Pan et al.: Ecological consequences of changirlgéwel consumption patterns in remote villages ofthNwestern China
- 207 -

ECOLOGICAL CONSEQUENCES OF CHANGING FUELWOOD
CONSUMPTION PATTERNSIN REMOTE VILLAGES OF
NORTHWESTERN CHINA

PAN, Y.1=ZHEN, L.2* —YANG, L.""2—HELMING, K.>—~KOENIG, H.2 -~ Ca0, X.22—L|,F1-
WEI, V.12 —Liu, X.22—LonNg, X. 12

Ynstitute of Geographic Sciences and Natural ResssiResearch,
Chinese Academy of Sciences, 11A Datun Road, Cha®jatrict, Beijing 100101, China
e-mail: panying@igsnrr.ac.cn

“Graduate School of Chinese Academy of Sciences,
19A Yuquan Road, Beijing 100049, China

3_eibniz-Centre for Agricultural Landscape Research,
Eberswalder Strasse 84, D-15374 Mincheberg, Germany
(phone: +86-10-6488-8155; fax: +86-10-6485-1844)

*Corresponding author
e-mail: zhenl@igsnrr.ac.cn

(Received 29 September 2011; accepted"Hebruary 2012)

Abstract. Consumption of ecosystem goods and services idotnedation of coupled human-natural
systems. This paper reported the change in fuelwmmtsumption in remote northwestern Chinese
villages and the ecological consequences that bagerred as a result of the Sloping Land Conversion
Program (SLCP), one of China's biggest ecologiesiaration programs. We conducted this study using
structured questionnaires that collected data @twiod consumption in 1999 and 2008. For these
villages, fuelwood was the most important fuel seu(84% of total fuel consumption in 1999). The
SLCP restricted cutting of forests, so fuelwoodstomption decreased to 39% of the 1999 total by 2008
In response to this decrease and increased plaottitiges, the forest area increased. Howeveratiasp
imbalance in fuelwood consumption persisted; thmaiaing demand for fuelwood meant that forests
near villages were under high pressure, with hding®ften exceeding the natural productivity. Teeh
the demand for fuel and replace the fuelwood, coalsumption increased by 562%. The switch from
fuelwood to coal increased G@missions by 339% from 1999 to 2008. These reddtge clear
consequences for the region's ecology and sugfpesinéed to take measures to account for the
consequences of the SLCP.

Keywords. Ecological consequences; Fuelwood; Fuel consumptdoping Land Conversion Program;
Northwestern China

Introduction

Consumption of ecosystem goods and services isydaaor in coupled human—
natural systems (J. Liu et al., 2007; Zhen etZil10b). The steady increase in human
activities and consumption of ecosystem servicasléthto degradation of around 60%
of the world’s ecosystems (MEA, 2005), accompanigg a 30% increase in
atmospheric C®level (Vitousek et al., 1997). The consumptioreocbsystem services
has exceeded the productive capacity of world'sgstems by as much as 50% (WWF,
2010). However, the share of the biosphere's ressumand ecosystem services
consumed by humanity will continue to increase.
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Differences and changes in consumption patternshaite different consequences
for human-environment systems. For example, masg séudies have shown obvious
differences in food consumption patterns betweemaand other countries, leading to
different ecological consequences (Gerbens-Leemes Nonhebel, 2005; Gerbens-
Leenes et al., 2010; Zhen et al., 2010a, 2010bg ifereasing consumption of
beverages and foods of animal origin is likely teate additional pressure on natural
resources, especially in Asia (Gerbens-Leenes.e2@l0), as well as the loss and
fragmentation of native forests (McAlpine et alQ02) and additional emissions of
greenhouse gases (Fearnside, 2005; McAlpine Gfl9).

Fuelwood consumption is a particularly importardglpem, since approximately half
of the world’s population uses fuelwood in theirlgléives (He et al., 2009). Fuelwood
collection has been recognized as an importanpffact habitat fragmentation and
biodiversity loss (Bearer et al., 2008; He et 2009; J. Liu et al., 1999). For instance,
the increased population and fuelwood collectidansities in China's Wolong National
Nature Reserve have dramatically decreased thetfbabitat that sustains populations
of the giant panda (Ailuropoda melanoleuca) (J.dtial., 1999). As fuelwood becomes
more difficult to find and collection sites movegher in elevation and become more
remote, the high-quality panda habitats face ameasing risk of fragmentation and
degradation (He et al., 2009). However, fuelwoodstonption that does not exceed the
natural growth rate of the forest could potentiatlgcrease net GOemissions if
fuelwood replaces the consumption of fossil fuéleksson and Gustavsson, 2010). A
potential reduction of from 2 to 30% has been esi@ for various European countries
(Schwaiger and Schlamadinger, 1998). This sugdkatsustainableuse of fuelwood
may represent a good option to reduce the enviratahenpacts of energy production.

National policies affect human activities and thsulting consumption of ecosystem
services, with related ecological consequences. "gheening" of global consumption
patterns by deliberate development or modificatdrpolicies is an important goal
(Spaargaren and Mol, 2008). In this context, mangndists have studied the impact of
such policies on ecosystem services in coupled hanatural systems. For example, to
prevent further habitat degradation and restorelpdrabitat, the Chinese government
implement several conservation policies (J. Liwalet2007). These policies prohibited
the development of cropland in forested areaséithihe sites where fuelwood can be
harvested and the amount of fuelwood that can Ipeebted from these sites, but the
effects appear to have been imperfect (Chen e2@D9). Adjusting the conservation
policies to provide payments to compensate peaplednservation costs, increasing
job availability in cities, and encouraging the naigon of young people to cities appear
to have been more helpful (Chen et al., 2009; J ettial., 1999). A recent study on the
Mongolian Plateau concluded that different land-pskcies, and particularly changes
in land ownership, caused major differences in fand fuel consumption by herders in
Mongolia and China’s Inner Mongolia autonomous eag{Zhen et al., 2010b). And
traditional nomadic grazing pattern under publiediawnership in Mongolia leaded to
less degradation in rangeland quality, comparinght concentrated and continuous
herding pressure on the small patches of grasstearthged by individual households,
under the grassland household contracting polityZet al., 2010b).

In rural areas of northwestern China, fuelwood isnajor fuel for heating and
cooking. In recent years, fuelwood consumption liased greatly as a result of
socioeconomic development and policy changes. Oa@rnpolicy that has affected
lives in this region is the Sloping Land Converskrogram (SLCP, also known as the
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"Grain for Green Program"), which is one of theykst ecological restoration programs
in the world. Under this program, farmers who cobhw@opland on steep slopes to
forest and grassland are rewarded with grain asld sabsidies from the government (J.
Liu et al., 2008). The SLCP was originally planriectontinue from 2001 to 2010, with
a goal of converting 14.63xi@a of sloping farmlands, including 4.4%1ta on slopes
steeper than 25° and in desertified fields. In tholdi the program's goal was to afforest
or revegetate another 17.33%1& of sparsely vegetated mountainous, hilly, andex
lands (Yin and Yin, 2010).

The primary trade-offs for ecosystem services that policy-makers considered
were the need to preserve the food supply of Ipealples, while improving soil and
water conservation. Research has shown that the®Sdd¢hieved great successes in
terms of reducing surface runoff and soil erosiomintaining soil fertility, and
lowering river sediment loads, while conserving evaresources and reducing
desertification (J. Liu et al., 2008). In additiothe program has promoted
socioeconomic development that has helped numdarusers change their income
structure, thereby increasing their income (J.dtial., 2008; Uchida et al., 2005; Xie et
al., 2006). The subsidy program focused on graid eash because the primary
consumption targeted by the SLCP was food conswmptiowever, the SLCP also
affected the ecosystem service of fuelwood supply t the increased forest area, and
affected fuelwood consumption due to the chandgernest management (i.e., increased
restrictions on use of the forests).

Unfortunately, there have been no studies of tlaagés in fuelwood consumption in
remote northwestern villages and the associatetbgical consequences. The goal of
the present study was to provide this informatiorthe context of the SLCP and to
discuss the ecological effects of these changemiite the adjustment of government
policies in this remote part of China.

Sudy area

This study focused on four villages (Wuzhuang, XiakSanshilipu, and Shimo)
located in Guyuan District of the Ningxia Hui Autamous Region, a remote
mountainous region in northwestern Chikéy( 1). Elevations range from 1248 to 2942
m above mean sea level, and the region has a eotdin monsoon climate,
characterized by a mean annual rainfall of 472 mich @n annual average temperature
of 9°C ranged between -15 to 30°C (Zhen et al.0aD1The long winter (4 months)
and low temperatures (mean monthly temperaturegeriom -2 to -15°C) create a
high demand for heating fuel.

As a part of Loess Plateau, this area is sengiiveater and wind erosions due to the
special soil characteristics (e.g., loess soiljnatic conditions, and topography. As a
result of unsustainable human practices such agseik@ cultivation and forest
harvesting on slopes, soil erosions has been seleading to seriously degraded
ecological conditions in many areas (Shi and Si2§0). The decades of these
activities has intensified and accelerated the ogpochl degradation, thereby
jeopardizing the ecological security of downstreagions of China's Yellow River.
The SLCP started in 2000 in this region, with tlealgof converting arable land on
steep slopes (>15°) into forests and afforestiragssly vegetated areas of hilly and bare
land. The native forests are a mix of broadleagdrand shrubs, which the shrubs were
usually used as fuelwood by local residents.
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In addition to its ecological fragility, this areehome to some of the poorest people
in China, with an average total income of 10273\0BR(1580.5% with currency of 6.5
RMB equal to 1.0 $) and net income of 2613.9 RMB2(43$) in Guyuan District in
2008, which is much lower than the national averBgerural areas. The population
density is 140 people per kKnwith 86.1% of the population living in rural aseahe
total population increased by 18% from 1999 to 20@8wever, due to high levels of
migration to cities, the rural population only inased by 7% during this period. There
are many villages scattered throughout mountairaress that lack a transportation
infrastructure — some areas lack even basic roads.
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Figure 1. Location of the study area

Research methods and data sources
Household surveys and data collection

We conducted a household survey from July to Audd@29 using structured
questionnaires to obtain our primary data. We ramgselected 208 households in the
four villages O = 34 to 77 per village) and interviewed their desits. We asked about
the following socioeconomic characteristics of eddusehold: family composition,
levels of education, income, and income sources: nal was to obtain basic
background information on the household. The fushsomption information we
collected included the types, amounts, and distaricem home of the market or
collection locations. The information on income dnel consumption was obtained for
1999 and 2008 to provide an indication of changesnd this 10-year period. As most
of the households had recorded detailed family @aaiso of their income, fuel
consumption, and costs, we believe that despite pibiential inaccuracy of this
approach, the information we collected providedoadyoverview of changes in fuel
consumption and other characteristics of the famitluring this period.
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The fuel consumption values were recorded as weidfte distance and associated
time cost to reach each fuel market used by thedtmld were recorded. For fuelwood
collection, the distance to the typical collectiogations and the most distant location
were determined for 1999 and 2008, as was the tageired to reach these locations
and return with fuelwood. The locations of the fmiltages were also recorded using
GPS and input into a GIS program (version 9.3 @6, ESRI, Redlands, CA).

Data derived from statistical yearbooks and langl-oeaps were also used in this
paper. The statistical yearbooks include countglleyearbooks produced by the
government of Guyuan District and national ruralistics books from 1999 to 2008.
Land-use maps of this region were created by intgmpon of Landsat TM images by
the Data Center for Resources and Environment&n8es of the Chinese Academy of
Sciences (http://www.resdc.cn/english/default.aspfhe land-use maps were
categorized into six types: arable land, foresasgland, construction land, water, and
bare land.

Data analysis

The analysis of fuelwood consumption was dividdd iwo parts. First, we analyzed
the changes in fuelwood consumption. The consumptata obtained from the
interviews were analyzed using Microsoft Excel 2G0®1 version 10.0 of the SPSS
software (SPSS Inc., Chicago, IL). The consumptratues for all fuel types were
normalized to standard coal equivalents (kg scelgufie original recorded weight and
the conversion factors in the Chinese federal stah{Standardization Administration
2008).

Second, we analyzed the fuelwood collection pastersing our GIS software. The
fuelwood collection patterns were demonstrated waih indicator of fuelwood
collection intensity. The formula of calculatingefwood collection intensity is as
following:

4
Ny
I, = %r”l_m (Eq.1)

Ilp means the intensity of fuelwood collection from gpecific forest of locatiop;

npi means the amount of households, which the distainoes the their village to
the usual fuelwood collection locations are lartfen the distance from locatignto
the villagei;

Nwtal i Means the total amount of households in viliage

0 <l <1, wherel,= 1 means all the households from all four villagese usually
collecting fuelwood in the forest of locatignwhile I,=0 means none of the households
did so. To facilitate interpretation of this infoation, we divided the intensity of
fuelwood collection into five classes: very higleinsity (0.4<l, <1) means that 40% or
more of the households usually collected fuelwoodhis area, versus 30% for high
intensity (0.3<l, <0.4), 20% for moderate intensity (04, <0.3), 10% for low
intensity (0.1<I, <0.2) and very low intensity (&I, <0.1) means many of the
households may have reached that area at some Ibimbegid not usually collect
fuelwood there. The distance from each settlementhe most distant fuelwood
collection location was assumed to represent tbpesof human activity of fuelwood
collection for the village. We used the buffer @& feature provided by Arcinfo to
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determine the boundaries for human activity andfé@wood collection intensity in
each class. In addition to analyzing fuelwood comstion, we examined the possible
driving forces responsible for changes in fuelwoodnsumption based on the
consumption and socioeconomic data obtained fronswvey.

The analysis of ecological consequences was aisdedi into two parts. First, we
analyzed the forest area and associated net fudlywaomductivity changes. The change
in forest area was calculated based on the landneges from 1999 and 2008. The
formula of calculating of net fuelwood productiviyas as following:

Pn = R _Ct = Af X Paverage_ n x Caverage (qu)

Prmeans the net fuelwood productivity;

P: means the total fuelwood productivity;

Cimeans the total fuelwood consumption;

Asmeans the forest area;

Paveragemeans average natural productivity per hectareypar for the four major
shrubs tree species of different age growing inGlguan area, which aemygdalus
davidiang Hippophae rhamnoides, Caragana korshinskiid Caragana microphylla
(X.L. Liu, 2009);

nymeans the total amount of households;

Caveragemeans the average fuelwood consumption per hougehol

We assumed that 40, 30, 20, and 10% of the fuelveoodumption was supplied by
the forests with very high, high, moderate, and faelwood consumption intensities,
respectively. The net fuelwood productiviti?, was calculated respectively in the
forest with each estimated fuelwood collection msigy level. Net productivity was
assumed to represent the threshold for potent@logical degradation of the forest,
which would occur when fuelwood was harvested rat@ exceeding the forest's natural
growth rate (Ghilardi et al., 2009).

We also calculated the estimated emissions of aese gases resulting from the
consumption of different types of fuel using thes@sated emission factors. The
fuelwood use was considered to be carbon-neutealvguld still release gases such as
carbon dioxide (Cg, methane (Ch), and nitrous oxide (D), particularly if the
combustion is incomplete for the latter two gasBlaftacharya and Abdul Salam,
2002; Schwaiger and Schlamadinger, 1998). We cereidthe emissions of GHnd
N>O due to fuelwood consumption using the associatagssion factors for cooking
and heating provided by Bhattacharya and Abdul r842002). The emission factors
for CO,, CH;, and NO from coal and liquefied petroleum gas (LPG) webtained
from IPCC (2006). The CHand NO emissions were converted into £&quivalents
based on their global warming potential (IPCC, 20@dl total CO, emissons reported
in this paper represent the sum of actual, Gissions and the equivalent £0
emissions from Ciland NO.

Results
Patterns of and changesin fuelwood consumption

We calculated the average consumption per housediaddferent types of fuel for
the four villages based on the survey data. Ouvesurevealed that the fuel types
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consumed in the villages included fuelwood, drysgrastraw, animal dung, coal, LPG,
and electricity. As the consumption of animal diumghe four villages was limited (less
than 1%) and wasn’t recorded in national statisties excluded the animal dung from
the rest of our analysis. Similarly, electricityddnot become a significant source of
power to the four villages before 2008, so we haet discussed the impact of
electricity. We also combined the data for dry grasd straw, since they are recorded
as a single category in national statistics ancgibse our focus was on fuelwood rather
then on fine distinctions within fuel categories.

Fuelwood was the most important type of fuel in 9,98ccounting for 84% of the
total fuel consumptioifFig. 2). By 2008, the total fuel consumption per househwd
decreased by 13.6 %. The structure of the fuelwopsion also changed. Biomass fuel
(wood, grass, and straw) decreased from 91.3 %eofdtal in 1999 to 41.9 % in 2008,
and fossil fuels (coal, LPG and electricity fromatéired power plants) increased from
8.7 % of the total to 58.1% during the same peridds change mainly resulted from a
decrease in fuelwood consumption per household) ft618.1 kg sce in 1999 to 593.4
kg sce (i.e., to 39% of the 1999 level), whereaal amnsumption per household
increased from 144.7 kg sce to 813.4 kg sce {0&h62% of the 1999 level).

Northwestern China is less developed than othaomegof China. Compared with
the national averages, the fuel consumption antenpat of change were therefore
different. First, residents of the remote northwastvillages consumed more fuels than
the national rural average, by around 18% in 1999 &% in 2008, mainly due to the
long and cold winter. Second, residents of the tenmorthwestern villages preferred
biomass fuels (fuelwood, dry grass and straw), twisiccounted for more than 90% of
the total fuel consumption in 1999, versus a nafioaral average of only about 50%.
The national rural average for fuelwood consumptooounted for around 20% of the
total fuel consumption, and remained stable fror@91&® 2008, but coal consumption
decreased by two-thirds, accounting for only 11%heftotal in 2008. In contrast, with
decreasing fuelwood consumption, coal consumptionthie remote northwestern
villages has increased greatly, and accounted forenthan half of the total fuel
consumption in 2008.

Study villages

1999

National average

Study villages

2008

National average

0 200 400 600 800 1000 1200 1400 1600
Fuel consumption (kg sce/year)

E Coal EDry grass and straw [ Electricity MFuelwood OLPG ‘

Figure 2. Structure of and changes in fuel consumption im femote villages in northwestern
China and national rural averages. (sce, standavdl@quivalent)
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Changes in fuelwood collection patterns

Villagers in the study villages collected fuelwoimda traditional way. They traveled
by foot to collect the fuelwood and transported thelwood to their homes on their
back, which is hard work. Normally, most villagaéndicated that they preferred to go to
nearby forests to collect fuelwood, as long as wwad available. However, due to the
SLCP policy, 46.7 % of the forest in this area whkxsed to human uses in 2000, and
people were forbidden to harvest wood. The villageere allowed to enter other parts
of the forest, but were forbidden to cut the brasclof live trees; they were only
allowed to collect dead wood from the ground. Themne villagers chose to harvest
branches illegally or sneak into the close forettiers chose to go farther to collect.

For the four villages as a whole, the average ntgtao the fuelwood collection
locations was 2.92 km in 1999. In 2008, this distahad decreased to 2.58 km. This
decreased average distance coincides with the axren average fuelwood
consumption from 1999 to 200Bi¢. 2). The fuelwood collection intensity from distant
forests decreased, but the forests near the dlagstained a very high fuelwood
collection intensity because fuelwood demand repstamgh.
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Figure 3. Patterns and changes in fuelwood collection intigrfsom 1999 to 2008

The average distances to the fuelwood collectications varied among the villages,
with different patterns of change from 1999 to 20B8r the villages of Wuzhuang,
Xiakou, and Sanshilipu, the average distance dsece&rom 3.0 to 2.6 km, 1.9 to 1.2
km, and 2.9 to 2.4 km, respectively. The areas wéhy high, high, and moderate
fuelwood collection intensity around these villagdso decreased to different degrees
(Fig. 3). The fuelwood collection intensity decreased fragny high to very low in 144
ha of forest, from high to very low in 1581 ha ofdst, from high to low in 924 ha of
forest, and from moderate to very low in 1226 hdooést around these villages. The
decreasing fuelwood collection intensity coincidedth the decrease in average
fuelwood consumption per household, which decrease?D.6, 9, and 66.6 % of the
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total for Wuzhuang, Xiakou, and Sanshilipu, respety. For Shimo village, the
fuelwood consumption also decreased (to 64.5 %etatal), but the average distance
to the fuelwood collection locations increased fr8i8 to 3.4 km. The area with low
fuelwood collection intensity increased from 3615 tb 6079 ha. This change means
that about 10% of the households in Shimo villagel ho travel farther to collect
enough fuelwood, but that they still consumed fassvood than in 1999.

Driving factors for changes in fuelwood consumption

Income was one of the main factors that affectetifood consumption. We divided
the households into six groups according to tleealtincome in 2008. The average total
income (10 273 RMB) was lower than in other runaas of ChinaTable J; at the
national level, the average total rural income ®a@sl64 RMB per household in 2007.
In 1999, total fuel consumption increased with @asing average total household
income, from 967 kg sce at the lowest average totaime (2215 RMB) to 4079 kg sce
at the highest average total income (7686 RMBR0A8, the same relationship existed
(Table 3. From 1999 to 2008, the average total income a$tnhouseholds increased,
except for the poorest households, whose totahieceemained less than 3000 RMB in
2008. The income gained from full-time or part-tioié-farm employment in towns or
cities contributed most to the income increasehmsincome accounted for an average
of 68% of the total income in 2008. However, for shdiouseholds, total fuel
consumption did not increase along with the in@eimstotal income; the total fuel
consumption decreased for nearly 50% of the houdehwith total incomes greater
than 12 000 RMB in 2008.

Table 1. Fuel consumption patterns of the households asetifun of annual household
income levels. (sce, standard coal equivalent)

Total household income in 2008 (RMB)
>20000 | 12001td 9001to | 6001to | 3000to | <3000

20000 | 12000 | 9000 6000
Proportion of the 208 households (% 1.7 16.3 19.2 21.6 19.2 15.9
Average total household 1999 7686 5726 3040 3345 2588 2215
income (RMB) 2008 34675 16629 10183 7676 5009 1998
Average total fuel 1999 4079 3132 15538 1279 1299 967
consumption (kg sce) 2008 2419 1643 1535 1589 1272 1387
Proportion of total fuel 1999 85.7 88.3 83.7 84.0 779 76.7
C(;)r)‘sumption as fuelwood  5qpg 31.0 34.7 355 431 384 435
g’roportion of total fuel 1999 3.3 8.2 8.9 10.1 9.6 9.1
consumption as coal (%)  5q0g 57.7 56.5 56.0 481 51/2 44.8
Proportion of total fuel 1999 0 0 0.4 0 0.3 0
consumption as LPG(%)  5g0g 7.7 3.9 2.1 4.4 1p 0.7

Government policy was an important factor that @fd the consumption behavior.
In addition to converting arable land on slopes fiorest, the SLCP forest management
policy forbids the villagers to cut live branches fuelwood. Thus, for the villagers
who still need fuelwood after 2000 legally, theydha travel around more to visit more
place collecting dead wood. The time consumed b/ ttavel increased by 127, 191,
122, and 112% from 1999 to 2008 in Wuzhuang, XiakSanshilipu, and Shimo
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villages, respectivelyTable 3. The increased difficulty of collecting fuelwoded to
decreases of fuelwood consumption by 20.6, 9.06,68nd 64.5% in Wuzhuang,
Xiakou, Sanshilipu, and Shimo villages, respecyivelowever, based on the results in
Table 1, as the mean income increased by 280%méen fuel consumption also
increased (although the increase was not consiftertl income groups). To fill the
gap created by decreased fuelwood consumption lfenaverall increase in total fuel
consumption, all villagers were forced to startgmasing fossil fuel. The mean decrease
in fuelwood consumption amounted to 924.7 kg seehpesehold from 1999 to 2008;
simultaneously, average fossil fuel consumptionreased by 717.2 kg sce. Coal
consumption accounted for most of the increaseslilfigel consumption, because the
coal was easy to obtain and there were many codatsanear each village. In contrast,
there was only one LPG market in the township, ianeas far from all four villages.
Time consumed in traveling to the coal markets amexmlito only 56, 60, 78, and 29%
of the time required to reach the LPG market fdlagers in Wuzhuang, Xiakou,
Sanshilipu, and Shimo villages, respectively. Theepof coal (1260 RMB/kg sce) was
also only 38% of the LPG price (3290 RMB/kg sceR(08. The advance of the coal
price was another factor that led the villagershoose coal to fill the fuel consumption
gap caused by their decreased fuelwood consumption.

Table 2. Driving forces responsible for the differencestelfvood consumption for the
individual villages. (sce, standard coal equivajent

Wuzhuang Xiakou| Sanshilipy Shimo

Proportion of total fuelwood consumption (%

Fuelwood 22.3 9.1 56.1 58.8

Coal 60.6 69.9 38.3 30.6

LPG 0.2 15.7 0.4 0.0
Time consumed (min.) for travel to

Fuelwood collection location in 1999 52.2 48.5 62.3| 54.2

Fuelwood collection location in 2008 66.3 92.% .875 60.7

Coal market in 2008 18.1 19.7 25.6 24.8

LPG market in 2008 325 32.9 32.7 86.5

Ecological consequences of the changesin forest area and net fuelwood productivity

The change in fuelwood consumption had direct irtgoan the region's forests. We
analyzed the changes in forest area and net fuelywoaductivity as a function of the
scope of human activitie§ig. 3) using land-use maps and statistical data. Asaltref
the SLCP, the area of forests increased by 21G6oha1999 to 2008Table 3. Of this
total, 83% of the forest resulted from conversiémmble land and 17% resulted from
planting trees on bare land. Only 2% of the newanfed trees were fuelwood forests
based on government statistics collected from 2@0@008. The forest area under
different fuelwood collection intensities also ched greatly during this period. From
1999 to 2008, the areas of forest under very hhjgh, and moderate fuelwood
collection intensity decreased by 57, 20, and 6%pectively. The areas of forest with
low and very low fuelwood collection intensity ieased by 184 and 118%,
respectively Table 3.

The total net fuelwood productivity in the studgarncreased by 25.8% from 1999
to 2008 due to increased forest productivity andrelesed fuelwood consumption.
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Excluding forest with a very low fuelwood colleatiintensity, the remaining forest had
a total fuelwood productivity of 43.9 and 41.4 &t1999 and 2008, respectively, versus
only 21.7 and 9 kt of fuelwood consumption. Thuspoth 1999 and 2008, the forest
could supply more fuelwood than required by thescomption demand. However, due
to the spatial imbalance between fuelwood availgtaind proximity to a village, there
was 5.4 kt of overextraction of fuelwood in 700dfdorest surrounding the villages in
1999. In 2008, this overextraction decreased, lieriet was still overextraction of 1.9 kt
of fuelwood in 400 ha of forest surrounding thdagkes Table 3. The forests that were
under very high fuelwood collection intensity there face a serious risk of
degradation.

Table 3. Changes in forest area and productivity from 1992@08 in forests with different
fuelwood collection intensities

Area of forest | Fuelwood Consumption Net productivity
(thousand ha) | productivity (kt/ demand on the (kt/year)
year) forest (kt
1999 2008 | 1999 2008 1999 2008 1999 2008
Fuelwood
collection intensity
Very low 13.8 | 16.3 63.7 75.5 0 0 63.7 755
Low 3.8 7.0 17.7 32.6 2.2 0.9 15.5 31.7
Moderate 1.4 0.9 6.6 4.0 4.3 1.8 213 29
High 3.5 0.7 16.3 3.1 6.5 2.7 9.7 0.4
Very high 0.7 0.4 3.3 1.7 8.7 3.6 54 1.9
Total 232 | 253 107.6 116.9 21.7 90 g58 107.9

Ecological consequence of changesin CO2 emissions

The change in fuelwood consumption directly affdctte CQ emissions from
fuelwood. The average fuelwood consumption decreésen 1518.1 to 593.4 kg sce
from 1999 to 2008, leading to a decrease of €Mission by 290.1 kg per household
(Table 4. However, the decreased fuelwood consumption ggmpensated for by
increased consumption of other fuel types, pawidylcoal, indirectly changing GO
emissions. Coal consumption increased from 144.3ckgto 813.4 kg sce from 1999 to
2008, leading to an increase of £®missions from 628.4 kg to 3531.8 kg per
household. The CQemissions from increased coal consumption weratgrehan the
reduction in CQ emissions caused by decreased fuelwood consumpiioran average
household, 668.7 kg sce of fuelwood consumption reptaced by coal consumption,
causing a net increase of g@missions by 2693.6 kg from 1999 to 2008; this is
equivalent to the release of 4 more kg of,@@r 1 kg sce when fuelwood consumption
was replaced by coal consumption.
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Table 4. Changes in emission of greenhouse gases due thémges in fuelwood
consumption. (sce, standard coal equivalent)

Emission factors Global warming Consumption per| CO, emissions per
potential (GWP) household household
(9/kg) (kg sce) (kg)
CH, N,O CO, | CH; | N;O | CO, | 1999 2008 1999 2008
Fuelwood| 6.76 0.08 0 23 296 1 1518.1593.4 476.3 186.2
Coal 0.031| 0.047 | 3086.7 23 | 296 1 144.7 813.4 628.4 3531.8

LPG 0.015| 0.0015| 964.1 | 23| 296 1 2.0 50.5 1.1 28.4
Overall 1664.8 1457.3 | 1105.8| 3746.4

Some households used LPG to replace fuelwood cagotsum Despite the higher
CO, emission from LPG than from fuelwood, the replaeamof fuelwood by LPG
only increased C@emission by 0.2 kg per kg sce, which was much tdiven for coal.
However, based on our analysisTable 2 the cheaper prices (by 38%) and reduced
time required to reach the markets (by 56%) forl @manpared with LPG led most
households to choose coal rather than LPG to regdlaslwood. On average, only 48.5
kg sce per household of fuelwood consumption wakaced by LPG, which amounts to
around 7% of the fuelwood consumption replaceddal @able 9.

From 1999 to 2008, despite a decrease of averagé fteel consumption per
household to 87.5 % of the 1999 value, the, @issions per household increased
greatly (to 339% of the 1999 value). This tremerddmgerease in COemission mainly
resulted from decreased fuelwood consumption acr@é@sed coal consumption.

Discussion

The residents of the four remote villages in nodaktern China depended greatly on
the ecosystem service of fuelwood supply from tredt in their daily lives due to their
low income levels and the region's long, cold wintéllagers chose their fuels mainly
based on cost, although the travel time to obtaenftiel was also a factor. Because
fuelwood was free, it was the preferred choice. E\av, after the SLCP began,
villagers were forbidden to cut live branches oteerclosed forest areas, making
fuelwood more difficult to obtain. Some villagerontinued to illegally harvest
branches because they required the free fuelwoad sfarvival. To prevent
implementation of the SLCP from harming local peppghe government encouraged
workers to change from agriculture to various iridas. By 2008, 8 years after the
implementation of the SLCP, many villages had sssitdly shifted from traditional
farming to other activities, mainly constructiomartsportation, and the restaurant
business (Uchida et al., 2007; J. Liu et al., 2008 the difficulty of and time
consumed by fuelwood collection increased, modagdrs started to purchase fossil
fuels to save time that they could use for paretwork. Because of its much lower
price and greater availability than LPG, coal whe preferred choice to replace
fuelwood. However, asTable 4 shows, decreased fuelwood consumption and its
replacement by coal consumption had potentiallgseecological consequences.

As the human population and the demands it placegtural resources increase, the
increasing consumption of ecosystem services déaas to degradation of the natural
systems (WWF, 2010). Conversely, if the consumptainthese services can be
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decreased, this should have positive ecologicabemmences. For example, reduced
fuelwood consumption would alleviate habitat fragima¢éion and the degradation of
natural forests (Bearer et al., 2008; Naughton-@seat al., 2007). However, if we
consider consumption of ecosystem services in timtext of coupled human—natural
systems, direct and indirect ecological consequerare revealed. Most previous
studies have reported large and positive ecologioakequences from the SLCP, the
synergies of many ecosystem services such asrgbilvater conservation, biodiversity,
ecosystem productivity and carbon sequestratiohi@Jet al., 2008; Yin et al., 2010).
In our study area, a remote part of northwesterm&that is governed by the SLCP
policies, the decreased fuelwood consumption wasmapanied by increased forest
area. However, the fuelwood consumption showedjla $patial imbalance with respect
to the location of the new sources of fuelwood. Térests that surround the villages
face a risk of degradation because fuelwood consompexceeded the natural
productivity of these forests. In addition, the ased fuelwood consumption required
villagers to purchase substitute fuel (mainly codlhe resulting increase in coal
consumption caused by decreased fuelwood consumigtibto a large increase in €O
emissions. Increase of soil and water conservaah other forest ecosystem services
might have to tradeoffs with the increase in fueldioconsumption reducing
atmospheric C@concentration.

Because of the increasing fuel consumption demamdi the still strict forest
management guidelines, coal consumption is likelgdntinue increasing based on the
results of our study. For the whole area coverethbySLCP, 32.5 million households
participated in 20 provinces (Yin and Yin, 2010)ithwfive of the provinces in the
northwest. This means that millions of households northwestern China are
experiencing situations similar to those of the dawlds in our study. The potential
additional CQ emissions that will result from the observed clengn fuelwood
consumption should not to be ignored by policy-nak&/e have two key suggestions
that could mitigate these problems. On the one hdhd construction of more
infrastructures for LPG markets should be consilleard prices of LPG should be
subsidized to encourage villagers to choose LP@&aasof coal. On the other hand,
reforestation should consider introducing and pranmore fuelwood forests composed
of fast-growing species near the villages to béntfe households that still need
fuelwood. However, because such trees tend to Hawe water-use efficiency,
managers should carefully ensure that the tredsatilextract more water from the soil
than the environment can provide, since this camcerbate ecosystem degradation
(Cao, 2008). It may also be possible to providepsupfor villagers so they can
establish small-scale businesses to transport agelvirom more distant forests to each
village, thereby both improving employment stapiliand reducing the spatial
imbalance in fuelwood availability.

Conclusions

In this study, we analyzed the changes in fuelwoodsumption in four remote
villages in northwestern China and the ecologicapacts on the forest area, net
productivity, and C@emissions. We found that:

* The decreased fuelwood consumption between 19992808 was mainly
associated with the SLCP, which started in 200Ghi& study area. This
program forbids people from cutting live branches fuelwood, and closed
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nearly half of the forest areas to villagers. Thpskcies made it difficult for
the villagers to collect enough fuelwood.

 The consumption of fuelwood decreased greatly fra8099 to 2008.
Simultaneously, the fuelwood collection intensitgcteased in most of the
forests and the scope of the fuelwood collectionnimst villagers (i.e., the
distance they traveled to harvest the fuelwoodyebeed from 1999 to 2008.
To compensate for the decrease in fuelwood consamptoal consumption
increased greatly.

» The decreased fuelwood consumption was accompéyieth increased area
of forest and increased total net fuelwood proditgti However, the demand
for fuelwood remained high, so the forests neat@she villages sustained a
very high fuelwood collection intensity that exceddhe natural productivity
of the forests, leading to a risk of degradatiome Tdecreased fuelwood
consumption also led to increased coal consumptizereby increasing net
CO, emissions.
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