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gest m u c h  earl ier divergence events. O n e  ~ O S -

sible explanation for this isthatdiscrepancy 
Part o f  the early Tertiary burst in avian and 
mammalian divers i ty  would ref lect dispersal 

from previously~ ~to ~ i rath-isolated d ~~ 
er than actual phy logenet ic  radiat ion. Indeed. 

s im i l a r l y  to ranid frogs, several m o d e m  land 
vertebratelineages andmay have 

been isolated on the  dnfting Indian subcont i-

nent  until they c o u l d  co lon ize the world after 

India c o l l i d e d w i t h  Eurasia. Ana lyses o f  mo lec -

ular data in acrodont l izards (27)  and rat i te 

b i r ds  (28) are consistent with this biogeograph- 

i c a l  hypothesis.  

Krause and M a a s  (29) suggested that 
"among early Ter t ia ry  large landmasses, the 

Indiansubcont inent i s  un ique in its comb ina t i on  

o f  having been in the  right places at the right 
t imes t o  p rov ide  f o r  the deve lopment  and the 

subsequent d isembark ing o f  several n e w  h ighe r  

taxa o f  mammals"  ( p .  96). Our analyses pro-
v i d e  molecu lar  evidence ex tend ing th is  zoogeo- 

graph ica l  percept ion to amphib ians and suggest 

that the o r i g i n  o f  other vertebrate lineages 

might need  t o  b e  sought in India, despite exten- 

sive iso la t ion  and massive vo lcan ism.  

References and Notes 
1. A. R. Hildebrand et al., Geology 19, 867 (1991). 
2. C. B. Officer et dl., Nature 326, 143 (1987). 
3. A. Feduccia, Science 267. 637 (1995). 
4. L. Bromham, M. J. Phillips. D. Penny, Trends Ecol. Evol. 

14, 113 (1999). 
5. Although exact timing of separation between Mada- 

gascar-Seychelles-lnd~a and Antarctica-Australia is 
controversial, all paleogeographic models accept dis- 
junction between Africa and the above-cited Gond- 
wanan landmasses about 130 Ma (26). 

6. M. Storey et. a/., Science 267, 852 (1995) 
7. V. Courtillot et al., Earth Planet. Sci. Lett. 	166, 177 

(1999). 
8. The distinctive K-T ir~dium anomaly has been found 

within the lava pile, and hence the meteorite impact 
could not have triggered Deccan Traps volcanism 
(30). 

9. 	J. G. M. Thewissen, M. C. McKenna, Syst. Biol. 41, 248 
(1992). 

10. N ~;ers et dl.. Nature 403. 853 (2000). 
11. W. E. Duellman. Ed.. Patterns of Distribution of Am- 

phib~ans: A Global Perspective (johns Hopkins Univ. 
Press, Baltimore, MD, 1999). 

12. R. 	 Pethiyagoda, K. Manamendra-Arachchi, Occas. 
Pap. Wildlife Heritage Trust 2. 1 (1998). 

13. The 	 mtDNA fragments are (i) a 750-bp segment 
including portions of the 128 and 165 ribosomal RNA 
(rRNA) genes, as well as the tRNA,,, gene; (ii) an 
additional 550-bp segment of the 165 rRNA gene: 
and (iii) a 580-bp segment of the cytochrome b gene. 
The nuDNA fragments are (i) a 316-bp segment of 
exon 1 and (ii) a 175-bp segment of exon 4 of the 
rhodopsin gene, and (iii) a 529- to 532-bp segment of 
exon 1 of the tyrosinase Eerie. The taxa used in our 
analyses were 'elected from a larger data set [Gen- 
Bank accession numbers AF249001 to AF249191: 
(76)] first by excluding some taxa within tip clades 
very well supported in maximum parsimony analyses, 
then by choosing the combination of remaining taxa 
for which the rates of evolution were not significant- 
ly different under the 2DN Tajima test. The 14 spe- 
cies kept are (compare with the tree in Fig. 1: branch- 
es from top to bottom) Mantella madagascariensis. 
Boophis tephraeomystax. Philautus charius. Polype- 
dates cruciger. Nyctibatrachus major, Nyctibatrachus 
cf, aliciae, Rana curtipes, Rana temporaria. Lim-
nonectes kuhlii, Nannophrys ceylonensis, Micrixalus 
fuscus, Micrixalus kottigeharensis, and lndirana spp. 1 

and 2. Methods for alignment, phylogenetic analyses. 
and statistical tests of specific alternative hypotheses 
are given elsewhere (16). 

14. 	1. L. Thorne, H. Kishino. I. S. Painter. Mol. 5/01. Evol. 
15, 1647 (1998). 

15. The separation of the Madagascar and India-Sey-~ ~ ~ ~ i 
chelles landmasses (Fig. 16) was initiated by a mantle 
~ l u m egenerating large auantities of basaltic magma - - .  -, -
that quickly formed an obstacle for faunal inter- 
change. Furthermore, because of the high speed of 
the northward-moving India-Seychelles block (15 to 
2o cm y e a r  ,), an oceanic opening with Madagascar 
was quickly formed. Given the extremely low toler- 
ance of amphibians to salty environments, the sep- 
aration of these two islands (87.6 ? 0.6 Ma) can be 
regarded as an effective barrier to frog dispersal and 
thus as an accurate calibration point. Calibration was 
performed by constraining the split between the 
Madagascan clade and its sister group to between 
87.0 and 88.2 Ma. We computed both the prior and 
posterior distributions to verify that the data provide 
significant information on the estimation of diver- 
gence time. We also computed the posterior distri- 
bution twice (i.e., using two different random seeds) 
to check for convereence of the results. -

16. F. Bossuyt, M. C. Milinkovitch, Proc. Natl. Acad. Sci. 
U.8.A 97, 6239 (2000). 

17. After incorporating in 	our molecular data set the 
homologbus fragments of the rhodops~n and tyrosi- 
nase genes from a mammal (human) and a bird 
(chicken), we were able to use the separation be- 
tween these two lineages [diapsids versus synapsids, 
338 to 310 Ma (37)] as an independent calibration 
point to estimate the Mantellinae versus Rhacoph- 
orinae divergence time. This analysis yielded a date 
for the origin of Mantellinae of 53.6 to 92.6 Ma 
(mean + SD), a range encompassing, and hence 
corroborating, the first calibration of 88 Ma. This also 
validates our a priori assumption that vicariance was 
caused by continental break-up, unless one assumes 
the unparsimonious hypothesis that not only the 
ancestor of Mantellinae rafted to Madagascar, but 
that i t  coincidentally happened at a date consistent 
with the split between Madagascar and India-
Seychelles. 

18. R. A. Beck et a/. Nature 373, 55 (1995). 
19. We re-estimated the number of lineages surviving 

the K-T, and their divergence time. (i) under all 
phylogenetic topologies not significantly worse [un- 
der maximum likelihood (ML) Kishino-Hasegawa 
tests1 than that of the best ML tree, and Ii i l after ~, 
constraining each of the six other subfamilies as the 
sister group of Mantellinae. In each case, our hypoth- ~ .
esis of K-T survival of multiple frog lineages on 
drifting India remains val~d. 

20 	 J. jae&r, V. Courtillot, P. Tapponnier, Geology 17. 
316 (1989). 

21. Although there was, at the time, no evidence (neither 
molecular nor paleontological) supporting frog sur- 
vival on India. Duellman and Trueb (22) already per- 
ceived the possibility that lndia co;ld constilute a 
"shortcut" for dispersal of some frog lineages to 
Eurasia. 

22. W. 	 E. Duellman, L. Trueb, Biology of Amphibians 
(johns Hopkins Univ. Press, Baltimore. MD, 1986). 

23. C. M. Richards, W. S. Moore, Herpetol.]. 8,41 (1998). 
24. Once dispersal between lndia and Eurasia became 

possible, from the Late Cretaceous onward (18), i t  
probably happened rapidly, because the orogenic up- 
lift of the Himalayas and an extensive embayment in 
Assam and Myanmar provided a barrier to amphibi- 
ans between lndia and the rest of Eurasia for much of 
the later Tertiary. 

25. 	j. M. Savage, in Evolutionary Biology of the Anurans: 
Contemporary Research on Major Problems, J. L. Vial. 
Ed. (Univ. of Missouri Press, Columbia. 1973). pp. 
351-445. 

26. D. W. Krause et a/., CSA Today 9, 1 (1999). 
27. J. R. Macey et dl., Syst. Biol. 49. 233 (2000). 
28. A. Cooper et al., Nature 409, 704 (2001). 
29. D. W. Krause. M. C Maas, CSA Spec. Pap. 243, 71 

(1 990) 
30. N. Bhandari et a/.. Ceophys. Res. Lett. 22,433 (1995). 
31. S. Kumar, S. B Hedges, Nature 392, 917 (1998). 
32. Constructive comments by J. G. M. Thewissen, 

j. Thorne, and four anonymous reviewers significantly 
improved the manuscript. We thank K. Roelants and 
P. Fransen for graphical work. Funded by the Funds 
for Scientific Research Belgium, the Free Universities 
of Brussels, the Van Buuren Fund, the "Communaute 
Franqaise de Belgique" (ARC 98103-223), and the 
Defay Fund. 

9 January 2001: accepted 27 February 2001 

Rising CO, Levels and the 

Fecundity of Forest Trees 


Shannon 1. LaDeau* and James S. Clark 

We determined the reproductive response of 19-year-old loblolly pine (Pinus 
taeda) t o  4 years of carbon dioxide (CO,) enrichment (ambient concentration 
plus 200 microliters per liter) in an intact forest. After 3 years of CO, fumi-
gation, trees were twice as likely t o  be reproductively mature and produced 
three times as many cones and seeds as trees at ambient CO, concentration. 
A disproportionate carbon allocation t o  reproduction under CO, enrichment 
results in trees reaching maturity sooner and at  a smaller size. This reproductive 
response t o  future increases in atmospheric CO, concentration is expected t o  
change loblolly dispersal and recruitment patterns. 

U n d e r  e levated a tmospher ic  CO, concent ra-

t ions, t he  b iod i ve rs i t y  o f  forests will depend  

o n  both changes in growth rates that con fe r  

compe t i t i ve  advantage t o  some  species o v e r  

others and on rep roduc t i ve  success, a k e y  
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e lement  o f  f i tness. Greenhouse and g r o w t h -

chamber  studies demonst ra te  that although 
there i s  an average 3 1% g r o w t h  enhancement  

o f  herbaceous p lan t s  a n d  t ree seedl ings at 
d o u b l e d  amb ien t  CO, concentrat ion. t h i s  re-  

sponse var ies  w i d e l y  a m o n g  species ( I ,  2). 
T r o p i c a l  (3) and temperate  (4-6) t ree assem- 

b lages are  "recrui tment- l imited." T ree  p o p u -  

l a t i o n  g r o w t h  rates are  const ra ined by l o w  

seed ava i l ab i l i t y  a n d  low seedl ing establ ish- 
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ment in forest understories. If there is inter- lings). Trees (P. taeda) in this plantation are 
specific variation in reproductive enhance- half-sibs, have a density of 1733 stems per 
ments under CO, enrichment, then advantag- hectare, and account for 98% of the basal area 
es gained by some species could have dra- (19, 21). Each of six 30-m-diameter FACE 
matic consequences for their competitors. rings in the forest is surrounded by 32 vertical 

Developing seeds are strong carbon sinks pipes that extend above the 14-m-high forest 
(1, 7), so potentially large responses are likely. canopy. In the three fumigated rings, these 
Experiments on herb and crop plants demon- 
strate soecies differences that include increased 
reproductive biomass or seed number (8-lo), 
decreased reproductive biomass (8,11,12), and 
no reproductive response (8, 13, 14). Some 
studies have indicated accelerated ontogeny 
(15) with plants maturing more quickly under 
elevated CO, concentration ([CO,]). The ef- 
fects of CO, enrichment on forest tree repro- 
duction are unknown, because there are few 
studies of reproductive response in woody spe- 
cies (16-18). These studies have not been con- 
ducted in intact forests, and the few controlled 

pipes deliver CO, to maintain an atmosphere 
at ambient plus 200 p.1 liter-' [CO,]. The 
three ambient plots are identical to treatment 
rings without the addition of CO, (22). The 
FACE system allows CO, manipulation. of 
the entire ecosystem including vegetation and 
soil processes. 

Trees were not reproductively mature at 
the start of the experiment, so our 4-year 
study spans the onset of seed production 
[seeds collected in 0.16-m2 seed traps were 
gathered monthly and sorted by species (91. 
Loblolly cone development requires 2 years 

studies of intact, fumigated forest communities (23); thus, seed censuses in May 1997 repre- 
have not examined reproduction (19,20). Here sent pretreatment. In September 1999, the 
we demonstrate that 19- to 20-year-old loblolly 
pine (Pinus taeda) trees in an intact forest ex- 
posed to 560 p.1 liters-' [CO,] since 1996 are 
twice as likely to be reproductively mature and 
produce three times as many cones and seeds as 
trees under ambient conditions. Because repro- 
ductive output is generally believed to be pro- 
portional to tree diameter, this response might 
be expected simply as a result of vegetative 
growth enhancement under CO, enrichment. 
However, the increased fecundity that we found 
results both from earlier reproductive matura- 
tion and higher proportionate allocation to 
reproduction. 

The experiment was conducted in Duke 
Forest, in the Piedmont region of North Caro- 
lina (35"97'N, 79'09'W). In August 1996, a 
free-air CO, enrichment (FACE) system was 
installed in a 13-year-old loblolly pine plan- 

first year of significant cone production, and 
in September 2000, cones on all P. taeda 
trees within the six rings were counted from 
above-canopy towers with binoculars (24). 
Counts were also made of cones produced the 
previous year (those having open scales and 
borne by the previous year's growth) and of 
cones on the ground in each ring. 

The effects of elevated [C02] were deter- 
mined on both seed and cone production. We 
used an intervention analysis to test for a 
change in the difference between ambient and 
CO, treatment seed and cone production 
since the onset of CO, fumigation in 1996. 
Our probability model for cone production 
per tree siinultaneously estimates effects of 
elevated [CO,] on the mean p. and variance 
u2 of tree diameter d when cone production 
begins, and on the proportionate increase a in 

tation (pines were planted as 3-year-old seed- cone production with tree diameter. The 

Fig. 1. (A) The differ- A Seed production 
ence in number of 
loblolly seeds per 
square meter from 
May 1997 to  Decem- 
ber ZOO0 and (B) 
mean cone produc- 
tion per loblolly tree 
for all elevated minus 
ambient rings. Cone 
production data are y , 
marked annually. The .E 
typical season for 5 
seed fall is shaded. 2 6 Cone production 
Error bars mark 95% 

' 

confidence intervals. z 
Both data sets sug- 
gest that 1999 was 2 
the first significant 2 
cone crop at  this site. 2 ' 

1 ,  

1111 997 1111998 11 11 999 1 112000 
Year 

probability of being reproductively mature 
(producing cones) 0(d) increases with diani- 
eter, as described by the probit (cumulative 
normal distribution) 

0 (d ) = cP(d;p.,u2) 

(first onset of cone production is normally 
distributed). The normal distribution best fit 
the data when compared with other distribu- 
tions. After reproductive maturation, cone 
production X(d) increases with the square of 
diameter (4, 5) 

This model accommodates the two ways to 
observe zero cones. A tree may be immature 
with probability 1 - 0(d) or it may be mature 
with probability 0(d) and produce no cones, 
the zero category of the Poisson distribution. 
Cone production is the joint probability of 
being mature [with probability 0(d)] and of 
producing at least one cone. The likelihood of 
observing c cones is thus 

We hypothesized that CO, treatment might 
affect the average diameter at which repro- 
duction begins (p.), the variance among indi- 
viduals in diameter at maturation (u2), andlor 
the proportionate allocation to seed produc- 
tion once mature (a). We obtained maximum 
likelihood estimates for parameters fitted to 
data from both ambient and fumigated plots 
separately and combined. We tested for treat- 
ment effects using likelihood ratio tests of the 
deviance D = -2LR, where LR is the loga- 
rithm of the ratio for nested models. 

There was no treatment effect before the 
1999 cone crop (Fig. 1). In 1998, cones per 
tree were rare in all elevated and ambient 
rings (0.073 + 0.004 versus 0.051 + 0.003 
cones per tree; D = 1.72, P = 0.19, df = 2). 
But differences were large by fall 1999, when 
trees fumigated with CO, were twice as like- 
ly to be reproductively mature (D = 23.46, 
P < 0.0001, df = 2) and produced three 
times more cones per tree (2.85 2 0.15 ver- 
sus 0.90 2 0.05, D = 355, P < 0.0001, df = 
2). The difference between elevated and am- 
bient cone production was maintained in fall 
2000 counts (Fig. 1). Trees in the enriched 
rings were twice as likely to be reproductive 
(D = 13.13, P = 0.00029) and produced 2.4 
times more cones per tree than in the ambient 
rings (3.48 2 0.19 versus 1.46 + 0.08; D = 
277.2 1, P < 0.000 1). 

The difference observed in cone production 
is consistent with seed trap data. From August 
1999 through July 2000, we collected three 
times as many seeds from seed traps in the 
enriched rings than in ambient rings (282.0 2 

96 6 APRIL 2001 VOL 292 SCIENCE www.sciencem 



R E P O R T S  

8.4 versus 94.8 5 5.4 seeds per m" P = 00.1). 
Trees subjected to elevated [CO,] began 

cone production at smaller diameters and, 
once cone production began, produced dis-
proportionately more cones per diameter 
than ambient trees. Trees in the enriched 
rings had a greater increase ( a )  in cone 
production per unit diameter than trees un-
der ambient [CO,] in 1999 (Table 1 and 
Fig. 2A). The distribution of maturation 
diameters (Fig. 2B) was shifted to smaller 
size classes in the elevated rings (Table 1). 
Although reproductive output is generally 
taken to be proportional to diameter. it is 
possible that shifts in leaf area-to-sapwood 
ratios may affect this relationship under 
CO, enrichment. In addition to elevated 
[COJ, there were significant ring effects 
on reproductive effort (P < 0.0001, df = 
12), indicating spatial variability in CO, 
responses. Despite spatial differences, CO, 
caused an overall significant increase in 
reproductive effort as measured by cone 
production and seed rain (P < 0.0001). 

Recruitment limitation is pervasive in 
forest communities. Both temperate and 
tropical forests are limited by low seed 
availability (3. 5, 6 ) .  Recruitment limita-
tion promotes diversity. because dominant 
species cannot co-opt the available recruit-
ment opportunities (25-27). Our results 
suggest that, through increased seed pro-
duction under elevated [CO,]. recruitment 
limitation will diminish for P. taedci. po-
tentially affecting forest diversity. This is 
especially important in the southeastern 
United States. where P. taeda dominates 
many Piedmont forests and is a valued 
timber species. P. taeda may gain impor-
tance as accelerated maturation and in-
creased reproductive effort increase its 
ability to exploit disturbed landscapes and 
track regional change due to greenhouse 
warming. Seventy-five percent of loblolly 
forests in the United States are naturally 
regenerated. closed stands that are pro-
foundly seed-limited for at least 25 years 
(23). Under CO, enrichment, this period of 
seed limitation may be reduced. 

The increased rate of ontogeny we ob-
serve under CO, enrichment may have im-
plications for carbon accumulation. Devel-
opment rate and life-span are inversely cor-
related across tree species (28). If this cor-
relation applies ~vithin individuals, as a 
consequence of allocation trade-offs. then 
earlier maturation may result in more rapid 
turnover and not necessarily in increased 
stand biomass. The long-term impacts will 
deuend on differences among soecies.- .  

If the rate of photosynthesis decreases 
with long-term exposure to elevated [CO,]. 
and if increased reproductive effort de-
pends on a high rate of carbon assimilation 
( 2 9 ) .  then cone and seed production may 

not remain at the high rates we observed. 
Responses of trees subjected to CO, enrich-
ment from germination might also differ 
from those reported here. However, crop 
studies have demonstrated that down-regu-
lation of RuBisCO (ribulose-l,5-bisphos-
phate carboxylase-oxygenase) activity may 
become apparent when plants reach repro-
ductive maturity (30). Because our trees 
have already reached this developmental 
stage, the results of long-term enrichment 
may be sustained. The multiyear response 
we observed extends longer than the inter-
val typically used to identify an acclimation 
response. It represents the most realistic 
insight currently available, because previ-
ous studies come from isolated plants in 
growth chambers. 

Although we document only the first 
few years of reproduction, the reproductive 
output is substantial. For comparison with 
mature stands under optimal conditions, 
loblolly seed orchard trees [25 cm diameter 
at breast height (DBH)] can produce 100,000 

20 A Reproductive effort 

p< 0.00001 


-01 E' 
k 10 
LO 

8 


.-o 

.-P) 
P 


!i 0 , 
3 
.-C 

u 
E 0.8 B Maturation schedule 

+a P<0.00001> 
0.6 

z --C 

n 
m 0.4 n e 
a 


0.2 

I 

0 10 
Stem diameter (cm) 

seeds per hectare (23). Our juvenile trees 
(mean 16.5 cm DBH) already produce close 
to 50,000 seeds per hectare in the elevated 
rings. By contrast, ambient trees produced 
17,100 seeds per hectare (mean 15.5 cm 
DBH). 

Perhaps most important when consider-
ing dynamics of forest composition and 
diversity are the expected species-specific 
COZ responses, as suggested by vegetative 
responses in trees (31. 32) and reproductive 
responses in crops (8 .  30). Our study dem-
onstrates that P. taeda, a fast-growing, ev-
ergreen species. has a large fecundity re-
sponse. Interspecific variation in response 
to changing climate will alter forest dynam-
ics of the future. We do not demonstrate 
species differences. but differences are 
more likely than not. Not only will species 
with large reproductive response to CO, 
enrichment be the most likely to track re-
gional climate change, but they will also be 
favored in competition with less responsive 
species. 

Fig. 2. (A) Cone pro-
duction per tree in-
creases wi th stem di-
ameter. Fitted model 
(upper solid line) for el-

Ambient evated [CO,] trees is 
significantly different 
from the fitted ambi-
ent model (lower solid 
line) and bootstrapped 
95% confidence inter-

vals (dashed line). (B)
Probability of repro-
ductive maturation as a 
function o f  stem diam-
eter. Fitted model for 

probability of being re-
productively mature in  

elevated [CO,] rings is 

probability and boot-
strapped 95% confi-
dence interval. 

20 
-# 

Table 1. Maximum likelihood parameter estimates and bootstrapped 95% confidence intervals for 
loblolly pinecone production in ambient and elevated [CO,] plots are significantly different (P < 0.0001). 

Cone allocation Mean maturation diameter Standard deviation 
a (cm-,) I* (cm) (cm) 

Ambient 0.01 54 26.8 	 10.36 
(0.01 1-0.019) (23.9-30.0) (6.7-14.7) 

Elevated 0.023 21.0 7.7 
(0.019-0.028) (19.6-22.7) (5.76-10.7) 

Deviance 	 122.54 16.6 0.029 
value (df) <0.0001 (1)  0.00026 (1)  0.865 (1)  
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I t  is generally perceived that biodiversity is better protected from human 
activities after an area is designated as a protected area. However, we found 
that this common perception was not true in Wolong Nature Reserve (south- 
western China), which was established in 1975 as a "flagship" protected area 
for the world-renowned endangered giant pandas. Analyses of remote sensing 
data from pre- and post-establishment periods indicate that the reserve has 
become more fragmented and less suitable for giant panda habitation. The rate 
of loss of high-quality habitat after the reserve's establishment was much 
higher than before the reserve was created, and the fragmentation of high- 
quality habitat became far more severe. After the creation of the reserve, rates 
of habitat loss and fragmentation inside the reserve unexpectedly increased t o  
levels that were similar t o  or higher than those outside the reserve, in contrast 
t o  the situation before the reserve was created. 

More than 12.700 protected areas have 
been established around the world. ac-
c o ~ ~ n t i n gfor 13.2 million km' (an area 
greater than the United States or China), or 
8.81% of Earth's land surface ( I ) .  Although 
protected areas are generally believed to be 
the cornerstones of biodiversity conserva-
tion (2-4) and the safest strongholds of 

'Department of Fisheries and Wildlife, 13 ~ a t 
Resources Building, Michigan State University, East 
Lansing, MI 48824, USA. 'Department of Systems 
Ecology, Research Center for Eco-Environmental Sci- 
ences, Chinese Academy o f  Sciences, Beijing, China. 
3chinafsCenter for Panda Research and Con-
servation. Wolong Nature Reserve, Wenchuan Coun- 
ty, Sichuan Province. China. 

*TO whom correspondence should be E-
mail: jliu@panda.msu.edu 

wilderness (2. 5 .  6) .  human encroacl~ments 
and threats are still very common in many 
protected areas (7. 8) .  The problems of 
mismanagement and conservation politics 
have been widely publicized (7.  9) .  but 
quantitati\.e information about the deterio- 
ration of protected areas is scant (10).  It is 
not clear whether all protected areas are 
effectively protected because there is little . . 

l comparing ecological degradation ~	 ~ ~ 
before and after the protected areas ne re  
established. 

T~ the rate of degradation lower 
after the establishment of a protected area'? 
TO anS\Ver this q~lestlon, We performed a case 
study of U'olong Nature Resen e. Sichuan 
Province. south~vestern China (102O52' to 
103'24'E. 30'45' to 31°25'N). We chose 

one individual to count all cones minimized sampling 
error. Schultz (23) also found visual estimates of 
pinecone production to be comparable to harvested 
cone counts. 
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Wolong for three main reasons. First, it is the 
largest protected area designated for comer\,- 
Ing the endangered giant pandas [Ail~tr-opodu 
r~zelat~oleucu( I l ) ]  and contams approxlmate- 
ly 100h of the wild panda population (1'2): 
created in 1975. the reserve c o ~ e r s  an area os 
approximately 200.000 ha (12).  Second. as in 

many other protected areas. there are local 
people residing in Wolong. Third, Wolonp is 
a "flagship" nature reserbe and has receked 
exceptional financial and technical support 
fkom the Chinese go\.ernment and many in- 
ternational organizations, such as the World 
Wildlife Fund (WWF) (9).To a large extent. 
Wolong's ecological fate represents the suc- 
cess or failure of tremendous conser~ation 
efforts made by the Chinese go\,ernrnent and 
many international organizations ( 9 ) .  

We assessed the rates of change in forest 
co\,er and giant panda habitat before and after 
Wolong was established as a nature reser\,e. 
Forest cover. slope, and ele\,ation are impor- 
tant factors affecting pandas (11. I.?). We 
incorporated these factors to estimate habitat 
suitability for pandas. In a process similar to 
hurricane damage assessment examining pre- 
and post-hurricane conditions (13. 14) .  \ye 
quantified forest co\.er before and after the 
resene's establishment. using remotely 
sensed data obtained at three different time 
points (1.5). The different sources of data used 
in our study are typical of many studies of 
land use and land co\,er change (16-18). be- 
cause it is unrealistic to obtain remote sensing 
data on the same characteristics o\,er a long 
period of time because of changes in the 
sensors. Neither aerial photography nor mul- 
tispectral data were a\,ailable for the entire 
time span of this study. Although cloud-free 
images with consistent phenology nere not 
available, leaf-off [Corona data and Landsat 
Multispectral Scanner (MSS) data] \ ersus 
leaf-on [Landsat Thematic Mapper (TM)  
data] conditions did not contribute signifi- 
cantly to the forest and panda habitat analyses 
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