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ABSTRACT
This study aimed to define potential areas for forest conservation to improve water quality, using 
Multicriteria Evaluation (MCE); and to verify differences between results from a multidisciplinary 
group of experts. We worked with the Pirapora River Watershed, Piedade/SP. The participatory 
method was used to identify the criteria and their relative importance. Priority maps representing 
expert opinion were elaborated, as well as a map with average weight values. We compared the 
differences between the criteria weight values and the maps of priority areas. The maps proposed 
distinct spatialization of priority areas, supporting the understanding of criteria that influence 
the decision-making process. The highest priority level was associated with areas near to springs, 
forest patches, and with the highest slope values. We concluded that the MCE is an efficient 
method to identify priority areas; however, the selection of an expert group is an essential step 
to generate representative analyses.
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1. INTRODUCTION

Water is a natural resource, which is indispensable 
for life, the natural cycles of organisms, food production 
and economic activities. However, this resource is 
increasingly scarce due to the increasing demand 
associated with urban growth and the increase of 
economic activities; an increase in contaminant 
discharge; poor water supply infrastructure; global 
climate change associated with hydrological events; 
and water management and governance problems 
(Tundisi & Barbosa, 2008). We are facing the challenge 
of managing immediate human needs and maintaining 
long-term water supply capacity, as well as being 
concerned about the availability of this resource with 
good quality (Foley et al., 2005).

According to Lima (2008), water conservation 
depends on the conservation of other natural resources. 
The terrestrial branch of the hydrological cycle is directly 
affected by land cover, use and catchment conditions, 
wherein different uses represent various degrees of risk 
to water resources (Seeboonruang, 2012).

The pressure on water resources generates a need 
for monitoring, research and implementation of 
management actions that provide a continuous transfer 
of scientific knowledge to natural resource management 
(Calijuri & Bubel, 2006). Thus, area prioritization is an 
important step to elaborate strategies for water resource 
conservation, since it directs efforts and resources 
for conservation efforts and supports policy design 
regarding land use planning (Tabarelli & Silva, 2002).

In this context, the Multicriteria Evaluation (MCE) 
method has been used worldwide because it consists 
of analyzing alternatives to solve problems using 
several criteria related to the study object. It allows for 
identifying priority alternatives for the considered object 
(Francisco et al., 2008). Several authors have conducted 
area spatialization using MCE in environmental studies 
seeking to prioritize important areas for natural resource 
conservation and landscape restoration (Valente & 
Vettorazzi, 2008; Francisco et al., 2008; Silveira et al., 
2014; Vettorazzi & Valente, 2016; Saito et al., 2016).

According to Malczewski (2010) and Eastman 
(2011), the fundamental point of integration between 
MCE and Geographic Information Systems (GIS) is 
the combination of geographic data processing and 
transformations, which, when combined with user 
decision criteria, will result in a decision-making 

map. However, each case must be studied individually, 
considering that there are differences according to the 
study area and final objective.

Multicriteria decision-making involves a set of 
alternative area prioritization plans, which are evaluated 
by stakeholder groups with different interests based 
on multiple, conflicting and immeasurable criteria 
(Malczewski & Jackson, 2000; Malczewski & Rinner, 
2015). In this way, working with different experts can 
result in varied proposals for a problem, even when 
using the same set of criteria. According to Boroushaki 
& Malczewski (2010), a consensus evaluation of the 
proposed results is a step that must be adopted in the 
decision-making process.

In this context, the main objective of this study is 
to define potential areas for forest conservation aiming 
at the maintenance of water quality based on MCE in 
GIS environment; and to verify the differences between 
the results obtained by experts from several areas of 
knowledge regarding water resource protection.

2. MATERIAL AND METHODS

2.1. Study area

The study area is the Pirapora River watershed 
in the region of Piedade, São Paulo State (Figure 1). 
The watershed area is about 11,000 ha and located 
between the coordinates UTM 252987-266289 W and 
7362196-7378097 S. The catchment area was defined 
based on “Ottobacia” data provided by the National 
Water Agency (ANA, 2006). The river mouth is the 
water collection point for the water supply of Piedade.

The region’s climate is classified as Cwa (humid 
temperate with dry winters) (Köppen, 1948). According 
to Moreni & Andrade (2002), humidity varies between 
60 and 90% and temperature between 5 and 32 °C, 
with an annual average of 20 °C. Annual precipitation 
is between 1354.7 mm and 1807.7 mm (CEPAGRI, 
2014). The watershed was originally covered by Atlantic 
Forest, which presents 25% of its original coverage 
(SOS Mata Atlântica, 2013).

2.2. Multicriteria evaluation

Priority maps for forest protection aiming at 
water quality improvement were generated through 
a Multicriteria Evaluation (MCE) approach in a GIS 
environment (IDRISI Kilimanjaro and ArcGIS 10.1), 
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using the Weighted Linear Combination (WLC) 
method. The MCE approach was selected, considering 
the interdisciplinarity of the decision-makers.

Criteria are the basis of MCE, and can be divided into 
factors and constraints (Eastman, 2011). Factors represent 
landscape characteristics (e.g. slope, forest remnants, 
roads, etc.). Constraints are related to geographical 
information, and restrict factors (e.g.  watershed or 
county limits) (Valente & Vettorazzi, 2005).

According to Valente & Vettorazzi (2013), MCE 
structural process is based on three steps: (1) criteria 
elaboration; (2) weight definition; and (3) criteria 
aggregation using an MCE method.

2.3. Criteria elaboration

The Participatory Technique (PT) was used in the 
criteria definition as proposed by Eastman (2011), 
Boroushaki & Malczewski (2010), and Malczewski 
& Rinner (2015). According to the authors, PT is a 
meeting of experts who are named decision makers, 

who usually represent areas related to the specific 
study subject.

Boroushaki & Malczewski (2010), Silveira et al. 
(2014), and Vettorazzi & Valente (2016) defined 
criteria and weights through PT, adopting the final 
criteria and criteria-weight values that represented 
the group consensus.

In this study, the decision-makers were five experts 
from a University and Research Institute of São Paulo 
state, associated with the following areas: watershed 
management; Environmental Chemistry; Forest 
Management and Planning; Landscape Ecology; and 
Geology, denominated from A to E. The following 
factors representing the group consensus were obtained 
through interviews and questionnaires:

1) Distance to urban area (meters): the water quality 
degradation risk due to anthropic activity is greater 
closer to urban centers. Oliveira-Filho et al. (2012) 
and Ding  et  al. (2016) highlighted that water 
quality is negatively related to urbanization, i.e. 

Figure 1. Location of Pirapora River watershed, Piedade, São Paulo state, Brazil.
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urban land-use is related to poorer water quality 
of rivers (Uriarte et al., 2011; Zhou et al., 2012);

2) Proximity to forest cover (meters): streams and 
springs near forest cover have better water quality 
than areas that are distant from these patches 
(Pinto et al., 2012). Therefore, priority areas were 
associated with areas near forest remnants;

3) Slope (%): the higher slope values are usually 
associated with higher values of potential sediment 
flow and pollutants to the rivers (Franco  et  al., 
2012). In studying landslides, Silveira et al. (2014) 
defined the slope as an important factor;

4) Distance to agriculture (meters): agricultural area 
influences water quality through chemical element 
deposition and incorrect land-use management. 
(Deus, 2013). Besides urban areas, agriculture is 
also related to water degradation (Uriarte et al., 
2011; Zhou et al., 2012);

5) Distance to roads (meters): roads cause forest 
fragmentation (Geneletti, 2004), and also their 
capacity to produce particulate matter.

The criteria were produced considering the following 
layers that make up the cartographic database of GEOPLAN 
laboratory/UFSCar-Sorocaba’s database, produced in 
2015: surface water, roads, slope, land-use/land-cover 
(Figure 2). The project database was standardized to the 

UTM (23S) coordinate system, SIRGAS 2000 datum, 
and 5-m spatial resolution.

Considering the land-use/land-cover map (Figure 2), 
we can say that agriculture covers 48.11% of the study 
area, native forest covers 41.10%, eucalyptus covers 
3.41%, pastures cover 4.55% and urban areas cover 
1.97%.

The criteria maps were normalized to a common 
scale (0-255 bytes) as required by MCE methods, 
while still maintaining their intrinsic characteristics.

2.4. Factor weights

The factor weights reflect the factors’ importance 
for the decision-making process, and, the Participatory 
Technique is usually employed in their definition 
(Vettorazzi & Valente, 2016). In this study, decision-makers 
uesd the Analytic Hierarchy Process (AHP), developed 
by Saaty (1980) to obtain the factor weights. In this 
manner, they compared criteria two by two, considering 
a value scale (Table 1) in order to fill a square matrix 
n x n (where n is the criterions).

The Consistency Ratio (CR) (Equation 1) was 
calculated considering the matrix values. CR indicates 
the probability of the criterion being randomly generated 
and its values should be less than 0.10. If not, the 
matrix should be reorganized to alter the pairwise 
comparison (Saaty, 1980).

 =CITC
RI

 (1)

where: CI: consistency index; and RI random index.

Figure 2. Land use/land cover of Pirapora River 
Watershed, Piedade - São Paulo state.

Table 1. Pairwise comparison scale employed in the 
definition of criterion importance weight set according 
to the Analytical Hierarchy Process (AHP), for the 
Pirapora River Watershed (Piedade, SP).

Value Importance level for  
decision-making process

1 Equal - two criteria have equal importance to 
the objective

3 Moderate - moderate importance of one 
criterion over another

5 Strong - a criterion is significantly more 
important than the other

7 Very strong - a criterion is very strongly favored 
over another

9 Extremely - the importance of one criterion 
over another is of the highest order

Source: Adapted from Saaty (1980).
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2.5. Criteria aggregation

The MCE method used in the criteria aggregation 
was WLC (Equation 2) through a weighted average, 
as mentioned by Voogd (1983).

 =∑ j j
j

S W X  (2)

where: S: final value of the equation; wj: factor weight 
j; xj: normalized value.

In this manner, the normalized criteria maps have 
their respective weights related to their pixel to produce 
the final outcome, i.e. the decision-making map.

The final equation values were reclassified into five 
priority levels: very low, low, medium, high and very 
high. Thus, we produced six priority maps for water 
quality improvement, highlighting that five represent 
the experts’ (decision-makers) opinions, and the last 
represents the consensus (average) among their opinions.

3. RESULTS AND DISCUSSION

The factor weights represent the factor importance 
for the decision-making process and are shown in Table 2 
separated by expert. According to the average value, 
the most important factor for the decision-making 

process was proximity to forest cover, a trend followed 
by two experts (Figure 3). Vegetation cover promotes a 
reduction in soil erosion, excessive nutrient runoff, and 
an increase of pollutant retention and soil infiltration 
(Mingoti & Vettorazzi, 2011; Tanaka et al., 2016).

The second factor that presents the highest 
average factor weight value (Table  2 and Figure  3) 
was the distance to the urban area. However, this 
result is related to the opinion of only one expert (A), 
who exclusively attributed about 43% importance to 
this factor. The other experts did not have the same 
opinion. Slope was generally the second factor with 
the greatest frequency of importance. Slope represents 
the third highest value according to the average factor 
weight value (Table 2 and Figure 3). Headwater areas 
(springs) in the basin usually located on steep slopes 
are more susceptible to non-point source pollution 
than flat areas due to errosion processes (Yang et al., 
2016; Yu et al., 2016).

Similarly, for Valente & Vettorazzi (2008) the 
highest-priority areas for forest conservation were 
found close to forest patches with the largest core 
area and steep areas, followed by areas distant from 
urban agglomerations and roads. Areas classified as 
high priority are those that are closest to very high 
priority areas (Figure  4). As mentioned by Valente 
& Vettorazzi (2008), there is an expansion of areas at 
different priority levels, and the surrounding area is 
always associated with the next level of priority.

There were different proposals for priority area 
spatialization as a consequence of the differences 
between the factor’s importance (Figure  4). Thus, 
expert selection in a study is one of the most important 
steps since it will directly influence the final result 
(Boroushaki & Malczewski, 2010). Experts can hold 
differing perspectives regarding decision-making 
solutions, which makes it important to consult experts 

Table 2. Criterion weights that were obtained by experts, for the Pirapora River Watershed (Piedade, SP).

Factor weight by expert
Factors A B C D E Average

Distance to urban area 0.429 0.222 0.120 0.177 0.071 0.256
Proximity to forest cover 0.143 0.222 0.480 0.454 0.590 0.383
Slope 0.143 0.222 0.120 0.177 0.179 0.152
Distance to agriculture 0.143 0.222 0.210 0.096 0.113 0.105
Distance to roads 0.143 0.111 0.071 0.096 0.046 0.105

Figure 3. Researcher tendency related to the factor 
weight, at the Pirapora River Watershed (Piedade, SP), 
considering: (A-E) weights that were attributed by 
experts and; (F) weight average.
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Figure 4. Priority areas for forest conservation aiming at water quality improvement at the Pirapora River Watershed 
(Piedade, SP) considering: (A-E) weights that were attributed by experts and; (F) weight average.
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related to the study objective or those with knowledge 
of the study area.

According to the map of the mean factor weight 
values (Figure 4F), the watershed has about 59% of its 
area with medium priority, 22% with high priority, 11% 
with low priority, and only 1% with very low priority 
(Table 3). However, it is necessary to better understand 
the behavior of the factors to understand the priority 
area spatialization. As mentioned by Valente & Vettorazzi 
(2008), it is necessary to know the intrinsic influence 
of the factors. Factors have their own characteristics 
that influence spatialization related to how the feature 
is originally distributed in the landscape (Boroushaki 
& Malczewski, 2010).

Only expert B attributed a different weight to the 
factor “distance to roads”, which represents 11% of the 
importance for the decision-making process against 22% 
for the other factors (Table 2). Expert A attributed 43% 
of the importance to the factor “distance to urban area,” 
and about 14% of the importance to the other factors 
(Table 2). According to Valente & Vettorazzi (2008), 
the attribution of equal values for the factor weights 
generates equalization of their relative importance, 
which allows us to evaluate their intrinsic influence. 
The set of weights proposed by expert B in this study 
allows this evaluation.

The map produced from the weight values proposed 
by expert B (Figure 4B) shows that 46% of the watershed 
has medium priority for forest conservation, 28% high 
priority, 17% low and 9% very high priority. Areas 
classified as very high priority were those that present 
two conditions: forest cover and highest slope values 
of the watershed (Figures 2 and 4B). It is important 
to consider that the steepest areas are located close to 
the watershed divide (natural limits), and decrease 

until the main river stream. The area close to the river 
mouth has larger forest fragments than the median 
portion of the watershed; however, the area does not 
present a steep relief and it is located near an urban 
area. Thus, the area was classified as low priority for 
forest conservation. On the other hand, the headwater 
areas of the watershed which are steep, presented high 
priority. This indicates that slope is one of the most 
influential factors in the decision-making process, 
followed by proximity to forest cover.

This fact is highlighted when we observe the map 
produced from the aggregation of weight values proposed 
by expert A, who attributed 43% of the importance to 
the factor “distance to urban area”. Even in this case, 
slope and proximity to forest cover still have a great 
influence (Figure 4A and Table 2), because we have 
factors with equal factor weight value (0.14 – Table 2).

Another point to be observed in Figure 4B is the 
reduced relative importance of roads, which did not 
promote significant changes in the decision-making 
process when compared with the other factors. 
This pattern is also observed when this factor received 
the same weight as other factors as proposed by expert 
A (Table 2 and Figure 4). We can infer that the factor 
“distance to roads” is among those with less influence 
on the decision-making process.

The priority map from the values of expert A 
(Figure 4A) does not have areas with very low priority, 
and has 13% low priority, 50% medium priority, 32% 
high and 5% very high priority (Table 3).

We highlight the contribution of the different weight 
attributed by expert A to “distance to urban area” (43%) 
in the final map from the aggregation of the average 
weights of factors (Figure 4F). The most important 
factor (average value – Table  2) was “proximity to 
forest cover”, followed by “distance from urban area” 
and slope. Thus, we observe that areas classified as a 
very high priority on map F are close to the urban 
center. Additionally, there is a predominance of the 
medium level of priority, which represents 59% of the 
watershed (Table 3 and Figure 4F).

The map produced from the weight values proposed 
by expert D shows a greater definition of the very 
high and very low priority levels than the maps from 
expert A and average of expert F (Figure 4). Areas 
classified from very high to very low priority represent 
10, 19, 52, 16, and 4%, respectively. This is due to the 

Table 3. Percentage of priority level for forest 
conservation, considering expert opinion, for the 
Pirapora River Watershed (Piedade, SP).

Priority 
levels A B C D E Average

Very low 0 0 2 4 4 1
Low 13 17 16 16 29 11
Medium 50 46 33 52 36 59
High 32 28 19 19 28 22
Very high 5 9 30 10 2 7
Total 100 100 100 100 100 100
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greater importance attributed to slope than in the 
average map (F) and the map from the values of expert 
A (factor weight = 0.18 – Table 2). Expert D attributed 
the same weight value to slope and distance to urban 
area. However, as the first factor is more influential, 
the priority levels were related to slope, especially in 
the presence of forest on a steep relief. In other words, 
when we have two conditions, the priority level is very 
high priority, and in the absence of the two conditions, 
the area was classified as very low (Figure 4D).

We can observe that Figure 4D, as with the others, 
shows that even when varying the factor weight value 
of the “distance to agriculture”, its contribution to 
priority area spatialization is not observed, even though 
it represents short-cycle crops distributed throughout 
the study area. This pattern is also observed in the 
map proposed by expert C, who attributed a value 
of 21% importance to this factor, representing the 
second most important factor (Table 2). In addition, 
expert C attributed only 12% importance to the factor 
“slope,” and 48% to “proximity to forest cover”. Thus, 
this expert emphasized the importance of one of the 
most influential factors in the decision-making process 
(proximity to forest cover) and reduced the importance 
of the other (slope).

As a consequence, areas were prioritized due to the 
strong influence of the proximity to forest cover. Even in 
this scenario, we can observe the influence of the slope 
factor in the headwater areas, for example. For this reason, 
map C presented the higher percentage of areas (30%) 
classified as very high priority among all the priority 
maps. The other priority levels present 2, 16, 33 and 19% 
(from very low to high priority), respectively.

Expert E also attributed the greatest importance to 
“proximity to forest cover” (60% importance), followed 
by “slope” (18%) (Table 2, Figure 4E). The influence 
of the slope factor associated with proximity to forest 
cover generated a specification of the very high priority 
level. Thus, this priority level covered only 2% of the 
watershed, whereas the very low level represented 4%, 
low – 29%, medium – 36%, and high – 28%. Therefore, 
the influence of the factors “slope” and “proximity 
to forest cover” was highlighted once more, where 
the level of their influence is controlled by the factor 
weights attributed by the experts. Most of these areas 
are located in the headwater areas of the watershed due 
to the steep relief and the presence of forest remnants.

As observed by Valente & Vettorazzi (2013), it 
was possible to associate areas of the watershed with 
very high and high priority due to the weight factors 
attributed by the experts (Table  2). When we have 
weight equalization, it is usual to find only one or two 
priority levels distributed in a study area.

The MCE is a flexible tool that allows the interaction 
between human approaches (scientific knowledge) 
and biophysical characteristics of the landscape in a 
decision-making process. However, the differences 
between the approaches of different experts show 
the importance of taking care in choosing criteria, 
presenting the problem to a heterogeneous group of 
experts in order to avoid biased results.

Collaboration of experts from different areas of 
knowledge related to the study objective provided 
different approaches to the problem and showed that 
the factors “proximity to forest cover”, “slope”, and 
“distance to urban area” are important factors for 
prioritizing areas for forest conservation with the aim 
of protecting water resources.

4. CONCLUSIONS

MCE is an efficient methodology that allows for 
prioritizing areas for forest conservation aiming at 
water quality improvement. However, it is strongly 
influenced by decision makers. Proximity to forest 
slope and distance from urban areas showed the 
greatest importance according to the consulted experts. 
Headwater areas, which are steep and present forest 
cover, show high and very high priority, varying their 
distribution according to the factor weights attributed 
by the experts.

The results presented indicate that we can obtain 
different results according to the variation of factor 
weight, which emphasizes the importance of defining 
the expert group, as well as the method to obtain the 
factor weights. Therefore, studies related to reducing 
the subjectivity of expert consultation are necessary. 
Adopting a multidisciplinary group is important to 
avoid biased analyses that generate misleading or 
unrepresentative data.

We highlight the importance of the previous evaluation 
of the factors, which influence the decision-making 
process, considering their spatialization and particularities 
in the study area.
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