
surface tension is greater at the front surface of 
the spreading droplet (oSL2) than at the rear 
(oSLL).Marangoni flow pushes the drop for- 
ward, but this flow meets resistance. As the 
droplet moves, the advancing contact angle ex- 
ceeds the receding contact angle, causing the 
profile of the drop to become asymmetric (see 
the second panel). The curvature of the ad- 
vancing meniscus is less than that of the reced- 
ing meniscus. This curvature difference of the 
expanding drop creates a pressure difference 
across the drop, producing a capillary flow that 
opposes the Marangoni flow. The drop moves 
only when the surface tension gradient over- 
comes the capillary effect. 

Daniel et 01. present an elegant solution. 
Not only do they overcome capillary flow, they 
harness it by creating a directional flow that 
enhances drop movement (see the t h d  panel). 
They modified the solid surface so that the 
droplet grown on the hotter hydrophobic por- 
tion of the surface moves under both capillary 
flow and surface tension gradient to the cooler 
hydrophllic portion of the solid surface. The 
curvature of the advancing meniscus becomes 
greater than that of the receding meniscus, and 
capillary pressure moves the droplet further. 

Daniel et a1.k observations show that the 
droplets form and grow through the condensa- 
tion of nuclei. When the surface tension gradi- 
ent becomes saciently large, the droplets be- 
gin to move along the solid surface toward the 
low-temperature region where the surface ten- 
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sion is higher. The droplet surface stretches, 
and the droplet assumes a semicylindrical 
shape. The surface stretch produces a larger 
surface tension gradient, which drives the flow 
and accelerates the droplet motion. The mov- 
ing droplet coalesces with smaller droplets 
formed by the condensation of steam on the 
solid surface. Because these droplets are at a 
lower temperature and thus have a larger sur- 
face tension, droplet coalescence increases the 
surface tension gradient along the drop sur- 
face, moving the drop faster. 

A simple model can be used to estimate 
the maximum lateral velocity at the drop sur- 
face (V,,) due to the surface tension gradi- 
ent. The model ignores the gravitational and 
capillary force contributions. The spreading 
droplet rate is specified by the balance be- 
tween the shear forces at the gas-liquid sur- 
face and the tractive forces due to the surface 
tension gradient (5, 6): 

where h is the thickness of the spreading 
droplet, 1 is the viscosity of the droplet liq- 
uid and d o  is the surface tension change 
along the drop length dL. Consider a water 
droplet with a diameter of 0.2 cm (corre- 
sponding to a droplet thickness of 0.1 cm) 
with a contact angle of 90°, viscosity of 
g cm-' s-I, and surface tension gradient of 
dddL = 10 dyne cm-2 (7). Using the equa- 
tion above, we find that the droplet can move 

with a speed of 50 cmls under the surface 
tension gradient alone. The additional capil- 
lary flow (which is proportional to olR, 
where R is the local drop curvature radius) 
can easily intensify the droplet movement so 
as to achieve speeds of more than a meter per 
second, as observed by Daniel et al. 

The demonstration that capillary flow can 
aid the Marangoni flow to accelerate the wet- 
ting and spreading of liquids over surfaces is 
not only intriguing but holds great promise for 
practical applications. The underlying phe- 
n o m e n d o p l e t  formation by nuclei conden- 
sation, growth by coalescing with other drops, 
and subsequent movement under the com- 
bined action of temperature and wettability 
gradients-are, however, quite complex. They 
must be better understood before the promise 
of this novel concept can be fully realized. 
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tropical forest diversity in Singapore (7). One 
goal of the workshop was to determine from 
the FDP data sets the factors that are most 
crucial for maintaining species diversity in 
tropical forests. Factors that are thought to be 
important for species coexistence include: 
habitat disturbance (different regeneration 
requirements); natural enemies (different 
susceptibilities to pests, predators, and 
pathogens); limitations on seed dispersal; 
variation in nutrient availabilitv: niche differ- ,, 
entiation (different requirements for limiting 
resources); competitive equivalence (inabili- 
ty of a species to outcompete similar 
species); and fluctuating recruitment (which, 
together with juvenile persistence, may result 
in a species "storage effect"). Hubbell (USA) 
(8)concluded that evidence from the FDP 
\ ,  

sites supports the contribution of at least four 
factors-niche differentiation, natural ene- 
mies, seed dispersal limitation, and competi- 
tive equivalence-to the maintenance of 
tropical forest diversity. Data did not show, 
however, that habitat disturbance or fluctuat- 
ing recruitment were important factors. 

Although debate continues, the FDP 
data suggest that no single factor is likely 
to be sufficient to account for tropical tree 
diversity. The historical polarization of 
this debate into camps favoring different 

The tropical forests of the world support 
a huge number of tree species-more 
tree species are found in 0.5 km2 of 

some tropical forests than in all of North 
America or Europe. Although tropical ecol- 

ogists have put forward 
Enhanced online a t  a number of hypotheses 
www.sciencemag.org/cgil to explain this species 
content/fulV291/5504/606 diversity, testing these 

hypotheses has been 
hampered by the lack of field studies with 
sufficiently large long-term data sets. 

To fill this void, the Center for Tropical 
Forest Science (CTFS) of the Smithsonian 
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Trooical Research Institute has formed a net- 
work of permanent forest sites in the trop- 
ics-the forest dynamics plot (FDP) net- 
work-that are between 15 and 52 ha in size 
(see the figure, next page) (1).By counting, 
identifying, and measuring all trees greater 
than 1 cm in diameter in the FDP sites at 5- 
year intervals-with a standardized protocol 
(2) to facilitate comparisons between sites- 
CTFS has obtained a unique and comprehen- 
sive data set. This data set provides valuable 
insight into the distribution, abundance, and 
dynamics of tropical tree species. The physi- 
cal, demographic, and taxonomic informa- 
tion accumulated for each site has also cat- 
alyzed research On, for the dynam-

of soil seed banks (31,photosynthesis (4, 
the economics of nontimber forest products 
( 3 ,  and molecular analyses of gene flow 
within tree populations (6). 

Two decades' worth of results from the 16 
FDP sites were discussed at a workshop on 
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theories of how species coexist may be an have examined clumping in FDP sites in sev- the Lambir FDP site in Sarawak, Borneo. 
artifact of the limited data available to ear- era1 different ways-by analyzing tree spatial The flood of new information from the 
lier workers, and the tendency for individ- distribution data with randomization methods expanding network of FDP sites has resulted 
ual researchers to work on a narrow range (Valencia, Ecuador; John, India; Gunatilleke, in a rapid evolution in how ecologists think 
of tropical forest sites. The network ap- Sri Lanka; Kenfack, Cameroon; Ahmad, UK); about the forces that shape tropical tree diver- 
proach advocated by CTFS erodes these by directly measuring seed dispersal and com- sity. One area for future research is to expand 
constraints, as illustrated by the emerging bining these data with simulations of mi- theoretical models so that they incorporate 
trend to compare FDP data sets from two crosite occupancy (Dalling, Panama; Seidler, more than one factor important for maintain- 
or more tropical forest sites (9).  USA); and by reciprocal transfer of tree ing tree diversity. A second pressing concern 

There are two strategies for comparing seedlings between habitats (Palmiotto, USA; is to apply what we have learned about the 
FDP sites. The first is to examine the effects Kuo, Taiwan). Taken together, these studies maintenance of diversity in relatively pristine 
of the biophysical environ- 
ment on ecological process- 
es at FDP sites that differ in 
climate, soils, or topogra- 
phy. The second is to inves- 
tigate the stability of ecolog- . 
ical processes in sites that 
are far apart and that have 
different floras (and faunas) 
but similar environmental 
characteristics, such as rain- 
fall and soils. An example 
of the first approach was 
provided by Debski (UK), 
who compared the lowland 
dipterocarp forests of a hilly 
site straddling two major 
soil types in Sarawak, Bor- 
neo, with a more uniform 
site in the Malay Peninsula. 

ii 
He found that soil type was I 

t4- 

consistently more important 
than position in Forest dynamics and FDP plots. The forest dynamics plot (FDP) network has grown from the original 50-ha site es- 
dictating the distribution of tablished in 1980 in Panama to include more than 16 sites in 13 countries. In each FDP site, all trees greater than 1 cm 
tree species. Garwood (UK) in diameter are individually marked, mapped, identified, and measured at 5-year inte~als.This global data set includes 
described the effect of cli- over 3 million trees comprising 6500 different species (about 10% of the total tropical tree flora). Two or more cen- 
mate on the phenology of suses have been completed in 8 of the 16 plots; a second census will start soon in two more plots. 
seed germination and dis- 
persal in a seasonally dry site in Panama com- emphasize that both habitat specificity and tropical forests to a more accurate prediction 
pared with a permanently wet site in Ecuador. dispersal limitation contribute to clumping of of how tropical forests respond to the impact 
Thomas and Makana (Canada) presented the tree species, with their relative importance be- of humans through logging and forest fi-ag- 
workshop's only intercontinental comparison, ing determined by dispersal mode, site histo- mentation. Existing tropical FDP sites will 
an examination of commercial timber trees in ry, and habitat complexity. surely provide a platform for future advances 
FDP sites in Malaysia and the Democratic Workshop presentations-ranging from in both the theory and practice of tropical for- 
Republic of the Congo. They found differ- discussion of the species composition and est management and conservation. 
ences in the distribution of stem sizes and in biogeographical relationships of flora in re- 
the biomechanical properties of wood be- cently established FDP sites (Hara, Japan) References 
tween the two sites, which may reflect varia- to long-term tree mortality in well-estab- 1. w.~ t f~ .~ i . ed~ lb ib lb ib -~age .h tm 

tions in disturbance due to climatic factors lished FDP sites (Sukumar, India)-illus- 2. ~ ~ ~ ~ i > r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ $ , t ~ ~ ~ ~ ~ ~ ~  
such as wind. trated how FDP research has evolved dur- comparison with Other plots (springer-verlag. New 
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sumed that the greater tree diversity of tropi- were usually descriptions of species com- 3. Dalling Ec010gy79, 564 (lgg8). 
4. S. J. Davies. Ecology 79.2292 (1998); 5. C.Thomas, F. 

cal forests was accompanied by an even spa- position, diversity, and distribution. It is on- A. Bazzaz, Ecology80, 1607 (1999). 
tial distribution of species, recent studies (10) ly with the accumulation of more census 5. R. ~ o d o y  eta/.. Econ. ~ o t .  47.220 (1993); I. A. U. N. 
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