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Abstract: Future forest cover changesre simulatedinder the businesasusual(BAU),
pessimistic and optimistic scenariosing theMarkov-cellular automata (MCA) modéh
Pakxeng district, Lao Peajhe Méarisov dba@nmaoatysisat i ¢ F
was used to compute transition probabilities from sateliétéved forest cover maps
(1993, 1996, 2000 and 2004), whileh e fAswe ® fy h £ proceddene evasdused to
generate transition potentigfsuitability) maps. Dynamic adjustments of transition
probabilities and transition potential maps were implementedcellular automata (CA)
model in order to simulate forest cover changé&he validation results revealed that
unstocked forest and current forest classes were relatively well simulated, while the
nonforest class was slightly underpredicted. The MCA simulations under the BAU and
pessimistic scenariasdicated that currerfbrest areas would decrease, whereas unstocked
forest areas would increase in the future. In contrast, the MCA maoajetted that current
forest areas would increasender the optimistic scenarid forestry laws are strictly
enforced in the study are@he simulationscenario®bserved in this studgan be possibly
usedto understand implications of future forest cover changesswstainable forest
managemenhn Pakxeng district
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1. Introduction

The growing anthropogenic pressure on tropical ecosystems is continuously transforming
landscapes, thereby threatening global climate change and livetllystemg1i 3]. Of major concern
is the clearing of tropical forestahich constitute a fundamental carbon staae well asa source of
food, fuel and utility products[4]. According to recent reports, deforestation accounts for
approximately 20% of gleal greenhouse gas (GHG) emissions, making it the second largest source
after the energy sectdb,6]. Recognizing the negative impacts of GHG emissions on the global
climate system, the international community under the auspices of the United Natiorsvéram
Convention on Climate Change (UNFCCC) is currently negotiating initiatives to reduce emissions
from deforestation and forest degradation in developing couffiies

Lao Peopleds Democratic Republic ( P&Rg richis a |
forest resourcedl he forestry sectaontributes more than 3.2% of the gross domestic product (GDP),
making it animportant resource that generates employment, local and national budget reasnues
well asraw materials for the domestic timber processing indy8t8]. In addition, forests protect the
countrys biodiversity that is of national and global importaf&€]. Approximately 80% of the
population living in rural areas depend primarily on agrigeltuforestry and noetimber forest
products (NTFPs) for their livelihoods. Although the country is endowed with a wide range of forest
resources, forest areas declined from 70% of land area in 1940 to 41.5% i®,20P4n light of the
rapid deforestatin, the Government of Lao PDR has increased its commitment to improving
sustainable forest management since the First National Conference on Forests [ 1198While
the Government has instituted important legal and regulatory framework in the $ewst,
implementation of effective sustainable forest management remains problematic. This is due mainly to
ineffective policy implementation, weak law enforcement and failure to address the underlying causes
of land use changes among other facids8,12i 14].

In order to improve sustainable forest management, the Lao Ministry of Agriculture and Forestry
(MAF) is implementing a gamut of measures that include land and forest allocation, stabilization of
shifting cultivation and participatory forestry mageaent systemd5i 17]. Given that a decentralized
sustainable forest management approadhich functions at the watershed or river basin scale has
been adopted8,15, appropriate monitoring and modeling tools that can be used to understand
temporal and spatial forest cover changes are neetEdiew studies have beeuondertakento
understand temporal and spatial forest cover charagesvell agmplications of future faest cover
changes on sustainable forest managenSgdtial simulation modelsvhich provide a scientific basis
for supporting sustainable forest management based on different simulation scenarios (that is, explore
Awhat i f 0[18<24 ean leruseth guide policy makers to set priorities for sustainable forest
managementFor example, e Markovcellular automata (MCA) modeling approach can be used to
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gain insights into the current and future forest cover changes given its simplicity and figxabiliell
asits ability to model dynamic land use and forest cover changes.

The objective of this study i® simulate future forest cover changes in Pakxeng district, Lao
Peopl eds De mocr aundectheResipasasusualc(BAU)Pd2$simistiand optimistic
scenariosFuture forest cover changes were simulated under different scenarios based on the MCA
model, whichc ombi nes the fweights of evidenceo tect
automata (CA) in order texplorethe implications of future forest cover changes on sustainable forest
managementT he fiwei ghts of evidenceo technique was
while the Markov chain model was used to generate the transition probabilities. Dynarsimadts
of transition potential maps and transition probabilities were implemented in the CA model.

2. Study Area

Pakxeng districtwhich covers an area of approximately 1,660° is located in the center of
Luangprabang province, Lao PDR (Figure TheRltitude of the study area varies approximately from
200 m to 1,422 m above sea level. According to the Lao Department of Std@&jcthe climate is
characterized by a mean maximum temperature in the range ofGQ@®33.5°C with the highest
temperaturesoccurringfrom March to October. The study area receives approximately 2,104 mm of
rainfall annually. Forest cover maps produced in 2002 by the Forestry Inventory and Planning Division
(FIPD) in Lao PDR show that the district is dominated by actsd fores, which are previously
forested areas characterized by a crown density less thaf2BD%

Figure 1. Pakxeng di strict i n Luangprabang pr o
Republic (PDR).
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The total population in Pakxeng district as of 2008aesut 22,294 inhabitants. Over the years, there
has been a lot of pressure on the available forest andimbar forest resources due to increasing
population density. Pakxeng district was thus selected due to the decrease of natural forest areas ar
thedominance of shifting cultivationyhichis typical in Luangprabang provind@2].

3. Methodology
3.1 Data

We used biophysical (forest cover and GIS maps) and socioeconomic data for simulating forest
cover changes (Table 1). Forest cover maps (Figured2Table 2) were classified from satellite
imagery for 1993, 1996, 2000, 2004 and 2007 using a hybrid approach that integrates supervisec
classification and decision trega7]. Overall classification accuracy levels for the five dates range
from 86% to 90%Road, river and village (settlements) datasets that were obtained from the National
Geographic Department (NGD) in Lao PDR were used to generate static driving, faotdrsas
Adi stance to unpaved secondary roadsao, Adi st al
the Euclideandistance proceduresvailable in ArcGIS 10Elevation and slope were derived from
SRTM (Shuttle Radar Topography Missiodata. Driving fators suchasfidi st ance t o
ar e avere defined as dynamicdbecause these were generated and updated during model
iteration[18]. In addition, socioeconomic datsuch asiumber of people and fuelwood consumption
was collected from a househatdrvey that was conducted in Pakxeng disincR01Q Finally, all
input datasets were resampled to 98 B0 m spatial resolution in order to match the spatial resolution
of the SR'M digital elevation (DEM) data.

Table 1.Input data for the Markov CA medl

Data Driving Factor
Forest cover maps (1993, 1996, 2000 and 2004)
Elevation (derived from DEM)

] . Distance to unpaved secondary roads
Biophysical ) )
Distance to rivers
Distance to district center

Distance to deforested areas

Population density
Labor used in the household
] . Hired labor force
Socioeconomic _ _
Livestock ownership
Rice produced (ton)

Fuelwood consumed @n
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Table 2.Forest cover classes.

Forest Cover Class Description

Includes natural and plantatiéerest areas with crown density more than 20% and &
area equal to or greater than 0.5 ha. Trees should reach a minimum height of 5 m
Previously forested areaswhich crown density has been reduced to less than 20%
to disturbanceée.qg., shifting cultivation or logging).

Non-forest Cropland, ray, grassland, settlement areas, roads, barren land, rocks, rivers and re:

Current forest

Unstocked forest

Figure 2. Forest cover map$akxeng district)
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3.2 ModelCalibration and Simulation Scenarios

Firsttt he fiwei ghts of whichisdasedcoa the Bages tmemi of| comditional
probability [287 33] was used to compute transition poten{slitability) maps.Transition potential
(suitability) maps represent the likelihood or the probability that the landscape would change from one
forest cover class to another (e.g., forest to unstocked fdredijwing the computation of transition
potential maps,transition probabilities between the forest cover maps (e.g., I19®H) were
calculated using the Markov chain analy3iee 1993 forest cover base map, transition potential maps
andtransition probability matrices (for 1998996, 19962000 and 200@2004) were usgto simulate
forest cover map for 2007 based on the CA model available in Dinamica[E8}ONote that the
N1998960,120000806aMdO0MdDOOMWer e used for calibrat.i
capture temporal heterogenegigince the study area parience dynamic land use and forest cover
changes due to shifting cultivatiamdboth legal and illegal logginf24]. The CA model employs an
Expandertransition function to expand or contract previous forest class patches, while the Patcher
transition finction is used to form new patches through a seeding mechfg$nThe model was
calibrated by changing the internal parameters of the Expander and Patcher transition f[#¥tions
The CA transition rules were defined from transition probabilitiesteargsition potential maps using a
3 x 3 neighborhood sizézinally, MCA model iterations were specified according to the differences
between the forest cover magsg,11-year iteration for the 1992004 period).For full detailsof the
MCA modelusedin this study, referto Kamusokoet al.[24].

Future forest cover changes were simulated under the busisessal (BAU), pessimistic and
optimistic scenariosThe term ABAUO has various definition
scenario refex to the projected future forest cover changes based on the historical forest cover
changesas well agurrent environmental, socioeconomic and cultural conditions BRi& scenario
assumed that historical forest cover trends observed between 1993 ahdurR¥) the current
socioeconomic conditions would continue in the future. Therefore, this scenario used annual transition
probabilities for (I) 19981996, (II) 19962000 and (lIl) 20002004 as well asbiophysical and
socioeconomic factoysuch aelevat on, fAdi stance to unpaved seco
Afdi stance to district centero, Andi stance to de

Under the pessimistic scenario, future forest cover changes were simulated under a scenario o
increasd infrastructure developmentsuch agpaved secondary roads and reservoirs. In this scenario,
we assumed that the current unpaved roads would have been upgraded to paved roads, while th
proposed reservoirs would have been constructed in the study &eafore, additional driving
factors such asidi st ance to secondar yweppdneleddd far compusng a n
transition potential maps under the pessimistic scenario. In addition, we modified the transition
probabilities for (1) 19981996, (11) 19961 2000and(l1l) 2000i 2004 to increase deforestation rates. In
contrast, future forest cover changes were simulated under strict adherence to forestry law and fores
management policies (that is, no deforestation in protected forest areas)aptithistic scenario.
Therefore, the protected forest area GIS coverage was used as a constraint to deforestation (fo
protecting current forest areas). In addition, the transition probability matrices (foi 1B®&3
1996 2000 and 2002004) were modifiedoy decreasing the transition probabilities from current
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forest to unstockedndfrom current forest to neforest. Table3 shows the input data for simulating
the BAU, pessimistic and optimistic scenarios.

Table 3. Input data for simulating forest covehanges under different scenarios at the

district level.
Data Driving Factor BAUS PS OS
Forest cover maps (1993,1996, 2000 and 2004) * *
Elevation * * *
Distance to unpaved secondary roads * * *
Distance to secondary paved roads * *
Biophysical Distance to rivers * *
Distance to district center * * *
Distance to deforested areas * *
Reservoirs * *
Protected forest areas *
Population density * * *
Labor used in the household * * *
. . Hired labor force * * *
Socioeconomic . .
Livestock ownership * * *
Rice produced (ton) * * *
Fuelwood consumed (in * * *

Note: BAUSY businessasusual scenario; RSpessimistic scenario; @Soptimistic scenario.
4. Results andDiscussion
4.1 ForestCover Changes

Forest cover maps show théie current forest and unstocked forest areas were dominant in the
study area (Figure 3). From 1993 to 1996, unstocked forest areas increased fronf &580arkns,
while current forest decreased from 989°km965 knf. Generally, nofforest areas decased slightly
from 86 knf to 63 knf. However, between 1996 and 20@Mstocked forest areas increased from
602km? to 757 kni, whereas current forest decreased from 965 tam814 knf. In addition,
nonforest areas decreased slightly from 63 km57 knf during the same period (199800).

Further analysis revealed that unstocked forest areas increased from & 8086 knf, while
current forest decreased from 814 %t 772 knf between 2000 and 2004. On the other hand
nonforest areas decreased btig from 57 knf to 53 knf. During the 2004 to 2007 period, unstocked
forest areas increased from 805%im 883 knf, whereas current forest decreased from 772 tom
668km?. In contrast to the previous periods (109396, 19962000, 20002004), norfored areas
increased slightly from 53 Knto 77 knf between 2004 and 2007.

Table 4 shows that Acurrent forest to unstocl
the major forest cover changes in Pakxeng district between 1993 and 2007.Whehigt e of i
forest to unstocked foresto changes compared
changes for the 1993996 and 199&000 periods indicate significant loss of current forests

(Figure 4). However, between 2000 and 2004t he Aunstocked forest to
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hi gher than the ficur r en whichshows that moreaegrowirsoccorced ia d
the study area. On the contrary, the 2@B0D7 period was characterized by a high decline meati
forest areas given the high fcurrent forest
Afunstocked forest to current foresto change o
changes occurred during the 2028007 period.

Figure 3. Forest cover changes in km
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Table 4. Forest cover changes (Rm
ForestCover Class 19931996 19962000 2000 2004 2004 2007
Current forest to unstocked forest 196 239 181 398
Current forest to noeforest 25 28 24 40
Unstocked forest to currefdrest 137 181 239 133
Unstocked forest to neforest 15 17 25 26
Non-forest to current forest 34 24 28 17
Non-forest to unstocked forest 31 25 17 32

Spatial analysis of the forest cover changes reveals a relatively similar pattern for th&99893

19962000 and 200 004 peri ods, particularly for the i
(Figure 4). The ficurrent ffooreesdto tchammgetso ak eed d
(scattered) within Pakxeng district. This is partlyibtited toshifting cultivation whichis dominant

in the study areaHo we v er , mo st of the Acurrent forest

concentrated in the nortuestern, eastern and southern parts of the study area. In contrast to the

19931996 19962000 and 2002 004 peri ods, an intensificati ol
forest o c hanwedesn, easterntarddesoutheonrparts of the study area is observed between
2004 and 2007 (Figure 4). These forest cover changes coinitidéhes construction of a bridge near

the district centeduring the same period (Figure 1).
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Figure 4. Forest cover changes foa)(1993 1996, p) 1996 2000, €) 2000 2004 and
(d) 2004 2007.
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4.2. Analysis ofTransition Probabilitiesand Transition Potentia(Suitability)

Table5(ai ¢) shows the forest cover transition probabilities between 1993 and 2004, calculated on
the basis of the frequency distribution of the observations. The diagonal of the transition probability
represents the seléplacement probabilities, that the probabilityof a forest cover class remaining
the same (shown in bold ifable Rai ¢)), whereas the offiagonal values indicate the probability of a
change occurring from one forest cover class to another. Theeptement probabilities for the
current forest andnstocked forest classes were above 50%, while theeggécement probability for
nonforest class was lower than 50% during the 19986 and 1996000 periodqTable 5(a,b)).
However, the selfeplacement probabilities for the unstocked forest class abbove 50%, while the
self-replacement probabilities for current forest and-farest classes were lower than 50% between
2000 and 2004which suggests changes in the forest cover dynamics.
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In general, the transition probabilities from current foresirtstocked forest were higher than the
transition probabilities from unstocked forest to current forest over the three time periods
(Table 5(ai ¢)). For example, the transition probability from current forest to unstocked forest was
23%, whereas the tratisin probability from unstocked forest to current was 14% between 1993 and
1996. This implies that more deforestation than regrowth would continue in the future. On the
contrary, the transition probabilities from both current and unstocked forest tfmnesh were less
than 10% over the three time periods. However, the transition probabilities freforeshto both the
unstocked forest and current forest classes were high. For instance, the transition probabilities from
nonforest to unstocked forest veerover 50% over the three time period@ble Fai c)), which
suggests that under the current conditions;fooest areas would decrease in the future. Although the
Markov chain analysis depends on many assumptsuth aghe stationarity of the transin matrix
(that is temporal homogeneity), they give the direction and magnitude of change that is of potential
use for simulating forest cover chand@4).

Table 5. (a) Forest cover changes transition probabiliti@®993 1996) under BAU
scenario. I§) Forest cover changes transition probabilities (12060) BAU scenario.

(c) Forest cover changes transition probabilities (2@004) BAU scenario.

1996
Current Forest UnstockedForest  Non-Forest
Current forest 0.75 0.23 0.02
1993 Unstocked forest 0.14 0.83 0.03
Non-forest 0.16 0.52 0.32
(@
2000
Current Forest UnstockedForest  Non-Forest
Current forest 0.64 0.34 0.02
1996 Unstocked forest 0.20 0.77 0.03
Non-forest 0.18 0.63 0.19
(b)
2004
Current Forest UnstockedForest  Non-Forest
Current forest 0.49 0.49 0.02
2000 Unstocked forest 0.17 0.79 0.04
Non-forest 0.09 0.68 0.23

(©

Analysis of thefiweighs of evidencé results revealed that high deforestation propensity is
influenced by fuelwood consumption and rfm@duction which had contrast values of 0.17 and 0.1,
respectively. Contrast is the difference between the positive and negative weights (derived from the
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as indicated by a contrast value of 0.23. However, other accessibility measuteasi di st anc e
unpaved secondary r oaabsél amlavationfabdrlisvestack @vaershignd r i v €
population density had negative contrast values indicating little influence on forest cover changes in
the study area.

4.3 Validation of the MCAViodel

Validation of the simulated forest cover map is crititecause it helps researchers to improve a
model 6s s i mu |3853g. Formodelav@lidaton,twg compared the simulated forest cover
map for 2007 with the actual (observed) satetiéeived forest cover map for 2007 under the BAU
scenario.The stadard Kappa statistiowhich measures overall simulation accuracy based on the
percentage agreement between two forest cover maps, corrected for the fraction of agreement that ca
be expected by chance was used for model validg8dh Note that the standard Kappa statistic
values range from 1 (that indicates a perfect agreement] t@hat indicates no agreement at all),
while 0 indicates that the agreement is equal to the agregwtgohcan be expected by chance.

Visual analysiof the simulated forest cover map in 2007 revealed that the MCA model simulated
unstocked forest areas relatively well (Figui@®). Figure %c) shows that nstocked forest and
current forest classdmve he best agreement in terms of quantity. Fon®la, the actual (observed)
unstocked forest class was 8837, while the corresponding simulated class was 884 kdn the
other hand, the current forest class was668 while the corresponding simulated class wasl6#9
The observed neforest classvas 77 krficompared to the corresponding simulated forest ohetsish
was 63km?.

The simulated forest cover map revealed that location was relativegrpredicted, particularly for
the nonforest class (Figure(&). This is attributed to a number Gdctors. First, the MCA model
applied in Pakxeng district assumed that land use and forest cover transitions are linear and spatially
dependent (that is, new forest/afumest patches are predicted near locations where those patches
already exist). Howeve forest cover change analysis in the study area (Figure 4) show that forest
cover changes are ndéinear and do not generally grow from existing forest/nfmmest patches,
particularly between 2004 and 2007. Consequently, the MCA model underpredictsatitn of new
patches that are not connected to existing pat¢B@s Second, the Aweights
used the same Adistance to unpaved secondary 1
maps (for 19981996, 19962000 ancd200Q 2004) given the lack of updated road data. As a result, the
effect of new constructed unpaved roads was not included during the calibration phase under the BAU
scenarig which also increases locational inaccuracy. Finally, lack of GIS, dateh asal maps and
other less quantifiable factgrsuch aggovernment policy on logging concessiovere not included,
thus reducing the model 6s predictive power. D
success was 0.73 with a Kappa index of D\@fich is relatively good for simulating future forest
cover changes at the district level.
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Figure 5. Actual @) versussimulated forest(b) cover maps (2007)(c) actual versus
simulated forest cover maps (2007).

(@) (b)

(©)
4.4. Simulatedruture Forest Cover Changes

Figure 6 shows the simulated future forest cover changes under the BAU scEmafiéCA model
projectedthat current forest areas would decrefieen 668 knf in 2007 to 474m? in 2013, while
unstocked forest areas would inseaubstantially from 883 Knto 1,101km? over the same period
(Figure 6). In addition, neforest areas would decrease from 77 km2007 to 42km? in 2013. The
spatial distribution of the simulated forest cover changes indicate that in the future, deforestation
would be concentrated mainly to the nentbstern, eastern and southern parts of the study area. This
pattern of simulated forest cover chasgis consistent with the observed forest cover changes
(Figure 4)whichr ef | ect s the dominance of the Acurrent



