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melanoleuca) use within Wolong Nature Reserve, Sichuan Province, southwest China. We
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evaluated giant panda use of habitat by observing the presence/absence of panda feces
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in 913 field plots. Newly harvested areas (0–10 years) had the lowest frequency of feces
presence (3%), while unharvested forests had the highest (36%). Feces presence is influ-
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to human activity. Results suggest that timber harvesting and fuelwood collection have
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important impacts on the use of forested habitats and panda use is reduced for several dec-

Habitat use

ades after harvests. However, as the forest regenerates, panda habitat may begin to recover
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after a period of at least 37 years. This has potential implications for the long-term conser-
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vation of panda habitats and suggests that if forestland is maintained via the Natural For-

Classification tree analysis

est Conservation Program (China’s logging ban), habitats that were previously harvested
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may eventually regenerate and increase the potential for the species long-term survival.

Autologistic models

1.

Introduction

Global forestland declined by 0.22% each year during the
1990s (Food and Agriculture Organization, 2003). Loss of forest
has been particularly significant in developing countries,
which experienced a total loss of forest area equal to 13.7 million ha/year in 1990–1995 (Food and Agriculture Organization,
2001). In some developing countries that have increasing
amounts of forestland, such as China, which increased the
size of its forest between 1980 and 1995, the per capita
amount of forestland continues to decline due to rapid population growth (Population Action International, 1999). Declines in the amount of forested landcover, especially from

 2007 Elsevier Ltd. All rights reserved.

various types of harvesting, can have a significant effect on
biodiversity (Caldecott et al., 1996; Jenkins, 2003).
While there are various types of timber harvests, one of
the most significant ones in the world today is fuelwood collection. Fuelwood acts as the primary energy source for
approximately 3 billion people worldwide (Population Action
International, 1999). Over half of the wood harvested each
year is used for fuel (Population Action International, 1999),
accounting for over 7 million ha of forest area harvested
annually. Developing countries are the primary users of
fuelwood, and 75% of forest harvesting in these countries is
for fuelwood use (Food and Agriculture Organization, 2000).
Yet, despite the widespread use and the potential impacts
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harvesting can have on forested landscapes and wildlife habitats, we are unaware of any study that investigates the effects of fuelwood collection on wildlife habitat use.
Recent investigations are beginning to uncover the processes involved in how wildlife may respond to certain harvesting regimes, thereby allowing better management
policies to be developed and implemented. More specifically,
timber harvesting activities have been found to affect various
species, including invertebrates (Hill, 1999; Ghazoul, 2002; Hamer et al., 2003; Hill et al., 2003; Gibb et al., 2006), reptiles
(Prior and Weatherhead, 1994), amphibians (Petranka, 1994;
Harper and Guynn, 1999; Harpole and Haas, 1999; Duguay
et al., 2001; Duguay and Wood, 2002; Knapp et al., 2003), birds
(Ward et al., 1994; Sallabanks et al., 2000; Duguay et al., 2001;
Sekercioglu, 2002; King and DeGraaf, 2004), small mammals
(Cole et al., 1998; Malcolm and Ray, 2000; Sullivan et al.,
2000; Simard and Fryxell, 2003; Lloyd et al., 2006) and large
mammals such as bear (McLellan and Shackleton, 1989; Wielgus and Vernier, 2003). While there is evidence to suggest
some bear species, such as the grizzly (Ursus arctos Ord) are
not deterred by harvesting activities (McLellan and Shackl-
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eton, 1989) and may actually prefer early succession forests
(Mattson, 1997; Waller and Mace, 1997), the giant panda (Ailuropoda melanoleuca David) appears to spend little time in
heavily logged areas (Schaller et al., 1985) and prefers interior,
old-growth forests.
To better understand how a species that prefers oldgrowth forests is affected by forest harvesting (i.e., timber
harvesting and fuelwood collection), we investigated the effects of harvesting on giant panda habitat use in Wolong Nature Reserve, Sichuan, China (Fig. 1). Despite extensive
research and insights into how forests regenerate and interact with bamboo in Wolong (see Section 2), there has been
no investigation to date that monitors the age or size of harvested area and how associated forest characteristics directly
relate to giant panda use. In addition, the timing of this study
is crucial because no direct studies of panda habitat have
been conducted after the bamboo recovery from a mass-flowering episode during the early 1980s in which 80–90% of the
bamboo in Wolong died off (Taylor and Qin, 1993a). This
investigation reports on the effect of timber harvesting and
fuelwood collecting on the use of habitats by the giant panda
approximately seventeen years after the most recent bamboo
mass-flowering event. Our primary objectives were to: (1)
evaluate forest structure composition changes in various
sizes and ages after harvesting, (2) assess if a size of harvest
effect on panda use was present (i.e., did use in fuelwood collection sites (<10 ha) differ from use in timber harvested areas
10–100 ha), (3) determine if time since harvest affected panda
use, and (4) quantify the environmental factors important to
giant panda use over periods of time after harvesting.
It is our hope that by providing a better understanding of
how giant pandas use previously harvested areas, we cannot
only ensure the sustainability of panda habitats, but also provide a baseline for understanding how fuelwood harvest and
utilization of other forest resources may better coexist with
wildlife conservation.

2.

Fig. 1 – Location of the People’s Republic of China and
Wolong Nature Reserve, in Sichuan Province, southwest
China. Shaded relief of Wolong demonstrates the elevation
gradient within the Reserve.

Study area

The Wolong Nature Reserve (10252 0 –10324 0 E, 3045 0 –3125 0 N)
(Fig. 1) is a nature reserve specifically established for the conservation of panda habitat. However, extensive timber harvesting, along with other human activities (An et al., 2001,
2002; Liu et al., 2004a; Linderman et al., 2005a), were performed in Wolong throughout much of the 1960s to the mid
1970s. Typical practices included removal of >50% of the overstory canopy cover in areas usually approximating 10 ha but
occasionally exceeding 100 ha. The Sichuan Department of
Forestry officially banned timber harvesting within Wolong
in 1975, however, some amount of timber harvesting and fuelwood collection (fluctuating around 7000–9400 m3/year) has
continued to occur in the Reserve until recently (Liu et al.,
1999a,b, 2001).
Several investigations have given some insights into the
way natural vegetation in Wolong has been influenced by historical timber harvesting and fuelwood collection and how
the habitat matrix of the giant panda would be affected by later forest development (Schaller et al., 1985; Taylor and Qin,
1988a,b, 1989, 1993b, 1997; Reid et al., 1989, 1991; Liu et al.,
2004b; Linderman et al., 2005b; Vinã et al., 2007). When large
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openings in the canopy are formed, such as those created by
large-scale clear-cut harvesting, the density of arrow bamboo
(a thin-stemmed, high density bamboo species occurring
above 2500 m) increases to such a degree that tree establishment is severely hindered (Taylor and Qin, 1987, 1988c,
1993a,b; Reid et al., 1991). Because of this encumbrance,
regenerating forest is slow in areas with this type of harvest
regime. Harvesting methods of this kind occurred in several
areas within Wolong during the 1930s which led primarily
to a hardwood stand that is now composed mainly of Betula
spp. with few conifers remaining (Taylor and Qin, 1988a, b,
1989). Large clear-cuts also occurred during the 1970s which
have left many areas in a low basal area shrub layer consisting mainly of Rubus spp., Sorbus spp., and Rosa spp. (Reid et al.,
1991), with few tree species able to compete.
Selective timber logging and fuelwood collection throughout Wolong impact the forest differently than all-tree removal
methods. Typically, fuelwood collection activities occur over a
much smaller area, as usually only several trees are removed
at one time. Yet, the cumulative effect of continual fuelwood
collection over several years does increase the size of the area
impacted. Because of this collective effect, harvest areas vary
in size from several square meters (single tree removal) to
several hectares or larger, depending on the temporal extent
and the number of local people who collected fuelwood.
For our study, complex and undocumented site histories
made it difficult to characterize any harvesting as a clearcut, selectively cut or fuelwood collection operation. We
therefore used size of harvest to quantify type of cut, where
smaller sized harvests are typically associated with fuelwood
collection, or selective cutting, and clear-cuts were larger in
size. This proxy was justifiable based on conversations with
local people regarding harvesting histories in Wolong and
our personal observations. While there is the potential that
smaller-scale timber harvests (<10 ha) could have occurred
in Wolong, and therefore have similar effects as a larger fuelwood collection site, we believe these instances were rare because of the criminal risks in large-scale fuelwood collection
and the economic and logistic inefficiencies of small scale
timber harvesting.

3.

Methods

3.1.

Field sampling method

To determine whether harvesting a forest for timber or fuelwood affects the use of habitats by the giant panda, we examined use patterns in previously harvested forests and
compared them to those in uncut forests. Data collection took
place during May–August 2001, May–November 2002, and
June–August 2003. Use was determined by the presence of fecal droppings, which was considered a useful indicator of
panda use because although actual sightings of animals are
extremely rare, feces are deposited frequently (97 droppings/
day) (Schaller et al., 1985) and remain for several months (personal observation). In an earlier study of panda habitat use,
Reid and Hu (1991) used the sample unit of feces groups to
determine use mainly associated with feeding behaviors.
Our study used general presence/absence of feces to indicate
use because it also incorporated habitat use not associated
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with feeding, such as traveling routes. This was significant because panda use in harvested areas may be more closely associated with daily or seasonal movement, escape or thermal
cover, or mate location and may not be as important as foraging habitat (Schaller et al., 1985). Although frequency of defecation is high, the small number of panda individuals, extent
of the forest and ability of the animal to travel large distances
make detection of feces infrequent.
Due to the infrequency of observing giant panda feces in
bamboo forests, we used adaptive cluster sampling to concentrate our sampling effort on areas where feces was more
likely to occur. This allowed us to avoid a situation where
most sample plots had no feces present. Adaptive cluster
sampling is valuable because it is designed to sample rare
events (e.g., feces in our study) and allows for focused
research in areas where the rare events occur while maintaining proper statistical hypothesis testing protocol (Thompson,
1991; Thompson et al., 1992). Whenever feces were found
(i.e., presence = 1) in a 30 · 30 m sample plot, all units in its
neighborhood (those 30 · 30 m plots to the forward, rear, left,
and right) were added to the sample. If in turn any of these
subsequently added plots had feces that were detected by
the observer, the plots of its neighborhood were also added
to the sample, so that finally the sampling neighborhood
contained 1, 5 (1 primary, 4 secondary), or 8 (1 primary, 7 secondary) sample plots. Adaptive cluster sampling allowed us to
increase our sampling efforts around areas that had a higher
potential of giant panda activity.
Thirty · thirty-meter sampling plots were located while
the team was in the field and were identified by local residents
knowledgeable of historical, recent past and present land-use
in the area. Age of forest was defined by the last time the forest within the sample plot had been harvested, which was
known by the locals. Size of harvest was defined as a relatively
homogenous area that differed from its surroundings (Forman, 1995). The center position of each 30 · 30 m plot was
geo-referenced with a Pathfinder Pro XRS GPS unit (Trimble
Navigation Limited) for subsequent analysis and modeling
of the data. Due to logistical and time constraints which prohibit revisitation and reexamination of sample plots for
passed droppings, equal probability of feces detection in all
habitats was assumed. This assumption was supported by
Reid and Hu (1991), who found a low ratio of missed droppings
(1.3%) throughout their study sites in Wolong.
Forest characteristics measured within each plot include:
basal area (m2/ha, 10-factor prism), total overstory canopy
cover (all canopy covers measured with spherical densiometer), conifer overstory cover, deciduous overstory cover, average overstory height, total midstory canopy cover, average
midstory height, total shrub cover, average shrub height, total
bamboo cover, total understory cover, and average understory
height. Topographic factors include: ecological aspect (aspect
converted into ecologically significant units (Parker, 1982)),
elevation (MSL), and slope (degrees).

3.2.

Statistical analysis

Sites were grouped into four harvest age categories to reflect
stages of forest succession and were based on our ability to
identify forest ages in the field as well as sample size issues:
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0–10 years, 11–30 years, 31–100 years and old-growth forest.
Sites were also grouped into two patch/harvest size categories: small < 10.0 ha and large harvest 10–100 ha. Sample sizes
varied because only sites that could definitively be categorized were included in this analysis.
We used analysis of variance (ANOVA) to test for the differences of forest and topographic characteristics across forest
age groups (size classes combined) using the Horvitz–Thompson estimator calculated from the adaptive cluster sampling
method (Thompson and Seber, 1996; Turk and Borkowski,
2005). We used two-way contingency tables along with the
binomial proportion test (Ott, 1993) to test for differences in
the proportion of feces in forests of various ages and sizes.
Proportion of feces in harvested areas was compared to that
in unharvested sites. We then used the binomial proportion
test (Ott, 1993) to determine significant differences between
proportions of feces present at sites.
To enhance the interpretation of contingency table results,
we used autologistic regression incorporating an autocovariate term to patch age and harvest size variables as well as forest and geographic characteristics to determine which were
important in predicting panda feces presence. We constructed one independent autologistic regression model for
each age class, each of which used feces as the response variable. Prior to running each autologistic regression analysis,
we conducted univariate logistic regression analysis (PROC
LOGISTIC, SAS Institute) and removed all variables that had
p values less than 0.25 associated with the likelihood ratio test
scores (G-tests). This somewhat liberal p value was chosen
based on the distribution of p values of the variables. We then
ran a correlation analysis (PROC CORR, SAS Institute) on
remaining variables to detect collinearity. Pairs of variables
that had r < 0.6 were considered for variable elimination. We
eliminated the variable with the less significant univariate
G-test score. If scores were similar, we eliminated the variable
that led to the most parsimonious multivariate logistic
regression model. We tested a variety of logit models by deliberately adding certain topographic and forest variables and
determining which made a significant contribution to the prediction of feces presence. Akaike information criteria (AIC)
were used to determine which model had the best fit (Quinn
and Keough, 2002).
While autologistic regression provided information as to
which forest characteristics were significant in predicting
feces presence, classification trees (Venables and Ripley,
1999; De’ath and Fabricius, 2000) were used to provide more
specific information on variable thresholds and their relationship to panda use. Four separate trees were performed on: (1)
all independent variables, (2) the age of forest and size of forest patch, (3) geographic variables including distance to road,
elevation, slope, ecological aspect, and basal area, and (4) forest characteristics, including components of the overstory,
midstory, shrub, bamboo, and understory layers. All classification trees used a minimum node size of 5 with deviance = 0.05 and incorporated a cost complexity pruning
using deviance pruning methods to return a minimal node
tree as implemented in S-Plus (Venables and Ripley, 1999;
De’ath and Fabricius, 2000). Tree sizes were selected after running a series of 10-fold cross-validations using the 1-SE rule
(De’ath and Fabricius, 2000).
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4.

Results

We surveyed a total of 913 30 · 30 m sample plots (443 primary and 470 secondary) during the 2001–2003 sampling period. Age of harvests in Wolong ranged from several months to
approximately 100 years. Older harvests were typically associated with large-scale timber harvesting operations and
newer harvests associated with multiple tree removal for
fuelwood. Pandas did not use larger, newly harvested areas
(10–100 ha) (Age = 3.0 ± 0.6 years) (mean
± SE) (Fig. 2). Use gen

erally increased as the forest aged v2ð3;N ¼99Þ ¼ 24:9; p < 0:001 .
There was some use in large, mid-successional forests
(22.1 ± 2.1 years), but it was not significantly higher than
new harvests. Use was 5.0 and 4.7 times higher, however, in
late successional (50.0 ± 2.3 years) and old-growth forests
(203.6 ± 3.6 years), respectively, than in mid-successional harvests (Fig. 2).
In fuelwood collection areas (<10 ha), use in old-growth
forest (180.7 ± 4.3 years) and late successional forest
(44.6 ± 1.7 years) was 8.0 and 5.3 times higher than in newly
harvested
forests
(3.7
years),
respectively

 ± 0.4
v2ð3;N ¼295Þ ¼ 35:2; p < 0:001 , suggesting even small-scale tree
removal may reduce use by pandas for decades (Fig. 2).
Overall, we found giant panda feces more frequently
in older

forests than in newly harvested areas v2ð3;N ¼393Þ ¼ 56:3;
p < 0:001Þ.

Comparisons of patch sizes v21 ¼ 0:37; p ¼ 0:6 and

harvest sizes v21 ¼ 0:41; p ¼ 0:5 indicated no difference between the proportions of feces found in small and large
patches and between fuelwood collection and timber harvest
sites. Patch sizes were significantly related to distances from
roads, with smaller patches occurring close to the roads
(0.06 ha, 0–500 m from roads), and larger patches farther from
the roads (0.29 ha, 3–3.5 km from roads) (F8,862 = 6.159,
p < 0.001). In harvested areas that were 0–10 years old, use
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Fig. 2 – Proportion of primary plot sites with giant panda
feces in areas with varying forest ages and sizes. Italicized
numbers above bars represent plot sample size. Symbols
(a, aa, b, bb, c, cc) above bars represent significance
groupings in the proportion of survey plots with panda feces
by age class for each size using binomial proportion test.
The same number (and type) of letter-symbols above bars
indicates no significant difference.
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was not detected in the larger harvest sizes (10–100 ha)
(Fig. 2).
We found significant changes in all forest and topographic
characteristics with age of regrowth except average understory and shrub height, which did not vary over time (Table
1). As the forests increased in age, the values of three forest
and bamboo characteristics (basal area, overstory forest and
bamboo covers) increased (F3,390 = 72.8, p < 0.001; F3,375 = 60.9,
p < 0.001; and F3,385 = 43.0, p < 0.001, respectively). The
increasing forest cover and bamboo cover created a more suitable environment for the giant panda (Table 1). Later successional (31–100 years) and old-growth sites occurred
significantly farther away from the road, farther into the interior forest, than newly harvested (0–10 years) and mid-successional (11–30 years) forests (Table 1). Later successional and
old-growth forests also had significantly higher basal areas
than younger forests. Conifer, deciduous and total overstory
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percent cover all increased as the forests aged (Table 1). The
conifer component of the overstory was greatest in the large,
unharvested areas but was significantly lower in areas that
were cut 0–30 years ago (Table 1), while the deciduous overstory was lower in new harvests and highest in large, later
successional forests (Table 1). The lowest mean bamboo percent cover was in large, new harvests while higher bamboo
cover was found in old-growth areas. Larger, unharvested
patches had the highest amounts of bamboo (Table 1).
The autologistic models indicated that for recently harvested forests (0–10 years), presence of bamboo was the most
significant indicator of giant panda feces presence, as well as
shallow slopes and distances from roads (Table 2). In mid-successional forests (11–30 years), the deciduous component of
the overstory and midstory and distance from roads were also
important (Table 2). In late successional forests, high bamboo
cover continued to predict the presence of giant panda feces

Table 1 – Summary of mean (±SE) forest and topographic attribute data in various age and size classes along with
univariate ANOVA results on age-class for data measured in neighborhoods (primary + secondary plots)
Size of harvest:

N (primary plots only)
Proportion with feces
Age (years)

Mean
SE
Patch size (ha)
Mean
SE
Distance to roadway (m)
Mean
SE
Elevation (MSL)
Mean
SE
Slope (degrees)
Mean
SE
Ecological aspect
Mean
SE
Basal area (sq m/ha)
Mean
SE
Total overstory cover (%)
Mean
SE
Conifer overstory cover (%)
Mean
SE
Deciduous overstory cover (%) Mean
SE
Average overstory height (m)
Mean
SE
Total midstory cover (%)
Mean
SE
Conifer midstory cover (%)
Mean
SE
Deciduous midstory cover (%) Mean
SE
Average midstory height (m)
Mean
SE
Average shrub height (m)
Mean
SE
Total shrub cover (%)
Mean
SE
Bamboo cover (%)
Mean
SE
Total understory cover (%)
Mean
SE
Average under height (cm)
Mean
SE

Years after harvesting
0–10 years

11–30 years

31–100 years

Old-growth

<10 ha 10–100 ha

<10 ha 10–100 ha

<10 ha 10–100 ha

<10 ha 10–100 ha

74
0.08
22.43
0.74
3.24
0.37
1381.6
92.57
2288
28.47
23.25
1.22
8.95
0.67
6.12
0.8
29.3
2.91
17.98
3.3
10.83
2.02
12.17
1.01
20.26
2.44
3.45
1.18
15.28
2.46
6.92
0.84
3.15
0.22
21.79
2.39
25.45
3.68
43
4
32.48
2.83

44
0.18
44.55
1.7
1.49
0.28
1567.6
67.88
2376.5
45.1
16.8
1.52
10.45
0.82
8.36
1.19
40.01
3.73
25.21
4.23
13.24
3.07
20.82
1.2
23.19
2.94
3.17
1.27
20.62
2.99
12
1
4.01
0.31
21.36
2.67
34.48
5.42
49.35
5.4
41.66
5.52

93
0.35
180.65
4.26
2.15
0.28
2066.3
57.44
2686.7
31.82
21.37
1.35
12.17
0.58
12.51
0.9
42.28
2.51
29.28
3.09
13.6
2.08
22.89
1
22.92
1.58
5.45
0.95
16.68
1.77
14.15
0.69
4.93
0.26
23.79
1.81
67.08
3.59
22.49
3.17
28.78
3.16

94
0.04
3.68
0.36
2.64
0.31
754.43
40.87
2127.9
45.28
19.51
1.48
12.07
0.46
1.32
0.34
7.27
1.62
5.45
1.52
1.58
0.63
6.46
1.11
5.86
1.13
0.95
0.33
4.2
1.03
4.37
0.73
2.52
0.24
21.77
2.78
25.98
3.38
55.33
4.28
37.56
3.33

42
0
3
0.6
59.79
6.64
833.52
74.01
2457.53
49.17
20.05
1.83
10.14
0.79
1.7
0.66
8.29
3.17
6.03
3.13
0.77
0.49
4.41
1.44
8.2
3.31
2.74
2.27
1.56
0.59
3
0.82
1.99
0.46
15.15
3.91
18.59
4.98
67.95
6.34
29.93
4.45

9
0
22.11
2.08
21.83
2.77
1005.16
95.47
2127.61
69.73
39.33
19.1
5.56
2.31
3.32
2.03
16.67
6.72
15
6.97
1.67
1.67
7.44
2.08
14.11
4.69
11.33
4.56
2.78
1.88
3.89
1.37
3.39
0.34
39.89
9.1
20.11
13.3
46
10.49
37.22
5.94

23
0.53
50
2.31
52.59
5.78
2166.97
50.09
2666.12
53.22
18.76
2.11
7.87
1.32
8.6
1.52
37.71
5.71
26.36
7.51
16.71
6.22
21.35
2.16
22.41
4.18
4.35
2.06
12.26
3.07
10.03
1.61
3.68
0.54
29.51
6.3
53.05
7.47
33.05
7.67
20.45
4.33

Neighborhood calculations were based on Horvitz–Thompson means of all plots in that neighborhood.

14
0.43
203.57
3.57
56.64
11.25
2934.09
70.71
2782.25
31.03
13.86
1.59
12.86
0.98
19.38
1.83
54.43
6.21
49.43
6.38
5.38
4.02
28.57
1.49
20.57
4.68
4.93
1.87
15.43
4.99
15.54
1.7
4.04
0.24
15.93
3.96
83.36
6.12
9.93
3.74
16.77
7.06

Univariate
ANOVA on
neighborhood
means
F

d.f.

P

97.9

3, 437

<0.001

54.65

3, 437

<0.001

9.01

3, 436

<0.001

8.83

3, 436

<0.001

69.76

3, 435

<0.001

85.52

3, 422

<0.001

31.72

3, 395

<0.001

23.47

3, 394

<0.001

111.02

3, 396

<0.001

36.39

3, 435

<0.001

4.41

3, 396

<0.005

34.02

3, 396

<0.001

75.66

3, 419

<0.001

41.96

3, 396

0.013

3.62

3, 420

<0.001

57.76

3, 431

<0.001

27.84

3, 418

<0.001

1.76

3, 413

0.15

390
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Table 2 – Significant forest and geographic characteristics
in autologistic models developed from Horvitz–Thompson means (primary and secondary plots)
AIC

Variable

Estimate

P value

0–10 years

60.48

Intercept
Slope
Bamboo cover
Distance to road

6.56
0.08
0.05
0.00

<0.01
0.03
0.01
0.02

11–30 years

56.47

Intercept
Deciduous
overstory cover
Deciduous
midstory cover
Distance to road

14.40
0.08

<0.01
0.01

0.07

<0.01

0.01

<0.01

31–100 years

159.87

Intercept
Aspect
Bamboo cover

2.86
0.06
0.04

<0.0001
0.05
<0.0001

Old-growth

337.28

Intercept
Slope
Aspect
Average
overstory height
Deciduous
overstory cover
Bamboo cover
Average
understory
height
Patch size

3.57
0.05
0.08
0.11

<0.01
<0.01
<0.01
<0.0001

0.01

0.08
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between 31 and 100 years ago. The high amount of feces in later successional forests was notable because previous studies
have found use to be lower (Schaller et al., 1985) and habitat to
be less suitable (Schaller et al., 1985; Reid and Hu, 1991; Taylor
and Qin, 1997) in harvested areas. Our results indicate that
forests need approximately 37 years to regenerate from a harvesting event before pandas begin to use these areas again.
Parsimonious autologistic regression models demonstrate
that bamboo percent cover continues to be the best predictor
of giant panda habitat. Classification tree models support
this, but additionally indicate that the bamboo percent cover
does not need to be extremely high (>17%) in order to be panda habitat. In newly harvested forests, the traditional characteristics of panda habitat (i.e., high bamboo cover, low slope,
and far from roads (interior forest)) were found to be the best
predictors of giant panda feces in areas where fuelwood collection occurred. Larger, newly harvested forests were not

A

Model Misclassification Error Rate: 0.17 (N=392)
Age < 37.5 years

Age < 1.5 years

0.01
0.02

0.04
<0.0001

2.15

<0.0001

0.36 (155)

Size < 11.0 ha

0.00 (57)

Size < 8.5 ha

0.00 (32)

0.06 (132)

in addition to southwest aspects. In old-growth forests,
higher bamboo cover, low slope, low ecological aspect
(south–southwest facing slopes), tall overstory trees with a
low deciduous component, and a smaller patch size were
the best predictors of giant panda feces (Table 2).
Classification trees were used to provide further understanding as to which forest and geographic characteristics
are used by the giant panda (Fig. 3). The first classification tree
using all independent variables found bamboo percent cover
to be the primary distinguishing factor, with cover percent
over 17.5% having more use (Fig. 3). Other useful factors included having a tall overstory (>26 m) and a high basal area
(>0.13 m2/ha). When considering age of forest and size of forest patch only, a forest that has had 38 years to regenerate
from a harvesting event is more likely to have giant panda
feces (Fig. 3). For the geographic and topographic characteristics of plots, a greater distance from roads (>1100 m) was the
most important factor in determining panda feces presence
(Fig. 3). Additionally, an interior forest with a low basal area
(<0.125 m2/ha) was not used, either. Classification trees on
forest characteristics not only reiterated the importance of
bamboo cover (>17%) and overstory height (>26 m), but also
indicated the conifer overstory component need not be too
dense (< 59%) (Fig. 3).

5.

Discussion

Our study found use of forested habitats was lowest in newly
harvested areas (0–10 years) and highest in unharvested, oldgrowth areas and later successional forests that had been cut

B

0.19 (16)

Model Misclassification Error Rate: 0.13 (N=438)
Distance to House < 1152.6 m

0.02 (224)

Basal Area < 0.125 m2/ha
Basal Area < 1.75 m2/ha

0.05 (39)
1.0 (9)

Ecological Aspect < 16.9
0.40 (133)

C

0.9 (33)

Model Misclassification Error Rate: 0.12 (N=393)
Bamboo Cover < 17.5%
0.01 (201)

Avg. Overstory Height < 26.2 m

Total Shrub
Cover < 22.2%
Bamboo Cover < 68.2%

0.00 (30)

0.36 (67)

Conifer Overstory
Cover < 59.4%
0.73 (37)

0.00 (7)

0.24 (51)

Fig. 3 – Regression trees for Horvitz–Thompson
neighborhood means (estimated from primary + secondary
plots) of (A) age and size of harvested and unharvested
patches, (B) geographic characteristics, slope, ecological
aspect, and basal area (m2/ha), and (C) all forest
characteristics. Trees show classification based on the
presence of giant panda feces. Residual mean deviance= (A)
0.183, (B) 0.186, and (C) 0.159. Values at tree leaves represent
proportion of plots with feces and sample size (within
parentheses).
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used. As the forest aged (11–30 years), the deciduous component of the midstory and overstory became important indicating the significance of regenerating forests (regardless of
whether conifer or deciduous). The forest structure provided
by deciduous trees may be a useful component of the forest
as pandas seasonally move through the lower elevation forests that have been harvested more recently. Panda use in later successional forests was found to be primarily dependent
on bamboo cover and also a south–southwest aspect (low ecological aspect). For unharvested and old-growth forest, smaller forest patches with more bamboo, taller understories, less
deciduous overstory cover, and low slope with south–southwest aspect (low ecological aspect) indicated the greatest likelihood of encountering panda feces. The reoccurrence of
deciduous cover and southern aspects as being a significant
predictor for suitable habitat was a curious result that has
been documented in a few other studies (Yong et al., 2004)
and provides an interesting recharacterization of habitats
for a species believed to rely primarily on coniferous forests.
There are two likely explanations why the proportion of
feces in later successional areas is as high as unharvested,
old-growth forests, which has traditionally been considered
the primary habitat for the giant panda. First, early harvesting
occurred in highly suitable habitats and forests in less suitable habitats (e.g., steep slopes) were not harvested because
of difficulty extracting the wood. Second, several decades of
forest regeneration has created a forest cover that provides
more suitable habitat characteristics for the giant panda.
Historic harvesting focused on cutting the large conifers
(Abies, Picea, and Tsuga) that grew within the subalpine coniferous forests of Wolong. Trees were selected based on their
overall sizes and the ability to access the trees and transport
them out to the nearest road. Because site quality was highest
on the shallow slopes, and because these areas were easier to
access, harvesting was most frequently done on the interior
ridge tops and nearby areas with low slope. However, the
giant panda also prefers sites with low slopes (Reid and Hu,
1991) because there is a large increase in the metabolic
requirements to move up steep inclines (Taylor et al., 1972).
On the other hand, steep areas were often left uncut by early
loggers since it was difficult to access precipitous forests and
the ability to move the timber was difficult and often dangerous. To the giant panda, steep, uncut forests are not ideal for
the same metabolic reasons and tend to be underutilized,
helping to explain why use in unharvested areas was less
than that of later successional forests.
Another explanation why the proportion of feces is high in
later successional forests is because early timber harvesting
took place within the higher elevation (above 2700 m, Table
1) subalpine coniferous forest. Elevations here include the primary vertical range of the giant panda as well as its primary
food, arrow bamboo (Schaller et al., 1985). In addition, access
to these regions by humans is more difficult, allowing areas to
remain somewhat undisturbed since the harvesting events
occurred. We should note that humans still use these areas
intermittently for wildlife research, herb collecting, bamboo
gathering, and occasionally for snaring musk deer (currently
illegal; personal observation). In contrast, newer harvested
areas typically occur in lower elevations near the Pitiao River
valley (below 2600 m, Table 1), where human disturbance is

1 4 1 ( 2 0 0 8 ) 3 8 5 –3 9 3

391

more common and the less preferred umbrella bamboo grows
(Schaller et al., 1985). Lower elevation forests have a complex
site history that stems from intense human use over the centuries. This is especially true in areas where illegal fuelwood
collection, poaching and medicinal herb collections are still
active. These activities have created a landscape in the lower
elevations that is heterogeneous and frequently visited and
disturbed by humans, which may help to explain why use is
low at these sites.
The high amount of use in the later successional forests
may also be explained by the relationship between overstory
canopy density and bamboo cover percent that coincides with
the findings of Taylor and Qin (1997), with the frequency of
feces increasing as forest cover and bamboo cover percent
increase. Use decreased after timber harvesting due to decreased overstory canopy cover, decreased conifer component, increased hardwoods component, and increased
bamboo densities. We found some use in fuelwood collection
sites that were recently harvested, suggesting that pandas are
able to use these areas shortly after harvesting. While we
were not able to determine type of use, we believe pandas
most likely were not foraging in these areas, but were instead
able to use these newly disturbed areas for some other purposes, such as a traveling route. As the forest recovered from
the harvesting activity, and as the midstory and later the
overstory cover percent increased, feces was found more often in the harvested area, as demonstrated by the increased
proportion of use in later successional forests. Later successional forests ranged in age by 40 years, making a detailed
recovery timetable unavailable. However, it can be seen that
as the forest progresses through succession following a harvesting event, suitable habitat can be restored.
Timber harvesting and fuelwood collection have created a
patchy mosaic of forests in various stages of succession
throughout Wolong Nature Reserve. This has several implications for the use of these habitats by the giant panda and also
for the conservation of this endangered species. Previous
studies on panda use of harvested areas and the surrounding
forests show that these activities decrease use because of
lower canopy cover, increased bamboo densities, decreased
bamboo seedling densities and changed bamboo growth form
(Schaller et al., 1985; Reid and Hu, 1991; Reid et al., 1991; Taylor and Qin, 1993a,b). However, the majority of those studies
were conducted during or shortly after the arrow bamboo
flowering and subsequent die-off in 1983. During the die-off
period, giant panda activity was altered because of resource
limitations, especially those associated with food availability.
Our study was performed at a time when bamboo populations
would have recovered from the flowering event (i.e., approximately 18 years after flowering) and returned to normal, preflowering densities (Taylor et al., 1991). Information from this
study shows patterns of use during a period when the bamboo populations are healthy and therefore may not be a limiting factor to pandas. While we do not advocate any
harvesting within the habitats of the giant panda, our findings are significant because they suggest that forests which
were previously harvested, for either fuelwood or for timber,
may eventually regenerate and become suitable panda habitat. The Natural Forest Conservation Program (China’s logging
ban), implemented in 2001, was established to reduce illegal
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harvesting within China (Liu and Diamond, 2005). We find this
program has been effective towards this goal, and is therefore
helping to improve and accelerate the recovery of giant panda
habitats. Recovery of habitats for species that prefer oldgrowth forests has important implications for the long-term
conservation of giant pandas and other species worldwide.

Acknowledgements
We are indebted to Zhiyun Ouyang, Hemin Zhang, and the
Administration of the Wolong Nature Reserve for the logistical and administrative support. We also thank Mingcong
Liu, Yinchun Tan, Jian Yang, and Shiqiang Zhou for their valuable assistance in the field, and Shuxin Li for her editorial
help. This research was made possible by grants from the National Science Foundation, National Institutes of Health, and
the St. Louis Zoo.

R E F E R E N C E S

An, L., Liu, J., Ouyang, Z., Linderman, M., Zhou, S., Zhang, H., 2001.
Simulating demographic and socioeconomic processes on
household level and implications for giant panda habitats.
Ecological Modelling 140, 31–49.
An, L., Lupi, F., Liu, J.G., Linderman, M.A., Huang, J.Y., 2002.
Modeling the choice to switch from fuelwood to electricity:
implications for giant panda habitat conservation. Ecological
Economics 42, 445–457.
Caldecott, J.O., Jenkins, M.D., Johnson, T.H., Groombridge, B., 1996.
Priorities for conserving global species richness and
endemism. Biodiversity and Conservation 5, 699–727.
Cole, E.C., McComb, W.C., Newton, M., Leeming, J.P., Chambers,
C.L., 1998. Response of small mammals to clearcutting,
burning, and glyphosate application in the Oregon Coast
Range. Journal of Wildlife Management 62, 1207–1216.
De’ath, G., Fabricius, K.E., 2000. Classification and regression
trees: a powerful yet simple technique for ecological data
analysis. Ecology 81, 3178–3192.
Duguay, J.P., Wood, P.B., 2002. Salamander abundance in
regenerating forest stands on the Monongahela National
Forest, West Virginia. Forest Science 48, 331–335.
Duguay, J.P., Wood, P.B., Nichols, J.V., 2001. Songbird abundance
and avian nest survival rates in forests fragmented by
different silvicultural treatments. Conservation Biology 15,
1405–1415.
Food and Agriculture Organization, 2000. Global Forest Resources
Assessment (FRA 2000). Food and Agriculture Organization of
the United Nations, Rome.
Food and Agriculture Organization, 2001. Forests Out of Bounds:
Impacts and Effectiveness of Logging Bans in Natural Forests
in Asia-Pacific. Asia-Pacific Forestry Commission, Food and
Agriculture Organization of the United Nations, Rome.
Food and Agriculture Organization, 2003. State of the World’s
Forests. United Nations Publishing Management Service,
Rome.
Forman, R., 1995. Land Mosaics: The Ecology of Landscapes and
Regions. Cambridge University Press, New York.
Ghazoul, J., 2002. Impact of logging on the richness and diversity
of forest butterflies in a tropical dry forest in Thailand.
Biodiversity and Conservation 11, 521–541.
Gibb, H., Pettersson, R.B., Hjalten, J., Hilszczanski, J., Ball, J.P.,
Johansson, T., Atlegrim, O., Danell, K., 2006. Conservationoriented forestry and early successional saproxylic beetles:

1 4 1 ( 2 0 0 8 ) 3 8 5 –3 9 3

responses of functional groups to manipulated dead wood
substrates. Biological Conservation 129, 437–450.
Hamer, K.C., Hill, J.K., Benedick, S., Mustaffa, N., Sherratt, T.N.,
Maryati, M., Chey, V.K., 2003. Ecology of butterflies in natural
and selectively logged forests of northern Borneo: the
importance of habitat heterogeneity. Journal of Applied
Ecology 40, 150–162.
Harper, C.A., Guynn, D.C., 1999. Factors affecting salamander
density and distribution within four forest types in the
Southern Appalachian Mountains. Forest Ecology and
Management 114, 245–252.
Harpole, D.N., Haas, C.A., 1999. Effects of seven silvicultural
treatments on terrestrial salamanders. Forest Ecology and
Management 114, 349–356.
Hill, J.K., 1999. Butterfly spatial distribution and habitat
requirements in a tropical forest: impacts of selective logging.
Journal of Applied Ecology 36, 564–572.
Hill, J.K., Hamer, K.C., Dawood, M.M., Tangah, J., Chey, V.K., 2003.
Rainfall but not selective logging affect changes in abundance
of tropical forest butterfly in Sabah, Borneo. Journal of Tropical
Ecology 19, 35–42.
Jenkins, M., 2003. Prospects for biodiversity. Science 302,
1175–1177.
King, D.I., DeGraaf, R.M., 2004. Effects of group-selection opening
size on the distribution and reproductive success of an earlysuccessional shrubland bird. Forest Ecology and Management
190, 179–185.
Knapp, S.M., Haas, C.A., Harpole, D.N., Kirkpatrick, R.L., 2003.
Initial effects of clearcutting and alternative silvicultural
practices on terrestrial salamander abundance. Conservation
Biology 17, 752–762.
Linderman, M., An, L., Bearer, S., He, G., Ouyang, Z., Liu, J., 2005a.
Modeling the spatio-temporal dynamics and interactions of
households, landscapes, and giant panda habitat. Ecological
Modelling 183, 47–65.
Linderman, M., Bearer, S., An, L., Tan, Y., Ouyang, Z., Liu, J.,
2005b. The effects of understory bamboo on broad-scale
estimates of giant panda habitat. Biological Conservation
121, 383–390.
Liu, J., Diamond, J., 2005. China’s environment in a globalizing
world. Nature 435, 1179–1186.
Liu, J., Ouyang, Z., Tan, Y., Yang, J., Zhang, H., 1999a. Changes in
human population structure: implications for biodiversity
conservation. Population and Environment 21, 45–58.
Liu, J., Ouyang, Z., Taylor, W.W., Groop, R., Tan, K.C., Zhang, H.M.,
1999b. A framework for evaluating the effects of human
factors on wildlife habitat: the case of giant pandas.
Conservation Biology 13, 1360–1370.
Liu, J., Linderman, M., Ouyang, Z., An, L., Yang, J., Zhang, H., 2001.
Ecological degradation in protected areas: the case of Wolong
Nature Reserve for giant pandas. Science 292, 98–101.
Liu, J., Ouyang, Z., Zhang, H., Linderman, M., An, L., Bearer, S., He,
G., 2004a. A new paradigm for panda research and
conservation. In: Lindburg, D., Baragona, K. (Eds.), Giant
Pandas: Biology and Conservation. University of California
Press, Los Angeles, pp. 233–317.
Liu, X., Bronsveld, M.C., Skidmore, A.K., Wang, T., Dang, G., Yong,
Y., 2004b. Mapping habitat suitability for giant pandas in
Foping Nature Reserve, China. In: Lindburg, D., Baragona, K.
(Eds.), Giant Pandas: Biology and Conservation. University of
California Press, Los Angeles, pp. 176–186.
Lloyd, A., Law, B., Goldingay, R., 2006. Bat activity on riparian
zones and upper slopes in Australian timber production
forests and the effectiveness of riparian buffers. Biological
Conservation 129, 207–220.
Malcolm, J.R., Ray, J.C., 2000. Influence of timber extraction routes
on central African small-mammal communities, forest
structure, and tree diversity. Conservation Biology 14,
1623–1638.

B I O L O G I C A L C O N S E RVAT I O N

Mattson, D.J., 1997. Use of lodgepole pine cover types by
Yellowstone grizzly bears. Journal of Wildlife Management 61,
480–496.
McLellan, B.N., Shackleton, D.M., 1989. Grizzly bears and
resource-extraction industries – habitat displacement in
response to seismic exploration, timber harvesting and road
maintenance. Journal of Applied Ecology 26, 371–380.
Ott, L., 1993. An Introduction to Statistical Methods and Data
Analysis, fourth ed. PWS-Kent, Boston.
Parker, A.J., 1982. The topographic relative moisture index: an
approach to soil-moisture assessment in mountain terrain.
Physical Geography 3, 160–168.
Petranka, J.W., 1994. Response to impact of timber harvesting on
salamanders. Conservation Biology 8, 302–304.
Population Action International, 1999. One in Three People Lives
in Forest-scarce Countries. Population Action International,
Washington, DC.
Prior, K.A., Weatherhead, P.J., 1994. Response of free-ranging
eastern massasauga rattlesnakes to human disturbance.
Journal of Herpetology 28, 255–257.
Quinn, G., Keough, M., 2002. Experimental Design and Data
Analysis for Biologists. Cambridge University Press, New York.
Reid, D.G., Hu, J., 1991. Giant panda selection between Bashania
fangiana bamboo habitats in Wolong Reserve Sichuan China.
Journal of Applied Ecology 28, 228–243.
Reid, D.G., Hu, J., Sai, D., Wei, W., Yan, H., 1989. Giant panda
Ailuropoda melanoleuca behavior and carrying capacity
following a bamboo die-off. Biological Conservation 49,
85–104.
Reid, D.G., Taylor, A.H., Hu, J.C., Qin, Z.S., 1991. Environmental
influences on bamboo Bashania fangiana growth and
implications for giant panda conservation. Journal of Applied
Ecology 28, 855–868.
Sallabanks, R., Arnett, E.B., Marzluff, J.M., 2000. An evaluation of
research on the effects of timber harvest on bird populations.
Wildlife Society Bulletin 28, 1144–1155.
Schaller, G.B., Hu, J., Pan, W., Zhu, J., 1985. The Giant Pandas of
Wolong. University of Chicago Press, Chicago.
Sekercioglu, C.H., 2002. Effects of forestry practices on vegetation
structure and bird community of Kibale National Park,
Uganda. Biological Conservation 107, 229–240.
Simard, J.R., Fryxell, J.M., 2003. Effects of selective logging on
terrestrial small mammals and arthropods. Canadian Journal
of Zoology 81, 1318–1326.
Sullivan, T.P., Sullivan, D.S., Lindgren, P.M.F., 2000. Small
mammals and stand structure in young pine, seed-tree, and
old-growth forest, southwest Canada. Ecological Applications
10, 1367–1383.
Taylor, A.H., Qin, Z.S., 1987. Culm dynamics and dry matter
production of bamboos in the Wolong and Tangjiahe giant
panda reserves, Sichuan, China. Journal of Applied Ecology 24,
419–434.
Taylor, A.H., Qin, Z.S., 1988a. Regeneration from seed of
Sinarundinaria fangiana, a bamboo in the Wolong Giant Panda
Reserve, Sichuan, China. American Journal of Botany 75,
1065–1073.

1 4 1 ( 2 0 0 8 ) 3 8 5 –3 9 3

393

Taylor, A.H., Qin, Z.S., 1988b. Regeneration patterns in old-growth
Abies-Betula forests in the Wolong Natural Reserve, Sichuan,
China. Journal of Ecology 76, 1204–1218.
Taylor, A.H., Qin, Z.S., 1988c. Tree replacement patterns in
subalpine Abies-Betula forests, Wolong Natural Reserve,
China. Vegetatio 78, 141–149.
Taylor, A.H., Qin, Z.S., 1989. Structure and composition of
selectively cut and uncut Abies-Tsuga forest in Wolong
Natural Reserve and implications for panda conservation in
China. Biological Conservation 47, 83–108.
Taylor, A.H., Qin, Z.S., 1993a. Aging bamboo culms to assess
bamboo population-dynamics in panda habitat.
Environmental Conservation 20, 76–79.
Taylor, A.H., Qin, Z.S., 1993b. Bamboo regeneration after flowering
in the Wolong Giant Panda Reserve, China. Biological
Conservation 63, 231–234.
Taylor, A.H., Qin, Z.S., 1997. The dynamics of temperate
bamboo forests and panda conservation in China. In:
Chapman, G.P. (Ed.), The Bamboos. Academic Press, San
Diego, pp. 189–203.
Taylor, C.R., Rowntree, V.J., Caldwell, S.L., 1972. Running up and
down hills – some consequences of size. Science 178,
1096–1097.
Taylor, A.H., Reid, D.G., Qin, Z.S., Hu, J.C., 1991. Bamboo dieback –
an opportunity to restore panda habitat. Environmental
Conservation 18, 166–168.
Thompson, S.K., 1991. Adaptive cluster sampling – designs with
primary and secondary units. Biometrics 47, 1103–1115.
Thompson, S.K., Seber, G., 1996. Adaptive Sampling. John Wiley
and Sons Inc., New York, NY.
Thompson, S.K., Ramsey, F.L., Seber, G.A.F., 1992. An adaptive
procedure for sampling animal populations. Biometrics 48,
1195–1199.
Turk, P., Borkowski, J.J., 2005. A review of adaptive cluster
sampling. Environmental and Ecological Statistics 12, 55–94.
Venables, W., Ripley, B., 1999. Modern Applied Statistics with
S-PLUS, third ed. Springer-Verlag, New York.
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