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Abstract

Charcoal production constitutes a key ecosystem service in Mozambique, with an estimated market value of
US$400 million a year. Due to the central role the charcoal industry plays in local livelihoods, availability of
suitable wood for charcoal production has decreased because of changes in land use and land cover (LULC).
This paper applied a probabilistic modelling approach combining Bayesian Belief Networks (BBNS),
Geographic Information Systems, Remote Sensing data, field data, and expertise from different stakeholders to
understand how changes in LULC affect woodland-based ecosystem services (ES) in the Mabalane landscape,
southern Mozambique. Three scenarios of policy interventions were tested: Large private; Small holder and
Balanced. A BBNs was used to explore the influence of these scenarios from 2014 to 2035 on the resulting
LULC. This research facilitated stakeholder engagement and improved the understanding of the interaction
between LULC changes and woodland-based ES. The results highlighted the importance and spatial distribution
of woodland-based ES to the local communities and that availability of suitable wood for ES will decrease under
the first scenario.

Keywords: Modelling, scenarios, spatial analysis, woodland-based ecosystem services
1. Introduction

Humanity benefits from the services that ecosystems provide, but human use of land impacts the services that the
land can deliver. Land use is characterised by human activities such as cropping, grazing, logging, mining and
processes such as urbanisation, whereas land cover is the expression of land use in a set of discrete classes such
as forest, grassland and wetlands (Watson, Pham, & Maeder, 2000). Changes in land use and land cover (LULC)
play a considerable role in influencing supply of the woodland-based ecosystem services (ES) that rural
inhabitants rely on heavily (Egoh et al., 2008). Changes in the supply of woodland-based ES are difficult to
predict but can be explored through scenarios that represent alternative pathways of future development
(Carpenter, Bennett & Peterson, 2006). The main aim of the scenario approach is to use multiple perspectives in
order to explore aspecific problem.

Bayesian Belief Networks (BBNs) are probabilistic graphical models that quantify the relationship between
variables and explicitly accommodate uncertainty and variability in model predictions (Uusitalo, 2007; Aalders,
Hough & Towers, 2011). BBNs provide quantitative outputs in the form of probabilities (Marcot, Steventon,
Sutherland & McCann, 2006). They are increasingly being used in environmental management, in decision
support systems and to evaluate the impact of interventions (Uusitalo, 2007). Previous work in this direction has
dealt mostly with BBNs structure and has included limited spatial information (Pearl, 1988; Clark et al., 2001).
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Linking BBNs and Geographic Information Systems (GIS) allows users to perform probabilistic mapping and
has already been used in other studies (see Stassopoulou, Petrou & Kittler , 1998; Taylor, 2003; Walker, Pham &
Maeder, 2004; Pullar & Phan, 2007; Stelzenmuller, Lee, Gamacho & Rogers, 2010; Morgan, Hutchins, Fox, &
Rogers. 2012; \erweij, Winograd, Perez-Soba, Knapen & Randen, 2012; Gonzalez-Redin, Luque, Poggio, Smith
& Gimona, 2016).

In this study, the QUICKScan approach (Merweij, Simoes Perello, Alves, Ferraz & Comont, 2014) is used to
integrate stakeholder knowledge, field data, BBNs and GIS. QUICKScan is a tool to fecilitate the decision
process in participatory settings. By including stakeholder knowledge and the ability to calculate impacts in-situ,
QUICKScan supports the discussion and the convergence of perceived values. QUICKScan enables the creation
of alternative storylines for questions defined by stakeholders and translates these in-situ into a model by
combining tacit expert knowledge with available spatially-explicit monitoring and statistical data. It builds on
concepts from Participatory Modelling (\binov & Brown Gaddis, 2008) and Participatory GIS (McCall, 2003)
and uses visualisation and interpretation tools to support the exploration of options, allowing and facilitating
discussion of alternatives, analysing their consequences, and determining trade-offs and synergies (\Verweij et al.,
2010).

QUICKScan currently provides access to spatially distributed phenomena, overlaying, temporal comparisons and

various visualisation options. \erweij et al. (2012) pointed out that QUICKSscan is both a framework and a

software tool that can be applied in group processes with decision makers, experts and stakeholders, to develop

and explore potential policy options and assess likely impacts of various options. The framework applied here

addresses five questions: 1) What aspects in policy are appropriate to improve the supply of woodland-based ES?
2) What is the LULC picture of the future when compared to the present? 3) What elements and interactions are

relevant in understanding the evolution of the LULC pattern? 4) What strategies and options can be devised to

improve the existing situation? and 5) Which hotspot areas and services could be identified as targets for

intervention?

With this approach, we obtained maps representing each scenario that can be used to identify which communities
are most susceptible to changes in woodland-based ES. Such an approach is a useful tool in discussions of how
best to support rural communities. This paper presents a method to evaluate possible interventions on LULC and
its consequence for woodland-based ES. It is based on a holistic and systematic integral framework that
represents consequences of policy intervention for LULC and woodland-based ES.

2. Methods

A method to evaluate possible interventions on LULC and their uncertain spatial consequences on
woodland-based ES for a case study in Mabalane District, Gaza Province in Southern Mozambique was required.
To address this, we have used and combined scenario planning (Lindgren & Hans, 2009), BBNSs, stakeholders
knowledge, remote sensing, field data and geospatial data together with translation of the results into maps using
GIS (Gonzalez-Redin et al., 2016). Smucker, Campbell, Olson and Wangui (2007) argued that the integration of
information derived from multiple methods is necessary because of the complex interactions among local and
regional driving forces that underlie changes.

2.1 Study Area

Mabalane District (Southern Mozambique, see Fig. 2.1) covers 9,000 km2, has more than 32,000 inhabitants with
a density of 3.6 inhabitants per km?2 (Instituto National de Estatistica [INE], 2008). The study area receives low
and variable rainfall, averaging 623 mm annually between November and March. It also, experiences high
evapo-transpiration (1413 mm per year) and frequent floods, leading to high agricultural risk (Ng’ang’a, Maute,
Notenbaert, Herrero & Moyo 2012).
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Figure 2.1 The study area (Mabalane District) with the intersection between current LULC and biomass loss
from 2007 to 2014 shown as deforested and degraded woodland and LULC elements. The location of Mabalane
District in Mozambique is shown in the upper left image

Ninety percent of the economically active population in Mabalane is dedicated to small-scale agricultural
production, with an average land area of 1.5 to 3 ha per family (Lewy & Kaufmann, 2014). Agriculture is the
main activity in the area, being the main production system composed of staple crops such as maize, millet, and
sorghum, and intercropped with beans and other vegetable crops (Ng’ang’a et al., 2012). Livestock rearing
(goats, sheep, chickens, pigs and cattle) is an important agricultural activity due to the presence of suitable
grazing areas. Following the end of the civil war (1992), the number of livestock in the area has been increasing
(United Nation World Program [UNWP], 2006).

Other main activities in the study area include timber sales and harvesting of non-timber forest products such as
bush meat and wild fruits. A notable feature of the economy is the presence of migrant workers (mainly coming
from Inhambane province) involved in charcoal production, the majority of whom work in large-scale charcoal
production camps (Baumertetal., 2016).

In the study area, the most important tree species used for charcoal production are Colophospermum mopane and
Combretum sp. The annual charcoal production almost doubled in the study area between 2008 and 2009, from
23.87m?3 to 43.16m3, due to an increase in demand for energy from urban centres such as Maputo (Mabalane,
2009). The study area currently has the highest number of licences for charcoal production in Gaza province and
it is the most important supply area of charcoal to Maputo (Falcdo, 2013; Luz et al., 2015). Puna (2008)
attributed this increase in energy needs to have been the primary cause of deforestation, supporting earlier
research by Moyo,0’Keefe & Sill (1993) who found that deforestation and the need for wood energy are among
the major environmental problems in Mozambique.

2.2 From BBNs and Scenarios to Maps
2.2.1 Data and Knowledge Input
Xiang (2002) argued that a discrete Bayesian network consists of a directed acyclic graph and a corresponding
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set of Conditional Probability Tables (CPTs). BBNs therefore qualifies the direct relationship between variables
with arcs in the directed acyclic graph and quantifying these relationships with CPTs. In this study, the data used
to build the CPTs came from qualitative information from social and economic surveys, biophysical surveys,
grey literature dataand expert opinion.

LULC classes were defined using data from forest plots and other ground observations, where woodland cover
types were defined based on unique species compositions (Woollen et al., 2016). Current LULC maps were
created using remote sensing data (Landsat 8 from May and October, sentinel 1 from November and Advanced
Land Observing Satellite 2 acquired in November 2014), and image fusion techniques; the classification was
done using Support \ector Machine classifier (SVMC) using ENVI version 5.2. SVMC is a non-parametric
classifier, which includes a set of related learning algorithms that are used for classification and regression (Han,
Chan, & Zhu, 2007) (see appendix C). The goal of image fusion techniques is to improve the spatial resolution,
geometric precision and classification accuracy. An overall accuracy of 94% was achieved. The LULC map was
modified to include areas of biomass loss from 2007 to 2014 (as deforested and degraded woodland), (Fig 2.1)
derived from Advanced Land Observation Satellite (ALOS-2) Phased Array L-Band Synthetic Aperture Radar
(PALSAR-2) (Luz etal. Forthcoming).

From the LULC map, we obtained the proportion of land occupied by each LULC category. These proportions
were introduced into the BBNs below as a variable called "current land cover". Each state of the CPT represents
one land cover class, and the probabilities represent its current extension (proportion of the study area occupied).
The BBNSs contained another variable called Future LULC, with the same structure. The probabilities of Future
LULC are influenced by the current LULC and a combination of interventions. Expert knowledge was used to
create CPTs for the future LULC.

Biophysical data and social surveys in the studied villages from Baumert et al. (2016), \ollmert et al.
(Forthcoming) and Woollen et al. (2016) were used to obtain data about ES availability from each land cover
class in the study area. From the forest data collected in the field, the proportion of total biomass within a plot
belonging to any of the tree species used for different woodland-based ES was computed. For each LULC
category, the mean proportion of total biomass was calculated from several plots, which was used to estimate the
potential supply of each ecosystem service. The provision od woodland-based ES from each LULC category in
comparison with other LULC categories was calculated (Table 3 and Appendix A). For more information about
the process and data, see Woollen et al., (2016) and Zorrilla-Miras et al. (Forthcoming). These data were used to
build the ES nodes in the BBN.

Table 1. Distribution of land cover in Mabalane (2014), derived from data fusion classification.

Area
Categories ha %
Degraded woodland 162149 34
Shrub Mopane 77041 16
Bare soil 15187 0.3
Bosciawoodland 198686 4.1

Androstachys woodland 434576 9.0
Combretum woodland 2166335 44.8

Cropland 214039 44
Mopane woodland 1299763 26.9
Water bodies 10393 0.2
Other 33237 0.7
Villages 27299 0.6
Wetlands 191775 40

2.2.2 BBN Construction

BBNs was selected because it is useful in situations where it is necessary to integrate qualitative and quantitative
data (Smith, Howes, Price & McAlpine, 2007). In order to create the BBNs structure, consultation was
undertaken with stakeholders via workshops (a national workshop in Maputo; a provincial workshop in Xai Xai,
the capital of Gaza Province; and three workshops at the village level in Mabalane District) (more information
about the workshops methodology in Zorrilla-Miras et al. (Forthcoming)). The aim of these workshops was to
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stimulate local input and feedback about the Mabalane landscape and to obtain a local perspective of issues
surrounding land use, ES provisioning and also how these are influenced by policy intervention and other
factors.

During participatory workshops different interventions were proposed and discussed. Consultations with experts
were carried out in order to select the most relevant interventions (see appendix B) proposed by the workshop
participants. The participants identified the most important woodland-based ES in the Mabalane landscape. Only
five important woodland-based ES that were identified by the participants were selected due to data availability
and are supported by our empirical data. There were: charcoal, wild foods, grass, construction material and
firewood. To model the selected woodland-based ES and future LULC, a BBN model with five output nodes was
developed. Input nodes of the network are all connected to LULC changes, land management and topography.
The model was created using Netica software (Norsys Software Corporation, https://www.norsys.com).

The BBNSs has three types of variables: interventions, LULC and woodland-based ES supply variables (Fig. 2.2).
The interventions were grouped into two different categories (see appendix B):

e Technical interventions with two elements such as improving technical capacity of communities and a
forest management plan.

o Institutional interventions with four elements such as improve institutional capacities of communities;
improve forest control; improve non-charcoal income activities; and adapting harvesting licences to
community exploitation.

In order to translate the effect of the interventioninto LULC, four intermediate variables were identified:

e Introduce bullet point reducing external charcoal production with two parameter values (same
productionand reduced production by external producers) (Baumertetal.,2016)
o Improwved value chain with two parameter values (current accessand improved access)

o lllegal charcoal productionwithtwo parameter values (low and high illegal production) Introduce new
bullet point: "Reducing villagers production”

FacilitateAccessToLicenses ‘ NonCharcoal_IncomeActivities ‘ ImproveTechnicalCapacity ‘ ! apacity ‘ DevelopF lan ImproveForestControl ‘
CurrentAccess 0 Low_NonCharcoalActiviies 100 CurrentTechCap 100 Current_InstCap 100 NoF. Plan 0 CurrentControl 0
FaciltatedAccess 100 High_NonCharcoalActivities 0 ImprovedTechCap 0 Improved InstCap 0 Existing F. Plan 100 ImprovedControl 100
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Figure 2.2 General BBNs for LULC and woodland-based ES scenarios in Mabalane District. Each variable
represents a specific factor that is part of a system of interaction factors that influences the LULC change and
woodland-based ES of rural in habitants. The links represent the direction of the relationship between specific

variables. The probabilities of the interventions are set to represent Scenario Balanced

As soon as the BBNs model was poputated with data and knowledge, the model was inspected for its capability
to compute future LULC and its consequences onwoodland-based ES supply.
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2.2.3 Scenarios

Using the BBNs, we quantitatively evaluated the consequences of the scenarios for land use change as well as
for specific woodland-based ES (charcoal, firewood, grass, construction material and wild food). In developing
the scenarios several workshops with stakeholders were carried out (more information about the workshops
methodology in Zorrilla-Miras et al. (Forthcoming)). In these workshops, the definitions, themes and drivers of
three scenarios were iteratively adapted (Table 2). The three scenarios of interventions in relation to charcoal
demand are:

e Large private (Private): \ery high charcoal demand than currrently and current interventions (current
licence system, current technical capacity of communities, current institutional capacities of
communities, no forest management plan, weak forest control and low non-charcoal income activities)
due to the presence of large-scale charcoal production camps and low local power supplemented with
low implementation of environmental and social policy provision;

o Small holder promotion (Small holder): Current charcoal demand and high interventions (facilitated
access to licensing by the communities, improved technical capacity of communities, improved
institutional capacities of communities, developed forest management plan, improved forest control and
promote non-charcoal income activities) with increased local power and public policies (sustainable
development); and

e Balanced: Higher charcoal demand than currently and mixed interventions with improved interventions
(developed forest management plan, facilitated access to licensing by the communities and improved
forest control) and current intervention (current technical capacity of communities, current institutional
capacities of communities and low non-charcoal income activities) (Table 2).

The BBNs was used to explore the influence of different possible interventions from 2014 to 2035 on
woodland-based ES and LULC (Fig 2.2).

Table 2. Themes and drivers of the three scenarios. Private (business as usual) is stronger public policies
promoting large scale private sector and reduced local voice, accompanied with low implementation of social
and environmental policy. Small holder (sustainable development) is the increase of local power. Balanced (a
combination of both) lies somewhere between private and small holder

Large private

Themes Drivers Small holder promotion Balanced

investment
. . Large international ~ Small local companies  Large and small
Economic Government promotion . . .
companies and cooperatives companies
Increasmg_ access to Same as High increase/fast Slow increase/slow
Technology  technologies (Internet . . ) X .
; current/little change  increasingaccess increasing access
and mobile phones)
. Political involvement Same as . High increase/high .SIOW .
Societal - current/little . increase/medium
from the society . involvement .
involvement involvement
Social and Same as Much .
. . . . Some improvement/
Policy environmental policy current/very weak improvement/strong o .
. . . . . - little implementation
implementation implementation implementation
Environment  Climate change Medium impact Medium impact Low impact

2.2.4 Susceptibility to LULC Change Index

To explore the spatial distribution of LULC change, a susceptibility index was derived by combining different
spatial data relevant to LULC. The spatial information selected is Geographic Accessibility and Topographic
Wetness Index (TWI) developed by Beven & Kirkby (1979). Research in other parts of the world has shown that
there is a positive correlation between LULC changes and distance to roads (Liu, Iverson & Brown, 1993;
Mertens & Lambin, 1997, Sprague & Oyama, 1999; Jansen, Bagnoli & Focacci 2008; Freitas, Hawbaker &
Metzger; 2009). Geographic accessibility refers to the ease of reaching goods and services (distances and time
that influence access to resources). It is one of the major determining factors that influences LULC change, and
charcoal production in particular. In the Mabalane landscape, the most important factor that influences charcoal
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production is accessibility to the markets (Freitas et al., 2009). Accessibility to markets in Mozambique is
generally influenced by road availability and conditions, so distance from the main roads was used as an
indicator of access to markets. Consideration was also paid to the distance from the town as market centres.
Production of charcoal was found to be favourable around the villages. Therefore, distance from the village
centres was also introduced as a way to incorporate the ease of access of charcoal production of the villages.
Therefore, three distance maps were created: distance from paved roads, from the town centres and from the
village centres. Euclidean distance equationwas selected in computing the following parameter:

P(E dy)=[1+exp.(x+B.de +.dy 1)
der

where:

d.: is Euclidean distance between the road and the rest of the pixels of the study area.
d,.: is distance between the selling point on the road to the town and

x, B and ¢ «,Bandgare coefficients.

Water is a limiting factor for woodland ecosystem services and an important element for charcoal making, whichis
a highly demanding physical activity in an arid and warm environment. For this reason TWI was selected
assuming that higher soil moisture can maintain a larger woodland ES supply. The TWI has been computed to
quantify spatial scale effects on hydrological processes (Siviapalan et al., 1990; Famiglietti & Wood, 1991), to
detect hydrological flow paths (Robson, Beven and Neal, 1992), and to identify biological processes (White &
Running, 1994) as well as to characterise vegetation patterns (Zinko, Seibert, Dynesius & Nilsson, 2005). Soil
moisture is regularly articulated as an index. For this paper, TWI was used which has been shown to present
reasonable estimators of surface soil moisture (Quinn, Beven & Culf, 1995; Fei, Schibig & Vance, 2007). The
TWI was derived from the digital elevation model (DEM-30m) with two classes. This index showed areas of
potential soil moisture (with value 1) and dry area (with value 2).

After calculating the TWI, distance from road, villages and towns data were converted into percentages and
combined as follows:

S =Dr + Dt + Dv + 1/TWI )

where the susceptibility to LULC change index of a particular pixel to LULC (S) was determined as the addition of
the distance from roads (Dr), distance from town (Dt), distance from villages (Dv) and the inverse topographic
wetness index (TWI).

The output was divided into classes. Division into classes corsiders the highest and lowest value of the
susceptibility to LULC change index according to the four indicators. Ascore ranging from 1 to 6 was assigned to
each class, with a score of 1 attributed to the extreme susceptibility to LULC change (range between 0 to 10%,
meaning short distances and high TW1I), 2 to very high (range between 10 to 20 %), 3 to high (range between 20 to
40 %), 4 to moderate (range between 40 to 60 %), 5 to low (range between 60 to 80%) and 6 to very low
susceptibility (range between 80 to 100%) (Fig. 2.3).The filling sink technique was used in order to fill any
remaining sinks (Planchon & Darboux, 2002).

2.2.5 Linking BBNs and GIS

Linking BBNs and GIS allows users to perform probabilistic mapping (see Stassopoulou et al., 1998; Taylor
2003; Walker et al., 2004; Pullar & Phan 2007; Stelzenmuller et al., 2010; Morgan 2012; \erweij et al., 2012;
Gonzalez-Redin et al., 2016). The QUICKSscan tool allows application of BBNs models on spatial data. \Verweij
et al. (2012)’s methods were used in order to develop the model by integrating probabilistic and deterministic
variables in analysing land use changes and woodland-based ES in a spatial perspective. The main advantages are
that it allows the linkage of BBNs and GIS software. The data used have different resolutions and accuracies, so
data preparation was required for the system (data input as raw measured from the field, qualitative data from
workshops, vector and raster data from GIS). This approach supports an interactive workflow, where the scenario
is defined by a BBNs, a value layer is created from grid layers created by the valuation tool and an overlay
calculation is made to produce maps of scenarios and woodland-based ES. ESRI Arc Map version 10 was used to
prepare the maps.

GIS data (current LULC and susceptibility to LULC change index) were added to the QUICKscan library. The
relationship between LULC and woodland-based ES was developed, based on the biophysical data collected from
the field (Table 3; more information in Appendix A). From these relationships, knowledge rules were established,
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allowing ecosystem service modelling.

Vilages [ High
Road | | Moderate 4& -

- Extreme - Low .
[ ] Very high [l Vvery Low ? 15,000 30,?00 M

Figure 2.3 Susceptibility to LULC change Index which provides a concise summary of the study area and shows
potentially wulnerable areas in red

\erweij et al. (2012) argued that the rules use quantitative classifications or qualitative typologies to help
formulate the objective. Rules were used to capture different options (scenarios) and the results from alternatives
were aggregated and displayed in charts for visualisation in order to compare different scenarios at a single glance
and facilitate investigation. Rules, BBNs, LULC map and susceptibility of LULC change index are enveloped with
the generic Open Ml interface.
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Table 3. Relationship between land cover and woodland-based ES, based on field data from Mabalane.
Woodland-based ES

Charcoal Firewood Construction Wild Food Grass
Woody cover T 0O o 0O T 0O ) o 0O
s 9 ) s 9 ) s 9 ey T 2 s 9 ny
O & 8|lo 8 8 O 8 8 2 8 ¢!/ 8 9
= > = > = > = > SH >
»p 9 ® ] ETR ) 5 & &
«Q «Q «Q «Q «Q
D D D D D
Androstachys 18 43 M (13 20 M (257 100 H |448 8 M |01 5 M
Mopane 40 95 H |68 100 H [66 26 M |[5521 100 H |07 62 M
Combretum 42 100 H |62 91 H |13 5 M |1010 18 ™M |11 100 H
Boscia 00 00 L |01 O L {33 13 M |5185 94 H |08 75 H
Shrub Mopane 00 00 L |01 1 L |02 1 L [769 14 M |03 32 M
as

Mg/ha = mega grams dry weight per hectare; the highest value for each ecosystem service was considered
100%, H = high (>67%), M = medium (5-67%), L= low (< 5%) and other land cover categories very low.

Two alternative approaches were tested in order to develop future LULC and woodland-based ES models:
modelling a 'maintain probability distribution’ (in cell counts) and modelling the 'highest probable state'. In this
study, modelling a ‘maintain probability distribution' was selected to make the results more policy oriented. This
method maintains the owverall probability distribution in modelling woodland-based ES in comparison to the
original BBNs probability distribution (Stewart 2011).

At a supplementary workshop with Mozambican experts at district level, the first draft of LULC maps were
presented and examined and the knowledge rules were reviewed in light of the outputs. The modelling approach,
the quality and scale of the inputs were investigated.

3. Results
3.1 Estimated Land Use and Land Cover Change Under Different Scenarios

The results from the key LULC investigation give a clear and robust message up to the year 2035 (Table 4 and
Fig. 3.1). The significant shifts in LULC from forested areas towards agricultural land and degraded woodlandis
due to the overall demand for agricultural and charcoal products. Table 4 shows under the three scenarios that
degraded woodland and agricultural fields increased, having gained especially from Mopane and Combretum
woodland. Under the Small holder promotion scenario there is little change in LULC elements such as: Mopane
and Combretum woodland. The Balanced scenario also shows an owverall increase in degraded woodland

throughout the study area.

Table 4. Comparison between LULC elements inthe current situation and 2035 under the three scenarios.

LULC types Present Large private Small holder Balanced

ha % ha % ha % ha %
Degraded woodland 23414 | 3.23 | 367076 | 50.54 | 107342 | 14.77 | 231573 | 31.88
Shrub Mopane 11124 | 153 | 10470 | 1.44 | 10459 | 1.44 | 10460 | 1.44
Bare soil 2193 | 0.30 2153 | 0.30| 2148 | 0.30 2149 | 0.30
Boscia alb. woodland 57570 | 7.93 | 54071 | 7.44| 54099 | 7.45 | 54110.| 7.45
Androstachyswoodland 62752 | 8.64 | 59011 | 8.12 | 58957 | 8.12 | 58981 | 8.11
Combretum woodland 312818 | 43.06 | 97194 | 13.38 | 247217 | 34.03 | 175411 | 24.15
Cropland 30907 | 4.25| 56684 | 7.80 | 56685 | 7.80 | 56728 | 7.81
Mopane woodland 187685 | 25.84 | 28193 | 3.88 | 137864 | 18.98 | 85491 | 11.77
Water bodies 1500 | 0.21 1500 | 0.21 1500 | 0.21 1500 | 0.21
Other 4799 | 0.66 4799 | 0.66 | 4799 | 0.66 4799 | 0.66
Village 3941 | 054 | 19216 | 2.65| 19300 | 2.66 | 19175 | 2.64
Wetland 27692 | 3.81 | 726401 | 3.58 | 26025 | 3.58 | 26020 | 3.58

Large private investments show much more dramatic changes, with the Mopane and Combretum woodland being
largely degraded. Change from "natural " land cover elements (Albizia versicolor, Boscia albitrunca, Androstachys
johnsonnii woodland as well as wetlands) to cropland have been set constant under the three scenarios because in
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this arid and poor soil region agriculture is not usually done inthe degraded woodlands from charcoal production.
The growth in human settlements was also shown constant under the three scenarios as charcoal production does
not have a great direct impact in population change.

The scenario maps showed that changes from the current LULC map are dominated by changes occurring in the
central and southern zones of the study area. The dewvelopment of agricultural and degraded lands along
accessible routes and close to the towns (Mabalane-Estagdo and Combomune) and roads is a common feature of
the scenario maps. Villages were gradually increasing in size in the three scenarios as a result of an ever-growing
population. Under Small holder promotion scenario there is little change in the distribution and cover of
woodlands, as all are assumed to be well protected and governed due to the improved interventions. Agricultural
land expansion is limited to the areas close to the cities and roads. Large private investments scenario shows a
dramatic change in Mopane and Combretum woodlands, reflecting ongoing woodland degradation for charcoal.
Under the Balanced scenario there is a moderate change in the spatial distribution and woodland cover, but the
greatest change is in woodland degradation in the central part of the study area.

Present Private Small holder Balanced

\2%5 . \

'ombretum and Mopane woodland
being infiltrated by cropping and
degraded woodland

IR

Loss of Mopane woodland

| [Private ; ]
Y Degraded woodland Boscia Alb. woodland Cropland I  other
1L I Shrub Mopane Androstachys woodland [l Mopane woodland [l Village
Bare soil [ Combretum woodland [l Water bodies I Wetland

0 25,000 50,000 100,000 M
L 1 I L | 1 I L |

Figure 3.1 Spatial distribution of LULC for 2014 and 2035 in Mabalane, southern Mozambique, under present
situation, large private investments (Private), small holder promotion (Small holder) and Balanced scenarios

3.2 Impact of Changing Land Use and Land Cover on Woodland-Based ES Supply

The woodland-based ES supply was derived for each of the current LULC elements in the study area. The
percentage of the district area with high potential for charcoal supply shows changes from 2014 to 2035 (69% in
present situation, 17% in Large private investment, 53% in Small holder promotion and 36% in Balanced) (Fig.
3.2). Figs. 3.3 and 3.4 summarise the status of the woodland-based ES from 2014 to 2035 under those scenarios.
The colour indicates the assumed condition of each ecosystem for each of the given services, with red indicating
very low supply, yellow indicating low supply, pale green indicating medium supply and green indicating high
supply. Under the three scenarios the results also show an overall decrease in high supplies of firewood, charcoal,
construction material and wild food from the present situation to 2035, but an increase in grass supply. Changes are
greater under Large private investments and Smaller under the small holder promotion scenario. During
supplementary workshops at district at national level, the results were presented to with Mozambican experts.
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They did not translated major comments, what we have considered as a positive validation of the results obtained.
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Figure 3.2 Conditional probabilities for present situation and future woodland-based ES supply in Mabalane,
southern Mozambique, under Large private investment (Private), Small holder promotion (Small holder) and
Balanced scenarios

Figs. 3.3 and 3.4 show the spatial distribution of the woodland-based ES from the current situation to 2035 under
the three scenarios in the study area. The green patches represent a departure from a high ecosystem service
supply and the red represents a low ecosystem service supply. From visual interpretation of woodland-based ES
supply, it is clear that high supplies of charcoal, firewood and wild food supplies are dominant under both the
present situationand Small holder promotion, but low supplies are dominant under Private and Balanced.
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Figure 3.3 Spatial distribution of current and future fire wood and charcoal supplies in Mabalane, southern
Mozambique, under Large private investment (Private), Small holder promotion (Small holder) and Balanced
scenarios
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Figure 3.4 Spatial distribution of current and future grass, construction material and wild food supplies in
Mabalane, southern Mozambique, under Large private investment (Private), Small holder promotion (Small
holder) and Balanced scenarios
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4. Discussion

The paper describes a method to translate qualitative scenarios into quantitative future LULC maps that can be
used in developing woodland-based ES models based on the combination of different approaches. The first
approach provides a qualitative output from the participatory workshops. The second approach uses BBNs and
provides more quantitative outputs in the form of probabilities. Nakicenovic & Swart (2000) maintain that
scenarios are used to assist in the understanding of possible future developments of the complex systems that
typically have high lewels of scientific uncertainty. This is particularly true of the Mabalane landscape, where little
is known about the effects of dynamic changes in woodland-based ES. The third approach uses QUICKscan
software, in order to bring together different relevant perspectives and knowledge. This approach holds great
potential. Ames & Anselmo (2008) argued that the use of BBNSs in this kind of probabilistic map algebra is
currently delayed only by the lack of dedicated tools to support the analysis. However, the QUICK Scan software
does give the ability to integrate BBNs with spatial data and geovisualisation. With these approaches, we obtained
maps representing each scenario that can be used to identify which communities are most susceptible to change in
their woodland-based ES. This provides useful discussion material when attempting to improve local inhabitants
understanding the consequences of their actions, or inaction.

The three scenarios were articulated and parameterised in order to create alternative LULC futures for Mabalane.
The impacts of changes in the spatial distribution of the LULC elements were illustrated. The models of
woodland-based ES such as charcoal, firewood, construction material, grass and wild food showed that the high
demand for charcoal combined with lowinterventions (Large private investments scenario) would put the southern
and central zone of the study area at risk of losing the majority of their woodland-based ES. According to this
scenario, charcoal production will be higher, the tree cover will decrease greatly (especially Mopane and
Combretum woodlands) and availability of the woodland-based ES will be highly affected. The visual
interpretation within the Large private investments scenario showed that losses were variable and influenced by
location. Roads and towns play an important role in the decrease of woodlands and ecosystem service supply.

Smallholder promotion scenario (a more sustainable future) shows that, if the Mabalane landscape experiences
low charcoal demand and improved interventions, illegal charcoal production will be low and a slow decrease of
woodland and ecosystem service availability will be observed. The Balanced scenario shows that the LULC and
the woodland-based ES (firewood, construction material and wild food supplies) changed negatively due to
charcoal production. The grass supply increases as a result of charcoal production, suggesting that future grass
supply can be an alternative source of income for rural people inthe study area.

The three scenarios presented here showhow it is possible to move from the narrative into quantitative analysis by
developing rules based on participatory workshops combined with knowledge-rules developed from field data
(biophysical data). The skeleton patterns are clear, with a high charcoal supply in Mopane and Combretum
woodland, high firewood supply in Mopane and Combretum woodland, high construction material supply in
Androstachys woodland and a high wild food supply in Mopane and Bosciawoodland, strongly suggesting that the
conclusions are robust.

The LULC dataset which supports our modelling is known to be acceptable with 87% accuracy assessment
(based on validation data collected in the field). The modelling presented here was undertaken with a 30 m grid
(pixel size). Alarge amount of fieldwork would be needed to identify all important woodland-based ES data, but
such information is not available for large areas. As additional datasets for woodland-based ES emerge, there is
hope to improve these inputs and capture all the most important woodland-based ES.

LULC and woodland-based ES are spatially distributed in nature, consequently the maps produced in
well-developed LULC scenarios can help to quickly identify areas with high probability of land use conversion
and subsequent losses of both habitat and potential ecosystem reserves (Wilson, Sleeter & Davis, 2014). LULC
and ecosystem service scenarios are imperative for land managers to visualise alternative uses of land in order to
optimise management practices and improve planning (Alcamo, Kok, Busch & Priess, 2008). LULC change
mapping has been widely used when modelling future scenarios using a variety of techniques (\Verburg &
Owvermars, 2009; Rounsewell et al., 2006; Hewitt, van Delden & Escobar, 2014; Van SchrojensteinLantman,
\erburg, Bregt & Geertman, 2011), but only recently BBNs have been used for this purpose (Celio, Koellner &
Grét-Regamey, 2014). QUICKScan has proved to be a useful tool for doing so inadirect and straight-forward way.
The software also adds the applications that make it easier to communicate results to experts and stakeholders
(\erweij et al., 2016). Although the link between the BBNs and the GIS software is done through a pixel basis, we
have not conceptualized the commands as individuals acting in the landscape (like agent base models or cellular
automata), but as changing general drivers based on spatial information. Production functions have been used to
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link LULC elements to ES provision and, using knowledge rules, its linkage through QUICK Scan has proved to be
transparent and functional.

5. Conclusions

In conclusion, this research showed how BBNs and GIS can be used in order to create alternative LULC futures for
the Mabalane landscape. The multiple outputs under different LULC scenarios facilitate stakeholder engagements,
and improve the understanding of the interaction between LULC changes and woodland-based ES. This helps
stakeholders to easily visualise consequences of LULC changes under different conditions and interventions.
Spatial distribution of woodland-based ES under the three different scenarios show that the supply of these
woodland-based ES, except for grass supply will decrease. This negative change of LULC and woodland-based ES
is due to the changing disturbance pattern, driven by lack of policy interventions and greater demand for charcoal.
These negative changes in woodland-based ES will be mainly observed in the central and southern part of
Mabalane District. The major benefit of this work is its ability to involve the stakeholders from the input
preparation to the output validation, not only to collect the information for development of scenarios and BBNs.
The process of selecting the datasets was participatory. The study suggests that the Government and NGOs
concerned should improve policies and strategies to achieve a balanced and sustainable development in the
Mabalane landscape and its environs.

Software and Data Availability

ESRI Arc Map version 10 is available at www.esri.com, Netica version from Norsys Software Corp is available
at www.norsys.com and QUICKscan for linking BBNs and GIS is available at www.quickscan.pro (European
Environment Agency and Alterra Wageningen UR). Data used in this work were collected as components of the
ACES: Livelihoods and Land Use change in Mozambique project. Data can be accessed by personal request to
the lead author. The contact information for the ACES project is available at https://miomboaces.wordpress.com.

Acknowledgements

This study was funded through the Ecosystem Services for Poverty Alleviation (ESPA) programme. The ESPA
programme is funded by the Department for International Development (DFID), the Economic and Social
Research Council (ESRC) and the Natural Environment Research Council (NERC). We are grateful to Ana
Catarina Luz, Emily Woollen, Jone Fernando and the rest of the ACES team for their helpful comments, data
collectionand advice on the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

Aalders, 1., Hough R. L., & Towers, W. (2011). Risk of erosion in peak soils - an investigation using Bayesian
belief networks, Soil Use and Management, 27, 538-549.
https://dx.doi.org/10.1111/j.1475-2743.2011.00359.x

Alcamo, J., Kok, K., Busch, G., & Priess, J. (2008). Searching for the future of land: scenarios from the local to

global scale. Environmental futures: The practice of environmental scenario analysis. Elsevier,
Amsterdam, The Netherlands, pp. 67-103inJ. Alcamo, editor. https://doi.org/10.3390/land3020362

Ames, D. P., & Anselmo, A. (2008). Bayesian Network Integration with GIS, in: Shekhar,S. and Xiong, H. (eds.),
Encyclopediaof GIS, Springer, New York, pp. 39-45.

Baumert, S., Luz A. C., Fisher, J., Wllmer, F.,, Ryan C. M., Patenaude, G., Zorrilla-Miras, P., Artur A,
Nhantumbo, I., & Macqueen, D. (2016). Charcoal supply chains from Mabalane to Maputo: Who benefits?
Energy for Sustain. Dev., 33,129-138. https://dx.doi.org/10.1016/j.esd.2016.06.003

Bewen, K. J., & Kirkby, M. J. (1979). A physically based, variable contributing area model of basin hydrology,
Hydrological Sciences Bulletin, 24, 43-69. Retrieved from
https://www.usask.ca/watershed/teaching/virtual _hydrology/pdf/Beven_kirkby 1979.pdf

Carpenter, S. R., Bennett, E. M., & Peterson, G.D. (2006). Scenarios for ecosystem services: an overview,
Ecology and Society, 11(1), 29. Retrieved from https://www.ecologyandsociety.org/vol11/issl/art29/

Chidumayo, E. N., & Gumbo, D. J. (2010). The Dry Forests and Woodlands of Africa: Managing for Products
and Services. London: Earthscan, pp. 63-92. Retrieved from
https://wwwi.cifor.org/publications/pdf_files/Books/BGumbo1001.pdf

Clark, J. C., Carpenter, S. R., Barber, M., Collins, S., Dobson, A., Foley, J. A, Lodge, D. M., Pascual, M., Pielke,

14


http://www.esri.com/
http://www.norsys.com/
http://www.quickscan.pro/

eer.ccsenet.org Energy and Environment Research Vol. 7, No. 1; 2017

J. R., Pizer, W,, Wall, D. H., & Wear, D. (2001). Ecological forecasts: an emerging imperative, Science, 293,
657-660. https://dx.doi.org/10.1126/science.293.5530.657

Celio, E., Koellrer, T., & Grét-Regamey, A. (2014). Modeling land use decisions with Bayesian networks:
Spatially explicit analysis of driving forces on land use change. Environ. Model. Softw,, 52, 222-233.
https://doi.org/10.1016/j.envsoft.2013.10.014

Egoh, B., Reyers B., Rouget, M., Richardson, D. M., Le Maitre D. C., & van Jaarsweld, A. S. (2008). Mapping
ecosystem services for planning and management, Agriculture, Ecosystems & Environment, 127, 135-140.
https://doi.org/10.1016/j.agee.2008.03.013

Falcdo, D. M. S. (2013). Producdao e Consumo Domestico de Combustiveis Lenhosos em Mogambique.
Dissertacdo de Mestrado em Energia e Bioenergia, (Unpublished master's thesis) Universidade Nova de
Lisboa.

Famiglietti, J. S., & Wood, E. F. (1991). Evapotranspiration and runoff from large land areas — land surface

hydrology for atmospheric general - circulation models, Surv. Geophys., 12, 179-204.
https://doi.org/10.1007/BF01903418

Fei, S., Schibig, J., & Vance, M. (2007). Spatial habitat modelling of American chestnut at Mammoth Cave
National Park, Forest Ecology and Management, 252, 201-207.
https://doi.org/10.1016/j.foreco.2007.06.036

Freitas S. R., Hawbaker T. J., & Metzger J. P. (2009). Effects of roads, topography and land use on forest cover
dynamics in the Brazilian Atlantic  Forest. For Ecol. Manage, 259, 410-417.
https://doi.org/10.1016/j.foreco.2009.10.036

Gonzalez-Redin J., Luque S., Poggio L., Smith, R., & Gimona A. (2016). Spatial Bayesian belief networks as a
planning decision tool for mapping ecosystem services trade-offs on forested landscapes, environmental
Research, 144, 15-26. https://dx.doi.org/10.1016/j.envwres.2015.11.009

Han, D., Chan, L., & Zhu, N. (2007). Flood forecasting using support vector machines. J. Hydroinform, 9,
267-276. https://doi.org/10.2166/hydro.2007.027

Hewitt, R., van Delden H., & Escobar, F. (2014). Participatory land use modelling, pathways to an integrated
approach. Environ. Model. Software, 52,149-165. https://doi.org/10.1016/j.envsoft.2013.10.019

Instituto National de Estatistica (2008). Estatisticas do distrito Mabalane. Maputo, Mogambique: Instituto
Nacional de Estatistica

Jansen, L. J. M., Bagnoli, M., & Focacci, M. (2008). Analysis of Land-cover/use change dynamics in Manica
Province in Mozambique in a period of transition (1990-2004). Forest Ecology and Management, 254,
308-326. https://doi.org/10.1016/j.foreco.2007.08.017

Lewy, C., & Kaufmann, B. (2014). Charcoal for Food: Livelihood Diversification in two Peasant communities in
Mozambique, Routledge, Series: Routledge Explorations in Development Studies. Book Chapter: In: Fakier,
K., & Ehmke, E. (Eds) Socio-Economic Insecurity in Emerging Economies: Building new spaces
(Hardback), Routledge, Abingdon.

Lindgren, M., & Hans B. (2009). Scenario Planning: The link between future and strategy, Rev. and updated ed.,
Basingstoke, Hampshire; New York, NY: Palgrave-Macmillan. Retrieved from
https://innovatiecentrum.be/upl/doc/20160610-9FgTm-Scenario%20P lanning%20-%20The%20link%20bet
ween%20future%20and%?20strategy.pdf

Liu, D. S, Iverson, L. R., & Brown, S. (1993). Rates and patterns of deforestation in the Philippines: application
of geographic information system analysis. Forest Ecology and Management, 57, 1-16. Retrieved from
https://www.nrs.fs.fed.us/pubs/jrnl/1993/ne_1993 Ilui_001.pdf

Luz, A. C., Baumert, S., Fisher, J., Grundy, I. Matediane, M., Patenuade, G., Ribeiro, N., Ryan C., \bllmer, F.,
Woollen, E., & Zorrilla-Miras, P. (2015). Charcoal production and trade in southern Mozambique:
Historical trends and present scenarios. Paper presented at XIV World Forestry Congress. Durban, South
Africa. https://doi.org/10.1098/rsth.2015.0315

Luz, C. A, Ryan, C., Baumert, S., Zorrilla-Miras, P., Vbllmer, F., Woollen, E., & Mahamane, M. (Forthcoming).
The contribution of charcoal to deforestation and degradation: A case study from Southern Mozambique.
(Preparing to submit to Land Degradation and Development).

Mabalane, D. de (2009). Relatdrio Balangco Anual 2009, Maputo: Governo do Distrito de Mabalane, Provincia de

15



eer.ccsenet.org Energy and Environment Research Vol. 7, No. 1; 2017

Gaza. Retrieved from http://www.dnaguas.gov.mz/lib/Relatorios/Gaza/0908 Mabalane.pdf

Marcot, B. G., Steventon. J. D., Sutherland, G. D., & McCann, R. K. (2006). Guidelines for developing and
updating Bayesian belief networks applied to ecological modelling and conservation, Can J For Res. 36,
3063-3074. Retrieved June 24, 2016, from
https://mwwifs.fed.us/pnw/pubs/journals/pnw_2006 _marcotO01.pdf

McCall, M. (2003). Seeking Good Gowernance in Participatory-GIS: A Review of processes and Governance
Dimensions in Applying GIS to Participatory Spatial Planning. Habitat International, 27(4), 549-573.
https://doi.org/10.1016/S0197-3975(03)00005-5

Millennium Ecosystem Assessment (2005). Ecosystems and Human Well-being: Synthesis, Island Press,
Washington, DC. Retrieved from
https://www.millenniumassessment.org/documents/document.356.aspx.pdf

Mertens, B., & Lambin, E. F. (1997). Spatial modelling of deforestation in southern Cameroon — Spatial
disaggregation of diverse deforestation processes, Applied Geography, 17, 143-162.
https://doi.org/10.1016/S0143-6228(97)00032-5

Morgan, J. D., Hutchins, M. W., Fox, J., & Rogers, K. R. (2012). A Methodological Framework focused on
integrating GIS and BBN data for Probabilistic Map Algebra Analysis, Conference: GlIScience 2012, at
Columbus, OH. Retrieved June, 10, 2016 from
https://wwwi.researchgate.net/publication/283906453 A Methodological _Framework focused on integrati
ng_GIS_and_BBN_Data_for_Probabilistic_Map_Algebra_Analysis

Moyo, S., & O’Keefe, P., & Sill, M. (1993). The Southern African environment. Profile of the SADC countries.
Earthscan Publications Ltd. (pp 158-194) London, United Kingdom.

Nakicenovic, N., & Swart, R. (2000). IPCC Special Report on Emission Scenarios. Cambridge University Press,
Cambridge, UK. Retrieved Sepember 30, 2015, from
https://www.ipcc.ch/pdf/special-reports/emissions_scenarios.pdf

Ng’ang’a, S. K., Maute, F., Notenbaert, A., Herrero, M., & Moyo, S. (2012). Coping strategies and vulnerability
to climate change of households in Mozambique. CCAFS Working Paper No 28. CGIAR Research Program
on Climate Change, Agriculture and Food Security (CCAFS). Copenhagen, Denmark. Retrived from
https://cgspace.cgiar.org/handle/10568/24865

Norsys Software Corporation (2014). Netica Bayesian Belief Network Software. Acquired from
https://www.norsys.com/

Peaerl, H. W. (1988). Probabilistic Reasoning in Intelligent System: Networks of Pausible Interence. Morgan
Kaufmann, San Mateo, CA.

Planchon, O., & Darboux, F. (2002). A fast, simple and versatile algorithm to fill the depressions of digital
elevation models, Catena, 46, 159-176 Retrieved from
https://horizon.documentation.ird.fr/exl-doc/pleins_textes/pleins_textes 7/sous_copyright/010031925.pdf

Pullar, D. V., & Phan, T. H. (2007). Using a Bayesian Network in a GIS to Model Relationship and Threats to
Koala Populations Close Urban Environments, Geography, Planning and Architecture, University of
Queensland, Australia Retrieved from
https://www.mssanz.org.au/MODSIMO7/papers/21_s46/UsingABayesian_s46_Pullar_.pdf

Puna, N. H. (2008). Charcoal Supply Chain study Mozambique. In Ralf Kwaschik (ed.) Proceedings of the
conference on charcoal and Communities in Africa Maputo, 16-18 June. Maputo: Global Non-timber Forest
Products (NTFP) Partnership and International Network for Bamboo and Rattan (INBAR).

Quinn, P., Beven, K., & Culf, A.,, (1995). The introduction of macroscale hydrological complexity into land
surface-atmosphere transfer models and the effect on planetary boundary layer development, Journal of
Hydrology, 166, 421-444. https://dx.doi.org/10.1016/0022-1694(94)05090-K

Raskin, P., Monks, F., Ribeiro, T., van Muuren, D., & Zurek, M. (2005). Global scenario in historical perspective.
Ecosystems and Human Well-Being: Scenarios: Findings of the Scenarios Working Group, Millennium
Ecosystem Assessment, Carpenter, S.R., Pingali, P.L., Bennett, E.M. and Zurek, M.B. (eds.), Island Press,
Washington DC, pp. 35-44

Robson, A., Bewven, K., & Neal, C. (1992). Towards identifying sources of subsurface flow: a comparison of
components identified by a physically based runoff model and those determined by chemical mixing

16



eer.ccsenet.org Energy and Environment Research Vol. 7, No. 1; 2017

techniques, Hydrol. Process., 6, 199-214. https://doi.org/10.1002/hyp.3360060208

Rounsewell, M. D. A, Reginster, I., Aradjo, M. B., Carter, T. R., Dendoncker, N., Ewert, F., House, J. I.,
Kankaanpéd, S., Leemans, R., Metzger, M. J., Schmit, C., Smith, P., & Tuck, G. (2006). A coherent set of
future land use change scenarios for Europe. Agric. Ecosyst. Environ., 114, 57-68.
https://doi.org/10.1016/j.agee.2005.11.027

Sivapalam, M., Wood, E. F,, & Bewen, K. J. (1990). On hydrologic similarity. 3. A dimensionless flood
frequency model using a generalized geomorphologic unit hydrograph and partial area runoff generation,
Water Resour. Res., 26, 43-58. https://dx.doi.org/10.1029/WR026i001p0004 3

Smith, C. S., Howes, A. L., Price, B., & McAlpine, C. A. (2007). Using a Bayesian belief network to predict
suitable habitat of an endangered mammal-the Julia Creek dunnart (Smithopsis douglasi). Biological
Conservation, 139, 333-347. http://dx.doi.org/10.1016/j.biocon.2007.06.025

Smucker, A. T., Campbell, J. D., Olson, M. J., & Wangui, E. E. (2007). Contemporary challenges of participatory
field research for land use change analyses: Examples from Kenya, Field Methods, 19, 384. Retrived from
https://journals.sagepub.com/doi/pdf/10.1177/1525822X07302137

Sprague, D. S., & Oyama, S. (1999). Density and distribution of citemene fields in a miombo woodland
environment in Zambia. Environmental Management, 24(2), 273-280.
https://doi.org/10.1007/s002679900232

Stassopoulou, A, Petrou, M., & Kittler, J. (2008). Application of a Bayesian network in a GIS based decision
making system, International Journal of Geographical Information Science, 12, 23-45. Retrieved from
https://www.norsys.com/GIS/Stassopoulou98.pdf

Stelzenmuller, V, Lee, L., Gamacho, E., & Rogers, S. (2010). Assessment of a Bayesian Belief Network-GIS
framework as a practical tool to support marine planning, Marine Pollution Bulletin, 60, 1743-1754.
https://dx.doi.org/10.1016/j.marpolbul.2010.06.024

Stewart, W. (2011). Probability, Markov Chains, Queues, and Simulation: The Mathematical Basis of
Performance Modeling. Princeton University Pres. pp. 105. ISBN 978-1-4008-3281-1.

Taylor, K. J. (2003). Bayesian Belief Networks: AConceptual Approach to Assessing Risk to Habitat Utah State
Uniwersity, Logan, Utah, USA.

Tscharntke, T., Hochberg, M. E., Rand, T. A, Resh, V. H., & Krauss, J. (2007). Author Sequence and Credit for
Contribution in Multiauthored Publications, PLoS Biol, 5(1),18.
http://dx.doi.org/10.1371/journal.pbio.0050018

United Nation World Program (2006). Population and housing census. In third Africa Symposium on Statistical
Development. Accra, Ghana: united Nation World Program.

Uusitalo, L. (2007). Advantages and challenges of Bayesian networks in environmental modelling, Ecological
Modelling, 203, 312-318. https://dx.doi.org/ 10.1016/j.ecolmodel.2006.11.033

Van SchrojensteinLantman, J., \Verburg, P. H., Bregt, A., & Geertman, S. (2011). Chapter 3. Core principles and
concepts in land-use modelling: a literature review. In:Koomen, E., Borsboom-van Beurden, J. (Eds.),
Land-use Modelling in PlanningPractice. Springer SciensepBusiness Media B.V, pp. 35-57.
https://doi.org/10.1007/978-94-007-1822-7_3

\erweij, P., Knapen, R., de Winter, W., Wien, J., te Rolller, J., Sieber, S., & Jansen, J. (2010). An IT perspective
on integrated environmental modelling: the SIAT case, Ecological Modelling, 221, 2167-2176.
https://doi.org/10.1016/j.ecolmodel.2010.01.006

\erweij, P., Simoes Penello, M., Alves, A, Ferraz, R., & Comont, A. (2014). Linking Bayesian Belief Networks
and GIS to Assess the Ecosystem Integrity in the Brazilian Amazon. Paper presented at the Proceedings of
the 7th International Congress on Env. Modelling and Software, San Diego, 15-19 June 2014. Retrieved
from http://mwwi.iemss.org/sites/iemss2014/papers/iemss2014_submission_200.pdf

\erweij, P., Winograd, M., Perez-Soba, M., Knapen, R., & Randen, Y. V. (2012). QUICKscan: A pragmatic
approach to decision support, International Congress Environmental Modelling and Software Managing
Resources of a Limited Planet, Sixth Biennial meeting, Leipzig, Germany. Retrieved from
http://wmw.iemss.org/sites/iemss2012//proceedings/E2_0708_\erweij_et al.pdf

\erweij, P., Janssen, S., Braat, L., van Eupen, M., Soba, M. P., Winograd, M., & Cormont, A. (2016).
QUICKScan as a quick and participatory methodology for problem identification and scoping in policy

17



eer.ccsenet.org Energy and Environment Research Vol. 7, No. 1; 2017

processes. Environmental Science & Policy, 66,47-61.

Woinov, A, & Brown Gaddis, E. J. (2008). Lesson for successful participatory watershed modelling: A
perspective from modelling practitioners, Ecological Modelling, 216, 197-207.
https://dx.doi.org/10.1016/j.ecolmodel.2008.03.010

Walker, A., Pham, B., & Maeder, A. (2004). Bayesian framework for automated dataset retrieval in Geographic
Information Systems 10th International Multimedia Modeling Conference, 2004. Brisbane, Australia.

Watson, R. T., Noble, I. R., Bolin, B., Ravindranath, N. H., \erardo, D. J., & Dokken, D. J. (eds.) (2000). Land
Use, Land-Use Change, and Forestry. Special Report of the Intergovernmental Panel on Climate Change,
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 377.

White, J. D., & Running, S. W. (1994). Testing scale-dependent assumptions in regional ecosystem simulation, J.
\kg. Sci., 5, 687-702. Retrieved from http://secure.ntsg.umt.edu/publications/1996/KMR96

Wilson, T. S., Sleeter, B. M., & Davis, A. W. (2015). Projected future land use threats to California’s protected
areas, Reg. Environ. Change, 15, 1051-1064. https://dx.doi.org/ 10.1007/s10113-014-0686-9

\ollmer, F., Zorrilla-Miras, P., Luz, A., Baumert, S., Woollen, E., Fisher, J., Ryan, C. M., Patenaude, G., and
Mansour, M. (Forthcoming). Acute Multidimensional Poverty as woodland degrades: A multivariate
analysis into the determinants of rural poverty in Mopane woodlands of southern Mozambique. World
Development (Under review).

Woollen, E., Ryan C. M., Baumert, S., \bllmer, F., Grundy, 1., Fisher, J., Fernando, J., Luz, A., Riberio, N., &
Lisboa, S. N. (2016). Charcoal production in the Mopane woodlands of Mozambique: what are the
trade-offs  with  other  ecosystem  services? Phil. Trans. R. Soc.B. 371:20150315.
http://dx.doi.org/10.1098/rstb.2015.0315.

Xiang, Y. (2002). Probabilistic Reasoning in Multi agent System: A graphical models approach, Cambridge
University Press, New York.

Zinko, U., Seibert, J., Dynesius, M., & Nilsson, C. (2005). Plant species number predicted by a topography based
groundwater - flow index, Ecosystems, 8, 430-441. Retrieved from
http://www.seibert-space.com/hydro/pdf/Zinko_etal 2005_EcoSystems.pdf

Zorrilla-Miras, P., Mahamane, M., Metzger, M. J., Baumert, S., Wllmer, F,, Luz, A. C., Woollen, E., ... Grundy,
I. M. (Forthcoming). Environmental conservation and social benefits of charcoal production in
Mozambique. Ecological Economics (Under third review).

Appendices

Supplementary material: Bayesian networks and Geographic Information Systems as a tool in understanding
land use and land cover change, Mabalane woodland -Mozambique
Appendix A

Method followed to introduce Land Use and Land Cover (LULC) categories and ES supply relationships in the
BBNs and QUICKScan

The supply of woodland-based ecosystem services by each LULC category was calculated based on field data and
on production functions that set the proportion of the biomass ineach land cover class that deliver each ecosystem
service (Woollen et al. 2016) (Table A.1). From that table, we calculated the proportion of ES supplied by each
land cover class inrelation with the values of the land cover class having the maximum scores (Table A.1). Finally,
each land cowver class was classified as High (>67%), Medium (67%-5%), and Low (<5%) based on the relative
importance of the ES in each village in relation to the maximum supplied village (Table A.1). Other land cover
classes (Cropland, Degraded woodland, Bare soil, Water body, Other, Village and Wetland) were classified as
having low values in all ES supply, except Degraded woodland (Degraded Combretum and Mopane woodland
after charcoal making) that was allocated Medium supply for charcoal, firewood (because the villagers still
produce charcoal from previously used areas), and food from trees (because not all fruit trees are cut for charcoal
making), and High supply for grass (because the open structure after charcoal production favors an increase of
grass) (Table A.1).

Finally we translated those proportions into the Conditional Probability Tables giving 99.8 probabilities of ES
supply to the previously fixed relationships. An example can be observed in Table A.3.
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Table A.1 Relation between land cover and woodland-based ES based on the field data. The relationships were
examined by Woollenetal. (2016). The land cover elements were evaluated in the term of their area of supply

Land cover Charcoal Firewood Construction  materials Foodfromtrees Grass

(mgC/ha) (mgC/ha) (stems/ha) (stems/ha) (mgC/ha)
Androstachys 1.8 1.3 25.7 44.8 0.1
Mopane 4.0 6.8 6.6 552.1 0.7
Combretum 4.2 6.2 1.3 101.0 1.1
Boscia 0.0 0.0 3.3 518.5 0.8
Shrub mopane 0.0 0.1 0.2 76.9 0.3

Percentage
Androstachys 43% 20% 100% 8% 5%
Mopane 95% 100% 26% 100% 62%
Combretum 100% 91% 5% 18% 100%
Boscia 0% 0% 13% 94% 75%
Shrub mopane 0% 1% 1% 14% 32%
Classification

Medium

Medium Medium

Androstachys Medium

Medium
Medium
Medium

Combretum Medium
Boscia

Shrub mopane

Medium Medium

Table A.2 Estimated ES supply for non-woodland land cover categories. For the purpose of display and analyse,
each map of woodland-based ecosystem services was grouped into high, medium, low and very low supply
classes

Charcoal Firewood Construction materials Food from trees Grass
Land cover (mgC/ha) (mgC/ha) (stems/ha) (stems/ha) (mgC/ha)
Cropland
Degraded
woodland
Bare soil
Water Body

Medium Medium

Wetland

Table A.3 Example showing how the probabilities of supplying charcoal were introduced in the CPTs defining
the land cover — ES supply relationship

Charcoal supply
Land cover categories Low Medium High

Androstachys 0.1 99.8 0.1
Bare soil 0.1 0.1
Boscia 0.1 0.1
Combretum 0.1 0.1 -
Cropland - 01 01
Degraded woodland 0.1 99.8 0.1
Mopane 0.1 0.1 -
Other 0.1 0.1
Shrub mopane 0.1 0.1
Village 01 0.1
Water Body 0.1 0.1
Wetland 0.1 0.1
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Appendix B
Description of the different intervention proposed by the participants during the workshops.

1. Technical intervention with two elements such as improved technical capacity of communities and woodland
management planning.

a. Improwe technical capacity of communities: for the improvement of the charcoal production some
technical capacities must be increased in at least a minimum number of villagers. This technical
capacity must cover: knowledge of the wooded area of the community and the diversity of species
included their knowledge of some properties of the most common trees such as growth rate, time
necessary for the regeneration of the woodland after different interventions e.g., silviculture or
forestry techniques (pruning, thinning, seeding, etc.); knowledge of how to improve the charcoal
process (e.g.; improved kilns); knowledge of the benefits the woodland produces and the risks of
losing them; improving the capacity to design and manage a simple woodland management plan.

b. Woodland management plan. Once the villagers have the capacities above, they will be able to
design and manage a woodland management plan. A major change in comparison with the current
situation would be that a small group is able to read a topographical map, to design a set of
different exploitation areas based on the time needed for the regeneration of the areas, and to design
a plan of harvesting rotation of those areas.

2. Institutional interventions with three elements such as improved institutional capacities of communities,
improving control of the woodland areas and adapting licences to community exploitation.

a. Improwe institutional capacities of communities would imply the difficult task of providing the
villagers with the tools to be able to organise themselves and be able to run associations.

i. This is necessary to realise the proposed woodland management plan. Without a
committee or association, i.e. a group of villagers that can guide, help and control the
application of the plan, the plan is less likely to be applied. This should include a way to
be able to control external or illegal charcoal producers.

ii. Institutional capacity is also necessary for participation in a charcoal association that
commercialise the charcoal produced. It is not necessary to help the community to create
an association, but to give them the tools to be able to create and, more important, for
maintaining and participating in its decisions over time.

b. Improving forest control by the formal institutions is also necessary. Presently the control is weak.
Supporting and incentivising communities in the control of illegal producers would be the best way
of improving the current situation. Local community participation can be key to identify illegal
producers. In collaboration with forest officers they could locate and halt illegal activities through
the application of official penalties.

c. Adapting licences to community exploitation: two main changes need to be made in the regulation
and implementation of the licenses scheme for charcoal production. The first is to allow the
associations created by the villagers to produce a larger amount than currently: the licence volume
of 1000 steres per year is very low for communities where charcoal is a widespread activity
(Baumert, et al., 2016). Alarger allowance for community associations would increase the revenues
from taxes both for the community and for the government. The second change would imply a
more rigorous control of external producers and their obligations such as to negotiate exploitation
within the respective community during a community meeting. This would minimise corruption
and would increase the visibility and importance of charcoal production for the community.

Both categories of intervention are strongly linked, so without institutional intervention, the
technical intervention will not be effective in the context of sustainable charcoal production.
Previous attempts in this direction in the study area have shown that sustainable use of the
woodland can be achieved only if the villagers have an alternative source of income, which can
substitute or improve the income they presently receive from charcoal production.

Appendix C
Description of the LULC Method.
This section describes the method of LULC classification. This study useda combination of:
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e The Landsat8/OLI surface reflectance product with 30-m resolution, which was download from the
United States Geological Surwvey.

e The sentirel-1 data product with Lewel-1 Ground Range Detected (GRID), image mode IW, was
acquired in November 2014.

e The Advanced Land Observing Satelite-2 (ALOS-2) was used with the Phased Array type L-band
Synthetic Aperture Radar-2 (PALSAR-2) acquired in November 2014,

Pre-processing

The sentinel 1 and ALOS-2 PALSAR-2 data were calibrated, filtered to despeckle using Lee 5000 were used and
terrain corrected before application. During terrain correction a Panchromatic from Landsat 8 (Band 8) data with
15 m resolution has been used and the data was resampled to a pixel size of 25 m ground resolution. The digital
number values (DN) of both SAR data were converted into backscatering value in decibel (db) scale. Mosaic,
clip, and exported the sentinel 1 and ALOS-2 PALSAR-2 data into geotiff were done. using sentinel toolbox was
used for the processing the both SAR data.

Landsat8/OLI acquired in May and September 2014 were converted to surface reflectance. Panchromatic and
cirrus band were not used in this study. Computing NDVI, TNDVI and NDW!I were done and stacked process
were carried up using Sentinel 1 ALOS-2 PALSAR-2, Landsat acquired in May and October, NDVI, TNDV and
NDWI.

Image Classification

The woodland Land cover classes were defined using data from forest plots and other ground observations (see
table C.1), where woodland land cover types were defined based on unique species compositions (Woollen et al.,
2016). The new training data from field data and high resolution images of Google Earth for obvious classes
(non-woodland classes) such as water bodies and urban areas (see Table C.2). 75% of the data were randomly
selected for training and 25% for validation data. Image fusion techniques and the classification based to Support
\ector Machine classifier (SYMC) using ENVI wersion 5.2. SVMC is a non-parametric classifier, which
includes a set of related learning algorithms that are used for classification and regression (Han et al., 2007).
Kappa statisticsand overall accuracy assessment was applied to compare the accuracy of classified data.

Table C.1 Table showing the woodland classes connected with number of polygon using for the classification
process

Classes No polygons Area (Mean) in ha
Androstachys johnsonii woodland 28 0.126
Mopane woodland 51 0.126
Combretum — Guibortia - Strychnos woodland 68 0.126
Boscia albitrunca woodland 13 0.126
Aloe marlothii dominated Mopane shrubland 3 0.126
Albizia versicolor - Sclerocarya birrea - Mixed woodland 3 0.126

Table C.2 Table showing the non-woodland classes connected with number of polygon using for the
classification process

Classes No Polygons Area (Mean+ SD)
Bare soil 12 21+36
Fallows 7 18+15
Fields 68 47+51
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Gaderns 5 0.64+0.6
Permanent water bodies 8 35+45
Towns with metallic roofs 10 179+36.1
Villages with grass roofs 52 8.9+1.7
wetlands seasonal water 51 43+8.3
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