaf surface structure 
Strong leaf angle change or protrusion of veins on the leaf surface but no cell death 
Very strong change of leaf angle or protrusion of veins on the leaf surface with beginning necrosis 
A. All leaves dead, but stem alive; distinguished by colour and elasticity 
B. Most leaves necrotic, some young leaves still green near the midrib, leaf angles mostly near 0° 
All above-ground parts dead, no resprouting after rewatering at the end of the experiment 

Colorado Nature Monument (BCNM) in Central Panama 
(Leigh 1999). Wilting was observed in all 2 8 species stud- 
ied. In most species, leaves or leaflets drooped first, then 
rolled or folded. This was usually followed by macroscopic 
changes in leaf surface structure, namely protrusion of 
the minor leaf veins. However, in some species leaves 
moved upwards with progressing drought (e.g. Cupania 
sylvatica Seem.), and in one species (Hymenaea courbaril 
L.) no leaf angle changes were observed, but upon careful 
inspection, protrusion of the leaf veins could be detected 
even in this species. Even after all leaves were dead, many 
species were still clearly alive, having green stems and 
regrowing after rewatering (Table 1). 

The relationship between wilting and leaf water 
potentials was analysed from a screen-house experiment 
with greatly varying drought survival in the field (see 
Figure 1 and below). Seedlings (28-39 per species) of 
equivalent size were experimentally dried out under 
moderate light conditions (5-10% full sun), and their 
wilting visually scored in five categories (Table 1, for 
photos of examples see TyreeetaL 2002, 2003) in the late 
morning. In each of the five different wilting categories, 
leaf water potentials were psychrometrically measured 
for a subset of plants, with 4-10 leaf punches taken per 
plant (see Tyree et al. 2003 for details). 

Leaf water potentials (log-transformed) decreased in 
relation to the five categories of plant wilting. The 
correlation was highly significant within each of the five 
species examined (Figure 1). The slope of the relationship 
varied somewhat between species, but the differences 
were not significant. Leaf angle changes and other 
visual signs of drought stress became progressively more 
pronounced with advancing drought conditions and 
decreasing leaf water potentials, as was to be expected. 
However, various morphological, anatomical and 
physiological traits are involved in the visual expression 
of wilting. Additionally the study species included a full 
range of drought survival responses. Hence, we expected 
to find a rather complex relationship between wilting and 
leaf water potentials. We were thus surprised to find such 
strong relationships between leaf water potentials and our 
simple visual assessment of wilting stages. 

To measure leaf water potentials, a variety of methods 
is available (e.g. pressure chamber, psychrometer, cell 

pressure-probe, reviewed in Boyer 1995). However, they 
are relatively expensive, time consuming and/or destruct- 
ive for the plants, and require a thorough understanding 
of plant-water relations. A suitable, non-destructive 
alternative to the above methods would be advantageous, 
especially in studies requiring a large number of assess- 
ments, at sites that are difficult to access with equipment, 
or where funding is limited. The general relationship 
between visually assessed wilting stages and leaf water 
potentials reported here can be used to assess relative dif- 
ferences in leaf water potentials among individuals within 
a species. Once the relationship has been established for a 
specific plant species, it can also be used to assess absolute 
leaf water potentials. Because leaf water potentials and 
soil water status are intrinsically coupled under a wide 
range of conditions, variation of wilting stages within 
species (among similar-sized plants, preferably during the 
morning) will reflect spatial variation in soil moisture. 

The relationship between the wilting behaviour of 
species and their drought survival was examined in a 
field experiment on first-year seedlings of 28 common 
woody plant species. Seeds were germinated and grown 
in the screen-house, and one seedling of each species was 
transplanted to 30 experimental plots in the understorey 
of a secondary forest at the end of the wet season. The 
plots (0.8 m x 1.0 m) were covered with transparent rain 
shelters in the 4-mo dry season. Wilting (in five categories, 
Table 1) and seedling survival were visually assessed in the 
late morning at regular intervals throughout the 22-wk 
experiment (for further details see Engelbrecht & Kursar 
2003). 

Both wilting behaviour and survival varied greatly 
among the 28 species (Figure 2, also see Engelbrecht & 
Kursar 2003). Across species, the percentage of plants 
that were visibly affected after short-term drought was 
negatively correlated with the percentage of individuals 
surviving the longer-term drought (Figure 2). The 
correlations were robust to different timings of the 
assessments, and to differences in the categorization of 
wilting (data not shown). 

Although the observed correlations may seem obvious 
in hindsight, such a relationship could not necessarily 
be anticipated. For example, wilting has been interpreted 
as a mechanism to reduce transpiration rates and heat 
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Figure 1. Relations of categorized plant wilting (Table 1) with leaf 
water potentials for five species. OUR: Ouratea lucens (Kunth) Engl. 
(97% drought survival after 22 wk), DIP: Dipteryx panamensis (Pittier) 
Record&Mell (73% survival), LfC: Licaniaplatypus (Hemsl.) Fritsch (60% 
survival), V1R: Virola surinamensis (Rol. ex Rottb.) Warb. (20% survival), 
CAL: Calophyllum longifolium Willd. (20% survival). P < 0.0001 for all 
regressions, sample sizes n and R2 values are given in the figure. Note 
that the y-axis is shown on a logarithmic scale. 

CM 
CM 80 
.* 
g 
C 60 

75 > 
> 40 

3 
U) on 20 

0 - 

0 20 40 60 80 100 

% Individuals wilted 
in wk8 

Figure 2. Correlation of per cent of individuals that were wilted or 
dead after 8 wk with per cent survival after 22 wk of drought for 28 
species. Open symbols represent species that could a priori be denned 
as dry-season deciduous (from Croat 19 78). For all species r = -0.71, 
P < 0.0001 (dashed line); for non-drought deciduous species r = -0.84, 
P < 0.0001 (continuous line). 

damage, and thus drought stress, through reduced light 
interception (Chiarello et al. 1987). Early wilting should 
then lead to higher drought survival, which is contrary to 
our findings. 

The correlations between the percentage of wilted 
plants and drought survival were improved, when species 
that were a priori known to be dry-season drought 
deciduous were removed from the correlation (Figure 2). 
Drought deciduousness is a well-known phenomenon 
reducing water-loss rates through reduction of leaf area, 
and should therefore also improve plant drought survival 
(Lambers et al. 1998). In systems with predominantly 
drought-deciduous species the correlation therefore may 
not hold. 

Species drought survival can of course be assessed 
directly, but that approach requires repeated extensive, 
and therefore costly, censuses. Perhaps even more 
importantly, in many systems the crucial lethal conditions 
only occur during infrequent extreme drought events, 
and thus may not be reached within the time frame of 
a given study, rendering direct assessments unsuitable. 
A number of plant traits have been suggested as proxies 
for species susceptibility to drought (Hacke et al. 2001, 
Lloret et al. 1999). However, none of these correlated with 
quantitatively assessed species seedling survival in our 
study (wood density, seed or seedling size, root allocation 
or rooting depth; n= 19-48 species, all P^>0.05, un- 
publ. data) and therefore do not seem suitable in all 
systems, namely for tropical woody seedlings. Recently 
we showed that lethal leaf water potentials correlate 
tightly with drought performance of tropical seedlings 
(Tyree et al. 2002). But this approach is labour- and 
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equipment-intensive, requiring seed collection, raising of 
seedlings and extensive physiological experiments. 

Our data suggest that comparative visual assessment 
of plant wilting after relatively short durations of drought 
provides a suitable and robust ranking of species drought 
survival for longer-term and/or more severe droughts. 
The general approach can be applied for a wide range of 
species and conditions, and specific wilting categories can 
be defined as appropriate. 

We conclude that fast and inexpensive visual assess- 
ments of wilting of plants may offer a suitable method in 
many studies (1) to assess local or regional variability of 
plant water status or soil water availability by comparing 
wilting stages within species across space, and (2) to 
rank drought survival of plant species by comparing the 
percentage of wilted individuals across species. 
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