
http://www.jstor.org

Climatic Impact of Tropical Lowland Deforestation on Nearby Montane Cloud Forests
Author(s): R. O. Lawton, U. S. Nair, R. A. Pielke Sr., R. M. Welch
Source: Science, New Series, Vol. 294, No. 5542 (Oct. 19, 2001), pp. 584-587
Published by: American Association for the Advancement of Science
Stable URL: http://www.jstor.org/stable/3085185
Accessed: 28/08/2008 11:15

Your use of the JSTOR archive indicates your acceptance of JSTOR's Terms and Conditions of Use, available at

http://www.jstor.org/page/info/about/policies/terms.jsp. JSTOR's Terms and Conditions of Use provides, in part, that unless

you have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and you

may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at

http://www.jstor.org/action/showPublisher?publisherCode=aaas.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed

page of such transmission.

JSTOR is a not-for-profit organization founded in 1995 to build trusted digital archives for scholarship. We work with the

scholarly community to preserve their work and the materials they rely upon, and to build a common research platform that

promotes the discovery and use of these resources. For more information about JSTOR, please contact support@jstor.org.

http://www.jstor.org/stable/3085185?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/action/showPublisher?publisherCode=aaas


REPORTS 

relevant waves (planetary-scale Rossby waves) are 
primarily responsible for deceleration of westerlies. 
These waves, moreover, are far greater in vertical 
scale and not accurately described by the kind of 
slow-modulation wave theory used in models of the 
QBO. 
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Climatic Impact of Tropicat 

Lowland Deforestation on 

Nearby Montane Cloud Forests 

R. 0. Lawton,'* U. S. Nair,2 R. A. Pietke Sr.,3 R. M. Wetch2 

Tropical montane cloud forests (TMCFs) depend on predictable, frequent, and 
prolonged immersion in cloud. Clearing upwind lowland forest alters surface 
energy budgets in ways that influence dry season cloud fields and thus the TMCF 
environment. Landsat and Geostationary Operational Environmental Satellite 
imagery show that deforested areas of Costa Rica's Caribbean lowlands remain 
relatively cloud-free when forested regions have well-developed dry season 
cumulus cloud fields. Further, regional atmospheric simulations show that cloud 
base heights are higher over pasture than over tropical forest areas under 
reasonable dry season conditions. These results suggest that land use in tropical 
lowlands has serious impacts on ecosystems in adjacent mountains. 

In the Caribbean basin, as in much of the trop- 
ics, cloud forests occur where mountains force 
trade winds to rise above the lifting condensa- 
tion level, the point of orographic cloud forma- 
tion. Immersion of forest in cloud reduces solar 
radiation and outgoing longwave radiation, in- 
creases humidity and water inputs from mist 
and direct deposition of cloud droplets, and 
reduces transpiration (1, 2). Because these ac- 
tions influence soil structure, nutrient cycling, 
and composition of the vegetation, factors that 
influence the location and likelihood of cloud 
formation in the air masses moving over tropi- 
cal mountains have profound consequences for 
landscape conservation and management (1, 3, 
4). The Monteverde cloud forests, which are 
the focus of considerable conservation and re- 

search interest, provide a case in point (2, 5, 6). 
These lie along the crest of the Cordillera de 
Tilarin mountain range, which rises abruptly 
from the lowlands of western Costa Rica to 
peaks higher than 1800 m. Tropical wet forest 
below 700 m on the Caribbean slope grades 
through premontane rain forest to cloud forests 
at the highest elevations (6, 7). The uppermost 
Pacific slopes are covered by lower montane 
wet forest, which rapidly gives way below 
1500 m to a landscape that is now almost 
completely deforested, but was once covered 
with semi-evergreen premontane wet and moist 
forests (Fig. 1A). These transitions are largely 
due to the spatial pattern of dry season water 
inputs imposed by the orographic rise of the 
trade winds flowing over the Cordillera and the 
consequent formation of a cloud bank against 
the upper windward slopes (2, 6, 7). The local 
environmental heterogeneity produced by the 
geography of cloud immersion results in high 
levels of endemism and one of the richest floras 
in the world (6, 8). 

In the Cordillera, anuran population crashes, 
an increase in the upper elevation of bird ranges 
on the Pacific slope, and longer mist-free inter- 

vals in the dry season at the lee edge of the 
Monteverde cloud forest have been attributed to 
an increase in the base height of the orographic 
cloud bank (3). The frequency of long (-5 
days) mist-free periods in the dry season is 
related to Pacific sea surface temperatures, and 
thus to El Nino events, but a trend remains after 
these are considered (3). Based on a global 
climate model under 2XCO2 conditions, Still et 
al. (4) suggest that sea surface warming results 
in intensification of tropical hydrological cy- 
cling, with release of latent heat upon conden- 
sation, warming the atmosphere. From these 
results, Still et al. (4) and Pounds et al. (3) infer 
an increase in the lifting condensation level and 
the height of orographic cloud banks. Global 
climate models, however, have coarse spatial 
resolution [-400 km horizontally and several 
hundred meters vertically in that of Still et al. 
(4)] and are incapable of resolving subgrid 
scale features such as clouds, or terrain and 
land use features known to influence cloud 
formation. 

Trade winds flow from the Caribbean, 100 
km across the lowlands of the Rio San Juan 
basin, to the Monteverde tropical montane 
cloud forest (TMCF). Moving at 3 to 5 m S-- i 

the lower atmosphere has 5 to 10 hours during 
which it can be influenced by the land below. 
Deforestation proceeded rapidly in the Costa 
Rican part of this basin in the past century. By 
1940, a 600-km2 area at the Caribbean foot of 
the Cordillera de Tilaran had been cleared (9). 
Agricultural colonization has since spread (9, 
10). By 1992, only about 1200 km2 (18% of the 
area) of intact natural vegetation remained in 
the Costa Rican part of the Rio San Juan basin 
lowlands (1]) (Fig. lA). To the north of the 
river, the forests in southeastern Nicaragua re- 
mained largely intact. 

Deforestation and conversion of land to pas- 
ture or cropland generally increase surface al- 
bedo (12), reduce aerodynamic roughness 
length and mechanically turbulent mixing in the 
boundary layer (13), reduce evapotranspiration, 
and increase the ratio of convective sensible 
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heat transfers to latent heat transfers from the 
surface to the atmosphere (13). Conversion of 
forest to grassland or cropland also commonly 
alters surface soil structure by compaction (14) 
and thus reduces infiltration of rainfall and in- 
creases runoff, with the end result of reducing 
soil moisture. Because grasses and crops usu- 
ally have shallower roots than do forest trees, 
the volume of water available for transpiration 
and latent heat transfer is greater for forests than 
for agricultural land developed from them (15, 
16). In central Amazonian rain-free dry season 
periods, evapotranspiration (calculated from 
detailed microclimatic data and energy balance 
calculations) from pasture declines and sensible 
heat transfers from pasture increase commen- 
surately, whereas both remain constant in intact 
tropical forest nearby (13). Landscape changes 
that reduce evapotranspiration and increase sen- 
sible heat transfers in this manner can have 
climatic consequences (17, 18). Overgrazing in 
semi-arid areas, for instance, reduces vegetation 
cover and produces results qualitatively similar 
to those outlined above (19). Regional atmo- 
spheric model simulations of these conditions 
predict reduced cloud formation and precipita- 
fion (20) and are corroborated by ground-based 
and remotely sensed observations (19, 20). 
Conversely, irrigation of semi-arid grasslands 
provides reverse conditions to the original ex- 
periment by increasing the leaf area and avail- 
able soil moisture, and results in increased re- 
gional cloud formation (21). Global climate 
models have suggested that tropical deforesta- 
tion could decrease precipitation and increase 
the length of the dry season via these mecha- 
nisms (22, 23). 

Cumulus cloud occurrence over Nicaragua 
and Costa Rica during March 1999 was moni- 
tored via Geostationary Operational Environ- 
mental Satellite (GOES) visible wavelength im- 
agery. Daily late morning (- 10: 15 local time) 
images with 1-km ground resolution were ex- 
amined with a structural thresholding algorithm 
to detect cumulus cloud, and each pixel was 
classified as cumulus or not (24). The scenes 
for the month were summed by pixel to map the 
frequency of cumulus cloud coverage (Fig. IC). 
Late morning dry season cumulus was much 
less abundant over the long-deforested parts of 
Costa Rica's Rio San Juan basin than over the 
nearby forested region in Nicaragua. The less 
thoroughly deforested areas of Costa Rica near 
the river showed intermediate degrees of cumu- 
lus development. Landsat images of dry season 
days with cumulus cloud field development in 
the region also showed that cumulus clouds 
were commonly absent or poorly developed 
over deforested areas (Fig. 1B). The prominent 
zone of reduced cumulus cloudiness in the San 
Carlos area lies directly upwind of the Mon- 
teverde TMCF. 

To further examine the impact of regional 
deforestation on cumulus formation in this 
region, we applied the Colorado State Uni- 

versity Regional Atmospheric Modeling Sys- 
tem (RAMS) (25). In each simulation, atmo- 
spheric conditions were set initially to be hori- 
zontally homogeneous, with vertical structure 
dictated by data from a single radiosonde 
sounding (26). Each simulation involved a 12- 
hour diurnal course from roughly local dawn to 
dusk. Here, we present data on surface temper- 
ature, heat and moisture fluxes, and cloud base 
height, generated at 15-min intervals and aver- 
aged over the horizontal grid. 

We used a coupled design in which each 
single sounding provided identical initial atmo- 
spheric structures for the forest and pasture 
conditions to be contrasted. We thus examined 
diurnally developing conditions between simu- 
lations in which the vegetation had transfer 
characteristics of evergreen broadleaf forest, 
with initial volumetric soil moisture set to 0.4, 
and simulations in which the vegetation had 
transfer characteristics of short grass (pasture) 
with initial volumetric soil moisture set to 0.25. 
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Fig. 1. Deforestation and dry season cumulus cloud cover in northern Costa Rica and southern 
Nicaragua. (A) 16:15 UTC (10:15 local time) false color Landsat image showing the long- 
deforested (pink) portions of the San Carlos plains (SC) and Tortuguero plains (T) upwind of the 
cloud forests (dark red) of Monteverde (M) and the Cordillera Volcanica Central (CC). Deforested 
lee (Pacific) slopes southwest of Monteverde and in the Meseta Central (MC) appear gray-green. 
Remnant forest (RF) remains south of the Costa Rica-Nicaragua border, whereas intact lowland 
forest covers southeast Nicaragua (N). (B)16:15 UTC false color Landsat image from a day of 
extensive cumulus cloud field development. Clouds have not developed over the parts of the San 
Carlos or Tortuguero plains that have been deforested the longest, and are less well-developed over 
the remnant forests of northern Costa Rica than above the adjacent forested Nicaraguan lowlands 
(N). (C) Frequency of cumulus cloud field coverage at 16:15 UTC during March 1999, compiled 
from daily GOES imagery, showing poor cumulus development over deforested parts of the San 
Carlos and Tortuguero plains. 
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The forest volumetric soil moisture is appropri- 
ate to tropical evergreen forest dry season sur- 
face soil in the region (27). Although the pas- 
ture volumetric soil moisture is lower than that 
observed in agricultural soil on freshly cleared 
land in high rainfall areas of the Caribbean 
lowlands (28), it is probably appropriate to dry 
season pasture in most of the area and yields 
results consistent with empirical micrometeoro- 
logical studies of Amazonian pasture (12, 13). 

Our simulations suggest that conversion of 
forest to pasture has a significant impact on 
cloud fornation. The differences between sim- 
ulated forest and pasture surface air tempera- 
tures and sensible and latent heat transfers (Fig. 
2, A through C) were similar to those observed 
between Amazonian forest and adjacent pas- 

ture. The greater evaporative flux over forest 
lowered the lifting condensation level in com- 
parison to that over pasture and increased the 
convective available potential energy in air par- 
cels. The dry season atmosphere measured by 
the soundings we used was such that mixing in 
the boundary layer became vigorous enough to 
initiate cloud formation in both forested and 
pasture scenarios by mid-morning. 

Mean cloud base heights in the simulations 
were low early in the morning but rose through- 
out the day. By 10: 15 local time, mean cumu- 
lus base height over forest (650 m) was sub- 
stantially lower than that over pasture (1100 m) 
(Fig. 2D). This difference persisted until 15:30 
local time. By late morning, mean cloud base 
height in the simulations with a pastured land- 
scape had risen above 1800 m, higher than the 
peaks of the Cordillera de Tilaran. In the for- 
ested scenario, mean cloud base height did not 
reach 1800 m until early afternoon. These val- 
ues are in reasonable agreement with observed 
cloud base heights in the area. In a Landsat 
Multispectral Scanner image from 23 March 
1985 showing well-developed dry season cu- 
mulus cloud fields in the Rio San Juan basin at 
10:15 local time, cloud base heights calculated 
trigonometrically from measurements of the 
displacement of matched features on the edges 
of clouds and their shadows (29) had a geomet- 

ric mean of 700 m and ranged from 400 m to 
1500 m. 

Although these models involve cumulus 
generated by free convection over flat low- 
lands, their results are corroborated by three 
pairs of simulations, with realistic advection 
across the model boundaries, comparing com- 
pletely forested and pasture scenarios over re- 
alistic terrain, provided by the U.S. Geological 
Survey 1-km horizontal resolution digital ter- 
rain data set (30). Locations of orographic 
clouds generated by these simulations are very 
similar to those observed by satellites (as in Fig. 
IB). Midday orographic cloud banks in the 
forested case were thicker, had higher cloud: 
water mixing ratios, and had lower bases than 
in the pasture case for each pair of simulations 
(Fig. 3). 

Reduced evapotraspiration after deforesta- 
tion in tropical lowlands decreases the moisture 
content of the air mass flowing up the slopes of 
adjacent mountains. This increases the lifting 
condensation level and thus the elevation of the 
base of the cloud deck. The model results thus 
suggest that deforestation in the lowland tropics 
of the trade wind zone tends to shift the cloud 
forest environment upward in adjacent down- 
wind mountains. 

The scenario we present here complements 
that of Pounds et al. (3) and Still et al (4), 
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Fig. 2. Simulated dawn-to-dusk courses of (A) 
surface air temperatures, (B) sensible heat flux, 
(C) latent heat flux, and (D) difference in cumulus 
base heights between forested (solid lines) and 
pasture (dashed lines) scenarios, for Colorado 
State University RAMS modeLs of forested and 
pasture-covered tropical lowlands. Means ? 1 SD 
(dotted lines) for seven model runs are presented. 
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Fig. 3. West-to-east vertical cross section of the simulated cloud water mixing ratio (grams of 
liquid water per kilogram of air) above the Cordillera de Tilaran and adjacent lowlands at midday 
(11:45 local time) for initial conditions of 9 March 1999 for (A) a completely deforested and 
pastured landscape and (B) a completely forested landscape. 
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broadening the "lifting cloud base hypothesis" 
for biotic changes in Central American moun- 
tains, by providing an alternative mechanism- 
upwind deforestation of lowlands-that may 
increase convective and orographic cloud bases 
even more than changes in sea surface temper- 
ature do. Cloud forests will differ in their sen- 
sitivity to upwind deforestation and sea surface 
temperature changes. On the one hand, inland 
cloud forests like those of southern Mexico 
may be profoundly influenced by regional de- 
forestation. On the other hand, coastal forests 
like those of some Caribbean islands (e.g., the 
Luquillo forest of Puerto Rico) may have too 
little upwind lowland to experience deforesta- 
tion impacts such as those we discuss. None- 
theless, these results suggest that current trends 
in tropical land use will force cloud forests 
upward, and they will thus decrease in area and 
become increasingly fragmented-and in many 
low mountains may disappear altogether. 
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A Fossil Lemur from the 

Oligocene of Pakistan 
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In the absence of a comprehensive fossil record, the origin and early evolution 
of Malagasy lemurs have been subject to much uncertainty. We report here the 
discovery of a strepsirrhine fossil with strong cheirogaleid lemur affinities, 
Bugtilemur mathesoni gen. et sp. nov., from early Oligocene deposits of the 
Bugti Hills (Balochistan, Pakistan). Bugtilemur represents the earliest record of 
Lemuriformes, which hence appear to have already diversified outside of Mada- 
gascar at least 30 million years ago. This fossil clearly enhances the critical role 
of the Indian subcontinent in the early diversification of lemurs and constrains 
paleobiogeographic models of strepsirrhine lemur evolution. 

The endemic Malagasy lemurs (Lemuri- 
formes) and the Afro-Asian lorises (Lorisi- 
formes) make up the living Strepsirrhini (1), 
the tooth-combed primates. Although these 
groups are widely diversified (2), their evo- 
lutionary history is still poorly documented. 
Lorisiforms have a limited fossil record ex- 
tending back to the Miocene in Africa and 
Asia (3, 4), whereas lemuriforms have so far 
remained unknown, with the exception of 
Malagasy subfossils. 

Recent field expeditions in the Bugti Hills 
(Balochistan, Pakistan) (Fig. 1) have led to 

the discovery of a fossiliferous lens of fluvio- 
deltaic sands at the Paali Nala locality in the 
lowermost levels of the Oligocene continen- 
tal sequence (5). Screen washings have yield- 
ed a diverse assemblage of marine, deltaic, 
and aquatic invertebrates and vertebrates, to- 
gether with terrestrial mammals (such as ro- 
dents, bats, insectivores, primates, carni- 
vores, creodonts, artiodactyls, and perisso- 
dactyls). Primate fossils represent the second 
most diversified mammalian group after ro- 
dents. From several dozen isolated teeth, five 
new primate forms have been identified, in- 
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