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Effect of Low Glacial Atmospheric CO, on 
Tropical African Montane Vegetation 

Dominique Jolly* and Alex Haxeltine 

Estimates of glacial-interglacial climate change in tropical Africa have varied widely. 
Results from a process-based vegetation model show how montane vegetation in East 
Africa shifts with changes in both carbon dioxide concentration and climate. For the last 
glacial maximum, the change in atmospheric carbon dioxide concentration alone could 
explain the observed replacement of tropical montane forest by a scrub biome, This 
result implies that estimates of the last glacial maximum tropical cooling based on tree- 
line shifts must be revised. 

Atmospher ic  general circulation model 
slrnulations for the  last glacial lnax i ln~ l~n  
(LGM; 18,090 14C years before the  present) 
have been used to  study the  effects of low 
greenhouse gas concentration, extended 
~ce-sheet distribution, and loa-ered sea-sur- 
face temperatures on climate and 1-egeta- 
tlon ( 1 ,  2).  Knowledge of troplcal paleocll- 
mates 1s cruclal for evaluating the  rellabllitv 
of LGM cllrnate model simulations. and 
such evaluations can check the  models' 
ability to  sl~nulate future climates 13. 4 ) .  
pollen data from East Africa have been used 
to estimate the  cllmate of the  t ropcs  at the  
LGM 15-7). For the  LGM. East Afrlcan , , 

pollen records sho\v that cool grassland and 
xerophytlc scrub increased at the  expense of 
tropical montane forests (2) .  Howel-er, the  
occurrence of trees such as Podoca~plis and 
Olen in low a b ~ ~ n d a n c e s  suggests that forest 
refuges persisted near some sites ( 5 ,  8 ) .  Tree 
lines also dropped in elevation by about 
lL?L?L? m. O n  the  basis of analogs Ivith tnod- 
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ern pollen assemblages, these changes have 
been attributed to a combination of cooler 
(4°C lower) and drler (395o less preclpita- 
t lon) conditions at the  LGM than a t  
present ( 9 ,  10).  This magnitude of coo l~ng  
was In better agreement with cllmate model 
simulations (1 1 )  than n.1th elnplrlcal esti- 
mates derived from continental-scale paleo- 
env~ronmental  data (1 2) .  Recent 613C 
measurements - o n  glacial-age sedllnents 
from high-elevation sites indicate that C, 
plants were more abundant a t  the  LGM 
than they are today. These data ralse the  
possibility that the  lowered atnlospheric 
CO, concentration (13)  may have ~nf lu -  
enced the  vegetation through physiological 
effects (14).  W e  used the  vegetation rnodel 
BIOME3 (1 5 )  to  examine ~ v h a t  changes in 
CO?, temperature, and preclpitatlon might 
account for the  observed characteristics of 
East African montane vegetation at the  
LGM. 

BIOME3 ( 1  5 ,  16) is a process-based ter- 
restrial biosphere model that simulates the  
interacting effects of climate and atmospher- 
ic CO, levels on vegetation distribution and 
biogeochemistry (15, 17). T h e  model in- 
cludes a photosynthesis scheme that sirnu- 
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lates acclimation of plants to changed atmo- 
spheric C02 levels by optl~nlzation of nitro- 
gen allocation to foliage and by accounting 

for the effects of CO, on net assimilation, 
stotnatal conductance, leaf area index, and 
ecosystem water balance (18). 

T h e  Kashiru slte ( ~ n  Burundi) provldes a 
well-dated, high-resolution LGM pollen 
record (8). Today, the  Kashiru peat bog is 
located 111 the  potentla1 afromontane forest 
zone and contains Macaranga, Podocarpus, 
Olen, Syiygu.in, Arallaceae, and Entand~o- 
phragma ( 1  9) .  During the  LGM, the  site was 
occupled by a xerophytlc assoclatlon ( the  
er icaceo~~s belt) dolninated by Gramineae, 
Ericaceae, Arte~n~sia, and temperate families 
such as Caryophyllaceae, Dipsacaceae, Cru- 
ciferae, and Ranunculaceae (8). 

W e  obtained current climate data for the  
0.5" grid cell containing Kashiru (13'28'5, 
29"34'E, 224G-m elevation) from an  updat- 
ed verslon of a global clnnate database (29).  
T h e  monthly mean climate values were ad- 
lusted to  be consistent n1th available data 
(9 )  o n  annual mean temperature and pre- 
c i ~ l t a t i o n  a t  Kashiru 1l5.S0C and 1460 
mm/year). W e  assumed that the  sods have a 
~nediunl  texture. Atmospheric pressure was 
estimated as 7.7 x 1 0 V a  (21) and was used 
to calculate the  partial pressures of 0, and 
CO, .  Absolute ln in i ln~~ln  temverature Lvas 
estllnated from a global regression of abso- 
lute ~ninilnunl telnperature on mean tern- 
perature of the  coldest month (22) .  

A simulation ~v1t11 the  preindustrial at- 
mospheric CO, level (23)  and present cli- 
mate (Fig. 1 A )  resulted in tropical montane 
forest idominated bv broad-leaved ever- 
green trees) a t  t he  ~ a s h i r u  site, consistent 
with the  present natural vegetation. A tran- 
sition to evergreen microphyllous (erica- 
ceous) scrub, silnilar to the  LGM vegeta- 
tion, was vredicted when annual tempera- 
ture was reduced by a rninilnu~n of 6 . j°C.  A 
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decrease in precipitation of up to 50% (730 
mmlyear) caused no change in biome, indi- 
cating that the current moisture supply is 
not limiting to vegetation. As the atmo- 
spheric CO, level was reduced, the mini- 
mum temperature reduction (from present) 
required for a transition from forest to scrub 
biomes decreased in magnitude (Fig. 2). 

When the atmospheric CO, concentra- 
tion in the model was lowered to the LGM 
value of 190 ppmv (13), a scrub biome re- 
placed the montane forest, even with the 
present temperature and precipitation values 
(Fig. 1B). A combination of LGM CO, con- 
centration, lowered precipitation, and 
present-day temperatures resulted in the pre- 
diction of a savanna (with co-dominant C4 
grasses), instead of forest or scrub. Thus, we 
infer that a large (>25%) reduction in pre- 
cipitation must have been accompanied by a 
cooling of at least 1.5OC in order for woodv u 

plants to be dominant. With the preindus- 
trial atmos~heric CO, level. BIOME3 simu- 
lated a tree line occurring at an annual tem- 
Derature 6.5OC less than the current annual 
temperature at Kashiru; starting with the 
elevation of the Kashiru site (2240 m) and a 
lapse rate of 0.54"C per 100 m (24), our 
simulation gave a predicted tree line at 
3440 m. This is in agreement with the ob- 

A Precipitation change (mmlyear) 
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Fig. 1. Biomes simulated by BIOME3 (15) at 
Kashiru (13"28'S, 2g034'E, 2240 m elevation) for 
the present climate (with mean annual tempera- 
ture of 15.8"C and mean annual precipitation of 
1460 mm/year) and with a lowered temperature 
and precipitation. Results are shown for (A) the 
preindustrial (280 ppmv) (23) and (B) LGM (190 
ppmv) (13) CO, concentrations. The seasonality 
of temperature and precipitation was held con- 
stant for the sensitivity analysis. 

served modem forest limit, which occurs be- 
tween 2900 and 3400 m in this region (25). 

Initial estimates of the LGM climate in 
East Africa interpreted the tree-line depres- 
sion as solely due to lowered temperature. 
The cooling was estimated to be 6OC (26). 
This is consistent with our findings (6.5"C) 
if the change in vegetation is attributed to 
temperature alone. However, the existence 
of a CO, effect implies that the cooling may 
have been less. More recent reconstructions 
of LGM climate from pollen data allow for 
the combined effects of low temperatures 
and low precipitation (9, lo), but these, 
too, neglect CO, effects. 

The strong effect of CO, simulated at 
Kashiru is not associated with the low partial 
pressure of CO, at high elevations. Increas- 
ing atmospheric pressure to lo5 Pa (sea lev- 
el) resulted in a small (4%) increase in the 
simulated net primary production (NPP). 
The change is small because the effect of the 
reduced partial pressure of CO, on photo- 
synthesis at high elevation is partly compen- 
sated by the reduced partial pressure of 0, 
(27). The simulated decrease in NPP ob- 
tained by reducing the CO, mixing ratio to 
190 ppmv is still ~ 3 5 %  at sea level if the 
mixing ratio of 0, is held constant. Thus, 
effects of the low glacial CO, concentration 
on NPP are expected at all elevations. Low- 
ering CO, levels increases stomata1 conduc- 
tance and therefore increases drought stress. 
This result implies that there may be even 
stronger direct CO, effects on biome distri- 
bution in more water-limited environments, 
such as tropical seasonal and dry forests. Still 
further responses may occur because C3 
plants (including almost all woody plants) 
are less competitive relative to C4 grasses at 
low CO, concentrations (1 4). 

The model predicts that the tempera- 
ture range occupied by scrub increased as 
CO, decreased (Fig. 2), suggesting that 
the scrub belt would occupy a greater el- 
evational range at low CO, concentra- 
tions. This pattern may explain the persis- 
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Fig. 2. Biomes simulated by BIOME3 at Kashiru 
for the present climate and with lowered temper- 
atures and CO,. 

tence of the scrub belt (ericaceous belt) 
for several thousand years around the 
LGM observed in the pollen record at 
altitudes of 1950 (5), 2200 (8, 28), and 
2400 m (6) in the East African mountains. 
Such stabilitv mieht be attributed either , " 
to a uniform climate during this period, 
which is in contradiction with ice-core 
and North Atlantic sediment records (29), 
or to an expanded ecological range of this 
biome under low atmospheric CO, levels. 

Our results do not conflict with the 
cooling and drying indicated by climate 
model simulations for the LGM (2, 3). The 
existence of a direct CO, effect implies that 
there is no demonstrated inconsistency be- 
tween the Indian Ocean sea surface temper- 
ature at the LGM, estimated to be 0" to 4°C 
lower than today, and the tree-line depres- 
sion in East Africa (30). LGM climate re- 
constructions from ~aleovegetation data. - 
using any approach based on present cli- 
mate analogs, may be unreliable if they do 
not account for this direct CO, effect. 
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Surface Deformation and bower 
Crustal Flow in Eastern Tibet 

Leigh H. Royden," B. Clark Burchfiel, Robert W. King, 
Erchie Wang, Zhiliang Chen, Feng Shen, Yuping Liu 

Field observations and satellite geodesy indicate that little crustal shortening has oc- 
curred along the central to southern margin of the eastern Tibetan plateau since about 
4 million years ago. Instead, central eastern Tibet has been nearly stationary relative to 
southeastern China, southeastern Tibet has rotated clockwise without major crustal 
shortening, and the crust along portions of the eastern plateau margin has been ex- 
tended. Modeling suggests that these phenomena are the result of continental conver- 
gence where the lower crust is so weak that upper crustal deformation is decoupled from 
the motion of the underlying mantle. This model also predicts east-west extension on the 
high plateau without convective removal of Tibetan lithosphere and without eastward 
movement of the crust east of the plateau. 

T h e  topography and geology of the  Tibet- 
an  region resulted from postcollision north- 
south convergence between the  Indian and 
Eurasian plates since -59 lnillion years ago 
(Ma) (1-3) (Fig. 1) .  In  this process, t he  
Tibetan plateau was u ~ l i f t e d  bv >4 km and 
its crust thickened to twice normal thick- 
ness (-7L1 k ~ n )  (4-10). Several competing 
models have been proposed for the  uplift 
and deformation of Tibet, each with differ- 
ent  implications for the  eastern part of the  
Tibetan plateau (1 1-1 7). Here, \ve propose 
a model for the  crustal dvna~nics within the  
plateau on the  basis of geologic and Global 
Positioning System (GPS) obserl-ations of 
young crustal deformation along the  eastern 
margin of the  plateau. 

Xluch of the eastern ~naroin of the  la- - 
teau lacks el~idence for large-scale young 
crustal shortening; folds and thrust faults 
along the  plateau margin are comlnonly 

oblique to and older than the plateau margin 
(18).  In the  Northern Longmen Shan, folds 
and faults trend east-west, nearly pe~pendic- 
ular to the plateau edge, and are mainly of 
Mesozoic age. In the  south central Longmen 
Shan, the crust was probably shortened ly 
- 11111 km in Mio-Pliocene time, but there is 
no  evidence for lnaior Quatemarv shorten- . - 
ing. G P S  results are consistent and constrain 
shortening across the Long~nen Shan to be 
L1 i 5 mln year-' (1 9 ,  20). This lack of 
young deformation is su~prising hecause the 
topographic front of the eastern plateau is as 
irnlx-essix-e as that of the Himalayas. 

A similar mismatch between surface 
structure and topography occurs in the  Yun- 
nan  region (south of the  Xianshuihe fault). 
T h e  active faults in this region cross from 

u 

the high plateau into regions of lower ele- 
vation in  southeast China (19).  They are 
predominantly left-slip and trend south to  
southeast, nearly to the pla- . -  A 

L. H. Royden, B. C. Burchf~el, R. \,hl. K~ng, E. L%'ang, teau ~ l ~ a r g i n  (Fig. 1B). Both geological and 
Departmert of Earth, Atmospheric, a rd  Planetab! Sci- G p S  illdicate slip o n  the XiarlshLlihe 
erces Massachusetts rstitute of Techrology, Cam- 
br~dge, MA 021 39, USA. fault at -211 1nln (1 9-21 ). Holyever, 
Z. Chen, F. Shen, Y. LIU, Chenqdu Institute of Geoloqv since 4 ;\/la or earlier, the  southeastern cor- 
a rd  Mineral Resources chenga7u. Chna. ner of the  plateau has rotated clockaise 
'To ,;,:horn correspordence should be addressed. around the eastern Himalayan syntaxis x i t h  

little, if any, net translation of upper crustal 
material eastward across or into the  plateau 
margin (1 9).  Thus, although we cannot rule 
out the  possibility of eastward extrusion of 
Tibetan crust relati\-e to Siberia in  Pliocene- 
Quaternary time, there are n o  data to  sup- 
port this hypothesis, and, if extrusion occurs, 
southern China ~ n ~ l s t  be molving eastward at 
approxill~ately the  same rate as the  central 
and southern parts of eastern Tibet. 

Also notervorthy is the  lack of a Ceno- 
zoic foredeep basin along the  eastern margin 
of the  plateau, which implies that the east- 
ern foreland was not flexurally depressed 
during Ce~lozoic time. [Although the  Si- 
chuan basin is often considered to be a 
foredeep basin to the eastern plateau, rocks 
exposed in the  basin are mainly Meso:oic in 
age. Where present, the  Cenozoic co\-er is 
thin (52119 m ) ,  and pre-Late Quaternary 
rocks are eroding throughout most of the  
Sichuan basin (18)l. A zone of extensional 
structures formed by margin-perpendicular 
extension of unknown Cenozoic aoe coin- 

L 

cides with the  topographically high moun- 
tains that rim the  edge of the  eastern plateau 
(1 8 ) .  These structures are reminiscent of the 
lorn.-angle normal faults present along the 
northern margin of the Himalayas (22).  

Various ~nodels of Cenozoic deformation 
within Tibet indicate that the  upiift and 
surface deformation of the  Tibetan plateau 
are intimately linked to the lnanner in 
\I-hich the  crust beneath the plateau has 
been deforlned at depth (14,  15,  23-25). 
However, these models do  not match the 
0bser.r-ed surface deformation of Tibet in a 
number of important ways (26): They do not 
dis131ay east-west extension or eastward mo- 
tiolls of the plateau (26, 27), thev do not 
display large clock~vise rotation of crustal 
material around the eastern Himalayan syn- 
taxis (1 9-21 ), they do not reproduce margirl- 
parallel extension along the plateau ~nargin 
(18),  and they do  not offer a satisfactory 
explanation for the lack of surface shorten- 
ing along the  so~ltheastern margin of the 
plateau (1 8, 19). 

In  two dimensions, quantitative studies of 
model convergent systems have shown that 
topography, strain partitioning, and degree 
of crust-mantle coupling are systell~atically 
related to the strength (liscosity) of the crust 
as a filnction of increasing depth (25, 28, 
29).  In particular, steep-sided flat-topped 
plateaus develop only when a low-l.iscosity 
zone is absent beneath the foreland and the 
~ l~a re ins  of the plateau but is nresent in re- - 
gions of thickened crust beneath the plateau 
proper Because recent studies suggest that 
the  lower crust beneath Tibet may be weak 
(30, 31),  some of the inadequacies in the 
thin 1-iscous sheet ~nodels lnav occur because 
such models ignore depth-dependent beha\.- 
ior and thus cannot incorporate lateral shear 
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