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a b s t r a c t

With the emergence of geographic information systems (GIS), suitability analysis has become a modeling
practice that facilitates the process of multi-criteria decision making (MCDM) by simulating the suitability
of a land unit in supporting a physical or socioeconomic phenomenon. To identify and quantify the
contribution of various criteria for land-use planning, however, suitability modeling relies heavily on the
expert knowledge in weight assignment. Little is known about at what rate the diverse input from outside
experts and local stakeholders would propagate into the suitability model and come to a consensus. The
objective of this study was to investigate the development of weight assignment and suitability modeling
through iterative surveying between the local stakeholders and outside experts. This research surveyed
eleven field experts about the areas best suitable for future development of a scout camp in Kalkaska,
nalytical hierarchy process
ulti-criteria decision making

and-use planning

MI. The expert knowledge was consulted by using the analytical hierarchy process (AHP) and a direct
method of weight table. The results of suitability modeling revealed that the weight assignment between
the direct method and AHP method became more different as the survey progressed. It was also observed
that the most suitable area for future development slowly emerged to a consensus between the outside
experts and local stakeholders through iterative survey. This research illustrated the usefulness of the
Delphi method within MCDM and highlighted patches of areas adjacent to the Grass Lake that are suitable

for future development.

. Introduction

Land conservation has become increasingly important as urban-
zation continues to reduce the quantity and quality of undisturbed
laces. Planners and resource managers often confront land use
hanges by striking a balance between urbanization and conserva-
ion. To be effective in land management, it is important to solicit
he support from the field experts, local residents and stakeholders
y integrating their inputs throughout the process of decision mak-

ng (Store and Kangas, 2001; Duke and Aull-Hyde, 2002; Strager
nd Rosenberger, 2006; Burger et al., 2007). In land-use planning,
ulti-criteria decision making (MCDM) provides a framework to

ystematically incorporate the opinions from multiple perspectives
nto ranked criteria to resolve potential conflicts among various
nterest groups (Bojórquez-Tapia et al., 1994).
The strength of MCDM lies in its ability to provide a scientific
nalysis of infinite “what-if” scenarios by considering the bio-
hysical factors as well as social opinions. Planners and resource
anagers explore and evaluate feasible land-use strategies in
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E-mail address: chow@txstate.edu (T.E. Chow).
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© 2009 Elsevier B.V. All rights reserved.

MCDM by conducting suitability analysis (Prato, 2003). With the
emergence of geographic information systems (GIS), suitability
analysis becomes a modeling practice that facilitates the process of
MCDM by simulating the suitability of a land unit in supporting a
physical or socioeconomic phenomenon (Malczewski, 1999, 2004).
Many studies have utilized GIS-based suitability modeling for site
assessment and land-use planning (Tiwari et al., 1999; Wang et al.,
2004; Gemitzi et al., 2007; Zucca et al., 2008; Thapa and Murayama,
2008).

1.1. Suitability modeling

Suitability modeling is a simulation procedure in MCDM to
determine the suitability of a land unit in supporting a physi-
cal or socioeconomic phenomenon, which typically involves many
factors that affect the final decision. Based on the spatial and/or
attribute characteristics, the factors (i.e. map layers in GIS) are
reclassified into numeric ratings that indicate the aptness for the

desired use. The reclassified ratings are then combined together
to compute the overall suitability score. In general, the higher the
suitability score, the more appropriate it is for a land unit to sup-
port the desired activity. To conduct suitability modeling, similar
to any computer simulation, one must be careful in selecting the

http://www.sciencedirect.com/science/journal/01692046
http://www.elsevier.com/locate/landurbplan
mailto:chow@txstate.edu
dx.doi.org/10.1016/j.landurbplan.2009.07.013
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Table 1
The fundamental scale for pair-wise comparisons in the analytic hierarchy process (Saaty, 1980).

Intensity of importance Definition Explanation

1 Equal importance Two activities contribute equally to the
objective

3 Moderate importance of one over another Experience and judgment moderately favor
one activity over another

5 Essential or strong importance Experience and judgment strongly favor one
activity over another

7 Very strong importance An activity is strongly favored and its
dominance demonstrated in practice

9 Extreme importance The evidence favoring one activity over
another is of the highest possible order of
affirmation
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Reciprocals If activity i has one of the above numbe

when compared with activity j, then j h
value when compared with i

odel parameters to model the simplified reality. Inappropriate
election of factors (e.g. not considering soil type in an analysis of
and capacity for farming) negates any results produced from the
nsuing analysis.

In MCDM, each and every criterion is given a weight to represent
ts genuine importance in the phenomenon. Owing to the imper-
ection of knowledge about the operating phenomenon, however,
he weights are often difficult to quantify and can vary subjectively
among people) and spatio-temporally (at a different time/place).
herefore, it is important to include the values and interests of field
xperts who have intimate knowledge of the process or land in
uestion (Amir and Gidalizon, 1988; Bojórquez-Tapia et al., 1994;

akeman et al., 2006). When using suitability modeling for MCDM,
xpert knowledge is essential to weight the factors according to
heir relative importance to provide a better representation of suit-
bility (Makropoulos and Butler, 2006). To implement suitability
odeling in a GIS, the weighted linear combination (WLC) method

s typically used to calculate the weighted suitability score. Based
n the spatial and/or attribute characteristics, the factors (i.e. map
ayers) are reclassified into numeric ratings and weighted by an
rbitrary numerical “impact factor”. Thus, the suitability of a given
rea can be assessed by adding up the weighted scores. As such, the
esults, as well as the quality, of suitability modeling are primarily
ependent on the identification and quantification of the contri-
utions made by various factors for land-use planning. In such an
ndeavor, the most controversial issue in the process of planning
ften originates from the weight assignment of contributing factors
Malczewski, 1999).

.2. Analytic hierarchy process

A common method to solicit and quantify expert input into
eight assignment for suitability modeling is analytic hierarchy
rocess (AHP), a structured technique to allow the decision mak-
rs to simplify the process of a complex decision by using iterative
air-wise comparisons (Saaty, 1980, 2000). AHP is an integrated
ssessment approach to decision making, one that can account for
he complexity of multiple criteria and the uncertainty of unstruc-
ured or unquantifiable knowledge (Duke and Aull-Hyde, 2002; Wu
nd Wang, 2007).

When using AHP, factors are categorized into separate branches
ased on a user-defined measurement of similarity. The field
xperts are consulted to provide individual or group input of direct
omparisons between similar factors based on a scale of 1–9 (1

eing equally important, 9 being extremely more important—see
able 1). This means that direct comparisons are not made between
issimilar attributes. Once internal attributes are compared, the
eneral categories into which these attributes were placed are com-
ared against one another.
t judgments When compromise is needed
igned to it
reciprocal

Typically, a reciprocal matrix (A) is created based on the pair-
wise comparison by the experts:

A =

⎡
⎢⎢⎣

a11 a12 · · · a1n

a21 a22 · · · a2n

...
...

. . .
...

an1 an2 · · · ann

⎤
⎥⎥⎦ (1)

where aij is the comparison rating between attribute i and attribute
j, and n is the total number of attributes. The reciprocal matrix is
then normalized to compute the priority vector for each attribute.
This process can be repeated for each hierarchy structure and cross-
multiplied with the criteria eigenvector to compute the relative
weights among the attributes. This process allows weights to be
assigned to each category, from which weights are then assigned
to internal attributes. For group decision making, the overall rel-
ative weights of attributes can be determined by obtaining the
geometric mean (Duke and Aull-Hyde, 2002) or arithmetic mean
(Thapa and Murayama, 2008). In site assessment, compromise
programming can be used to evaluate the site suitability to the
ideal location by computing the distance metrics (Zeleny, 1982;
Bojórquez-Tapia et al., 2005). Other integrative approaches include
variance and percentile (Ayyub, 2001; Ban and Ahlqvist, 2008), con-
fusion index (Burrough and McDonnell, 1998), and neighborhood
statistics (Zhang et al., 2007).

In AHP, it is important to verify the internal consistency of com-
parison matrices provided by the experts. Saaty (1980) showed that
the maximum eigenvalue of the weighted sum vector (�max) can be
determined by:

�max =
∑

i

∑
j

aijwi (2)

where wi is the priority vector for each attribute. The consistency
index (CI) for an n × n comparison matrix is:

CI = �max − n

n − 1
(3)

By comparing CI to a random consistency index (RI) of an n × n
matrix as reference (Saaty, 1980), the consistency ratio (CR) is given
as CR = CI/RI. A CR of ≤0.1 indicates consistent comparison ratings
given by the experts.

One of the strengths of AHP is that it allows one or many stake-
holders the opportunity to derive a solution to a problem based on

their own experience, broadening the opportunities for common
stakeholders to provide input in planning issues (Saaty, 1980; Duke
and Aull-Hyde, 2002). As it was developed as an individual decision-
making method, sample size does not pose the same problem in
AHP as in other statistical calculations.
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.3. Expert knowledge

In some instances, suitability modeling might be more sensi-
ive to the weights measured in relative or absolute terms than the
hoice of weighting method (Triantaphyllou and Sanchez, 1997).
he primary source of weight assignment – the “experts”—are
cknowledged to have the most experience and knowledge
bout the specific phenomenon operating in the area of inter-
st (Bojórquez-Tapia et al., 1994; Strager and Rosenberger, 2006).
hus, the resulting model is more likely to represent a snapshot of
xperts’ viewpoint (Jakeman et al., 2006; Zucca et al., 2008) than if

rbitrary weight assignments were given to the factors under study,
ince the experts are those who are involved in the development
rocess.

In suitability modeling, experts can be classified into local
takeholders who have the most intimate experience about the
p Tapico in Kalkaska, MI.

area of interest or the outside experts who in general have
superb knowledge about the phenomenon (McCall, 2003; Fraser
and Lepofsky, 2004). The inclusion of stakeholders’ opinions was
suggested to be valuable not only in the final reporting but
also in various stages of the research implementation, including
problem formulation, experiment design, and research execu-
tion (Burger et al., 2007). The overall quality of investigation
would be improved by enhancing the transparency, engaging
the stakeholders and raising the ownership throughout the deci-
sion process. In general, the knowledge of local stakeholders is
thought to be location-specific while the knowledge of external

experts tends to be more “universal”. Depending on the interest
of each stakeholder group (e.g. environmental- or economical-
driven), however, it is not uncommon that the weight and
criteria will be different within and among the stakeholder groups
(Himes, 2007). Typically, the derived output would favor the
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ptions consistent with their own interest (Ananda and Herath,
003).

Strager and Rosenberger (2006) statistically compared the
eight assignment surveyed between the outside experts and local

takeholders—the latter group consisting of board members and
ocal residents. The authors reported that 14 assigned weights
ut of 32 factors were significantly different between the out-
ide experts and local stakeholders, while the local residents and
oard members differed on only 2 factors, differences suggesting
n importance to understand alternative viewpoints of potential
espondents when preparing for analysis.

Bojórquez-Tapia et al. (2005) provided a framework for incor-
orating differing opinions to build consensus among members
f differing interest groups in sensitivity analysis. To compen-
ate for inconsistencies in AHP classification, the authors utilized a
ulti-tiered approach to data collection. Experts were placed into

ub-groups according to their specialty. Teamwork was encouraged
o develop appropriate hierarchy structure and pair-wise compar-
sons. Experts also worked individually on another AHP structure to
ustify previously asserted opinions. This was concluded by a ple-
ary session where all experts developed an agreed-upon hierarchy
tructure with alternatives based on experts’ differing viewpoints.
heir research presented an integrated procedure of sensitivity
nalyses and compromise programming to explore the uncertainty
f hierarchical structure. Eigenvectors were produced 30,000 times
n a computer program and those with high levels of inconsis-
ency (>0.1) were thrown out. This allowed the researchers to assert
he probability of rank-reversals and problems with transitivity for
eaching consensus.

These studies were concerned with the incorporation of expert
nowledge in building consensus within and among experts. It
as argued that important elements in bridging the consensus of

takeholders, experts and decision makers include communication,
ransparency, and trust (Burger et al., 2007). Little is known about
t what rate the diverse input from outside experts and local stake-
olders would propagate into the suitability model and come to a
onsensus. The objective of this study was to investigate the devel-
pment of weight assignment and suitability modeling through
terative surveying between the local stakeholders and outside
xperts.

. Materials and methods

This study implemented a GIS-based suitability model to assess
he areas best suited for future development in a camping facility
n MI. In order to quantify the criteria for suitability assessment,
ine factors were evaluated and their corresponding factor ratings
ere assigned to each variable based on ground distance or their

uitability for future program development (Fig. 1). The nine factors
ncluded the soil type and the proximity to the following features:

etlands, forestry operations, roads, waterlines or wells, power
ines, existing program areas, campsites, and specified “sensitive”
reas. These factors may be viewed as favorable or less favorable
o future program development as a function of distance. Sensitive
reas include the shot fall areas for firing ranges, an old railroad
rade, and the camp dump. The distance threshold values for pro-
ram areas and campsites differ because new development is not
esired near campsites (it is thought to take away from the wilder-
ess aspect of camping).

The factor ratings for each of the nine factors were then
eighted and added to receive a sum-total “suitability score,” as
ndicated by WLC equation:

x,y =
n∑
i

Fx,y,i × Wi (5)
rban Planning 94 (2010) 9–19

where Sx,y is the suitability score at coordinates x and y, n is the total
number of factors, F and W are the factor rating and weight of the
factor I, respectively. Based on the input from expert knowledge,
the WLC method accounts for unequal weights among various fac-
tors. In order to integrate the diverse weight assignment by experts,
MCDM often pre-processes the weight assignment to synthesize
expert opinions in suitability modeling. This research adopted the
Delphi method to solicit expert knowledge by iteratively review-
ing collected results and revising to a final consensus among the
experts (Hsu, 1999; Ayyub, 2001; Taleai and Mansourian, 2008). To
aggregate the diverse weight assignments, this research assumed
the experts to act as separate individuals and hence adopted the
method of Aggregation of Individual Priorities (AIP) (Forman and
Peniwatib, 1998).

2.1. Study area

The study area is Camp Tapico in Kalkaska, MI (Fig. 1). It lies on
1283 acres of largely coniferous forest with a 120-acre lake at the
center. The soils are a mix of loamy sands, loose sands, and mucks.
The camp is located on gentle rolling ground with a mean slope of
4.8% (or 2.7◦) and elevation ranges between 361 and 370 m. The
property has been owned exclusively by the Boy Scouts of America
since the early 1940s. Because of the continuous land ownership of
this property, it has largely retained its wilderness character. Recent
growth in scouting within the council has increased the demand for
camp facilities.

The need for employing a modeling procedure to assert a con-
clusive evaluation of Camp Tapico’s natural resources is important
because of the relative inexperience of existing resource managers
in regards to computer generated suitability modeling. Jakeman
et al. (2006) noted that resource managers often have little experi-
ence with modeling, and may read too much into a poorly designed
model. By analyzing the diverse expert knowledge and their grad-
ual consensus reflected from the suitability model, the resource
managers can collaborate and apply expert knowledge towards
future planning in a more consistent and transparent manner.

2.2. Survey

In this research, the source of expert knowledge came from a
group of experts within the Tall Pine Council who have 5–40 years
of experience in camp properties planning. The surveyed experts
include: the ecology director, the camp ranger, council executives,
and members of the council properties committee. The council is
directly responsible for camp growth with a focus on wilderness
preservation. These experts have worked together with environ-
mental consultants to build the “master plans” of the council camps,
and have hands-on knowledge of the requisites of intelligent plan-
ning.

This research employed two surveying methods to collect the
weight assignment from experts, including: (1) analytical hierar-
chy process (AHP), and (2) direct method—whereby experts were
asked to dole out 100 points among the nine factors based on how
important each factor was in direct relation to the others.

In the process of AHP, the first task was to classify and group
all nine factors into nominal categories based on their relative
similarity. In this research, three factors each were grouped into
three categories: environmental impacts, infrastructure factors,
and anthropological issues. The next task was to ask the field
experts to decide which category was the most important by com-

paring each category “head-to-head” against each of the other two
categories. After deciding which category was more important, the
experts would then indicate their level of preference for the cho-
sen category on a scale of 1–9, 1 being equally important, 9 being
absolutely more important. Table 1 presents a nominal description



T.E. Chow, R. Sadler / Landscape and Urban Planning 94 (2010) 9–19 13

m of t

o
f
p
e
a
h
l
t

s
p
a
t
l
s
s

v
e
i
m
M
r
c
s
e
v
m
e
m
i

t
m
t
i
i
t

Fig. 2. A data flow diagra

f the scale used in AHP. The experts then compared each of the
actors within the same category on a scale of 1–9 to rate their
reference for one factor over another. That is, a factor from the
nvironmental impacts category would not be directly compared to
factor from the anthropological issues category. Once the ordinal
ierarchy within and among all categories and factors was estab-

ished, AHP computes the priority vector and the relative weights
hat could be used for suitability modeling.

To provide a more straight-forward alternative to the AHP
urvey, the direct method utilizes an empty table for experts to
recisely weigh the factors. Each respondent was asked to allocate
total of 100 points to all factors based on how important a fac-

or is in direct comparison to all other factors. In other words, a
ocation with a maximum rating on each would receive a perfect
core of 100 in the final suitability map based on this weighting
cheme.

This research executed three rounds of Delphi approach sur-
ey, which contains the two surveying methods aforementioned in
ach round as well as aggregated results from the previous round
f available, to collect the expert knowledge for the weight assign-

ent in suitability modeling (Hsu, 1999; Ayyub, 2001; Taleai and
ansourian, 2008). There were 11 members of the council who

esponded to all 3 rounds of survey. Among the respondents, 6 were
onsidered to be outside experts while the remaining 5 were local
takeholders (McCall, 2003; Fraser and Lepofsky, 2004). Outside
xperts include the ecology director, camp rangers and conser-
ation officials who have training or working experience in camp
anagement and planning. They were generally current and past

mployees of the camp. On the other hand, local stakeholders were
embers of the council properties committee with a long-term

nterest in camp development.
In the first round, the respondents were given detailed instruc-

ions regarding the AHP and direct method for the suitability

odeling process. The collected AHP matrices were then verified

o have a consistency ratio less than 0.1 to make sure there was no
nternal inconsistency (Saaty, 1980). Based on the surveyed input,
ndividual and group suitability maps were then created to model
he most desirable locations for future development. As in a typi-
he proposed framework.

cal Delphi approach survey, the individual- and group-level weight
assignments as well as suitability maps were then presented to
individual experts for their review and revision in the next round.
By examining the output and referencing alternative weight assign-
ments suggested by their peers, the experts were given the freedom
to keep their original input or revise as appropriate. The data flow
diagram of this procedure is illustrated in Fig. 2.

At the end of each round of surveys, a local operation of map
algebra was evaluated from the individual AHP/direct-derived suit-
ability maps to calculate a standard deviation of the suitability
scores at each pixel (Zhang et al., 2007):

�x,y =

√∑n
i (Sx,y,i − S̄x,y)

2

n
(6)

where �x,y is the standard deviation of the suitability score S at
the pixel (x, y), S is the mean suitability score at pixel (x, y) of all
respondents n, and i is the individual expert. The mean suitability
score of the resulting standard deviation map provided a quan-
titative measurement to assess the variation of suitability scores
based on individual AHP/direct-derived weight assignment, simi-
lar to the variance index used elsewhere (Ban and Ahlqvist, 2008).
Statistically speaking, the mean standard deviation represents 68%
of suitability scores across the entire study area that are within the
threshold of deviation from the mean suitability score under the
assumption of normal distribution.

3. Results

3.1. Surveyed weights

The survey weights were obtained by compiling responses and
averaging the scores for the AHP and direct methods accordingly

(Table 2). The weights were normalized to a scale of 100 percent
for ease of processing. In all three factors under the anthropo-
logical issues category, including program areas, campsites and
sensitive areas, scores are higher based on the direct method than
the AHP. The infrastructure factors have a mixed result—with a
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Table 2
Weight assignment of the nine variables by outside experts (OE) and local stakeholders (LS) in the third round.

Category Factor Mean direct-derived Weights (%) Mean AHP-derived weights (%)

All OE LS All OE LS

Environmental Wetlands 14.4 14.5 14.2 22.6 27.0 17.4
Impacts Soil type 5.1 5.3 4.8 6.3 7.6 4.7

Forest operations 9.2 10.7 7.4 7.1 7.0 7.2

Infrastructure Roads 17.3 17.7 16.8 23.9 20.8 27.8
Factors Waterlines/wells 12.1 11.0 13.4 14.8 13.2 16.7

Power lines 11.2 10.8 11.6 9.4 10.5 8.1

Anthropological Program areas 10.5 9.5 11.6 2.9 2.2 3.7
Issues Campsites 7.2 6.2 8.4 3.3 2.4 4.3

Sensitive areas 13.2 14.3 11.8 9.7 9.3 10.2

Table 3
Summary table of paired t-test significance between AHP and direct method weight assignment*.

Category Factor All Outside experts Local stakeholders

Round 1 2 3 1 2 3 1 2 3

Environmental Wetlands 0.04 0.01 0.01 0.05 0.02 0.02 0.40 0.30 0.22
Impacts Soil type 0.33 0.10 0.36 0.24 0.18 0.32 0.74 0.46 0.94

Forest operations 0.98 0.95 0.16 0.38 0.09 0.00 0.49 0.56 0.95

Infrastructure Roads 0.27 0.90 0.05 0.47 1.00 0.36 0.47 0.89 0.09
Factors Waterlines/wells 0.64 0.36 0.13 0.99 0.63 0.46 0.31 0.48 0.14

Power lines 0.81 0.72 0.11 0.26 0.23 0.79 0.51 0.58 0.07

Anthropological Program areas 0.09 0.01 0.00 0.02 0.00 0.00 0.39 0.27 0.01
0.01
0.01

*
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*

Issues Campsites 0.21 0.04
Sensitive areas 0.00 0.00

Bold characters indicate two tailed t-test significance at P < 0.05 level.

igher weight for the proximity to roads and waterlines/wells but
ower weights for the proximity to power lines when comparing
he AHP method with the direct method. Factors in the environ-

ental impacts category also show mixed results, with wetlands
nd forestry operations scoring higher in AHP and forestry oper-
tions scoring higher in the direct method. Despite differences in
eights within categories, patterns emerged that indicated wet-

ands, roads, and waterlines/wells were the most important factors.
hese patterns were very similar between the outside experts and
ocal stakeholders.

The paired t-test revealed that the weight assignment between
he direct method and AHP method became more different as the
urvey progressed. Among all the experts surveyed, the weights of
etlands, roads, and all anthropogenic issues (i.e. program areas,

ampsites and sensitive areas) were significantly different at the

.05 level between the two methods in the last round (Table 3).
ithin the outside expert group, similar statistical differences

etween the two methods were noted in the aforementioned vari-
bles except that forestry operations replaced the proximity to

able 4
ummary table of t-test significance of weight assignment between outside experts and l

Category Factor Direct method

Round 1 2

Environmental Wetlands 0.93 0.7
Impacts Soil type 0.71 0.3

Forest operations 0.04 0.0

Infrastructure Roads 0.80 0.4
Factors Waterlines/wells 0.32 0.3

Power lines 0.54 0.9

Anthropological Program areas 0.12 0.1
Issues Campsites 0.12 0.1

Sensitive areas 1.00 0.2

Bold characters indicate two tailed t-test significance at P < 0.05 level.
0.97 0.39 0.00 0.09 0.06 0.20
0.01 0.01 0.00 0.11 0.04 0.47

roads. On the other hand, the weight assignments from the local
stakeholders were not significantly different except proximity to
campsites in the second round and program areas in the last round.
Among all factors, the wetland and anthropogenic issues appear
to be more different between the methods especially among the
outside experts.

Table 4 presents the t-tests of weights between the out-
side experts and local stakeholders. It was observed that the
null hypothesis of the direct-derived weights in forestry opera-
tions was rejected throughout for all 3 iterations of the survey.
The direct-derived weight of program areas diverged only in the
last round of the survey. There was no significant difference in
any attribute weights collected by the AHP method. The non-
parametric Mann–Whitney testing of the expert groups produced
similar results in that the direct-derived forestry operations vari-

able was only significant in the 2nd round and the program areas
was significant in the last round. The patterns and implications of
results were similar between the parametric and non-parametric
tests and hence were not shown. An ANOVA test did not suggest

ocal stakeholders*.

AHP method

3 1 2 3

9 0.72 0.48 0.48 0.07
6 0.36 0.17 0.21 0.25
4 0.05 0.91 0.79 0.96

4 0.67 0.94 0.72 0.20
6 0.16 0.85 0.69 0.39
4 0.60 0.40 0.46 0.24

1 0.02 0.26 0.34 0.38
5 0.20 0.96 0.79 0.27
6 0.19 0.95 0.43 0.77
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ig. 3. The suitability maps of outside experts created by (a) direct method in the 1
ethod in the 1st round, (e) AHP method in the 2nd round, (f) AHP method in the 3

ny significance in the within-subjects effect of the three rounds
mong all attributes (not shown).

.2. Suitability maps

The resulting suitability maps effectively incorporated the
iverse weight assignment and reflected the corresponding expert

nowledge. The AHP-derived and the direct-derived maps among
he outside experts, local stakeholders and all experts (Figs. 3–5,
espectively) provide the spatial data that describes the subjec-
ive judgment of the factor weights for suitability modeling of new
evelopment for Camp Tapico. Each figure also includes separate

ig. 4. The suitability maps of local stakeholders created by (a) direct method in the 1st
HP method in the 1st round, (e) AHP method in the 2nd round, (f) AHP method in the 3r
nd, (b) direct method in the 2nd round, (c) direct method in the 3rd round, (d) AHP
nd.

suitability maps representing different phases of the survey. Results
are divided into outside expert and local stakeholders groups to
display differences in perceptions of suitability between the groups.

In general, similarities among all maps in Figs. 3–5 indicate an
agreement between the AHP-derived and direct-derived weights
collected from the survey. The maps agree that it is strongly
unsuitable to disturb and change the existing landscape of wet-

lands around the camp (Fig. 1). On the other hand, it is very
favorable to place future development close to existing program
areas, especially along the road corridors running from the center
of camp (at the south side of the lake). Despite the similarities,
there are some differences between the AHP and direct meth-

round, (b) direct method in the 2nd round, (c) direct method in the 3rd round, (d)
d round.
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F round, (b) direct method in the 2nd round, (c) direct method in the 3rd round, (d) AHP
m he 3rd round.
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Table 5
Mean standard deviation of the suitability maps.

Round Method All Outside experts Local stakeholders

1 Direct 9.8 10.1 8.4
AHP 16.8 14.3 18.1

2 Direct 6.7 4.7 7.5
AHP 13.9 10.3 16.4

F
(

ig. 5. The suitability maps of all experts created by (a) direct method in the 1st
ethod in the 1st round, (e) AHP method in the 2nd round and (f) AHP method in t

ds. The AHP-derived maps (Figs. 3d–f, 4d–4f and 5d–f) suggest
ore and larger patches of somewhat suitable and suitable areas

or future development area than the direct-derived counterparts
Figs. 3a–c, 4a–c and 5a–c). This pattern can be observed in all
hree rounds regardless of the expert background. The proximity
o utilities, including roads, power lines, and waterlines/wells, are
mportant factors for future planning, as AHP and direct-derived
aps in Figs. 3–5 portray patches of suitable area in the eastern
ide of the lake. Proximity to campsites also plays a stronger role in
HP-derived maps than direct-derived maps, perhaps suggesting
n intrinsic desire to not locate near campsites that is not repre-
ented the same in the AHP derivation. The proximity to forestry

ig. 6. Standard deviation maps of suitability scores created by (a) direct method in the
d) AHP method in the 1st round, (e) AHP method in the 2nd round and (f) AHP method i
3 Direct 4.7 5.0 2.4
AHP 9.4 10.0 7.2

1st round, (b) direct method in the 2nd round, (c) direct method in the 3rd round,
n the 3rd round.
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Table 6
Percentile ranking of the actual and permuted difference of surveyed weights between outside experts and local stakeholders.

Category Factor Direct method AHP method

Round 1 Round 2 Round 3 Round 1 Round 2 Round 3

Environmental Wetlands 42% 31% 55% 77% 80% 96%
Impacts Soil type 22% 73% 69% 95% 89% 86%

Forest operations 96% 96% 95% 59% 41% 50%

Infrastructure Roads 54% 79% 65% 57% 61% 9%
Factors Waterlines/wells 73% 6% 4% 41% 34% 19%

Power lines 57% 44% 24% 21% 26% 88%

o
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Anthropological Program areas 4% 0%
Issues Campsites 4% 5%

Sensitive areas 40% 88%

perations and sensitive areas are shown to have minor impact on
he derived suitability maps.

In the direct-derived suitability map series, there were some
ubtle differences between the outside and local experts in the
ost suitable area for future development. Their opinions diverge

n the medium suitable areas around the fringe area of the camp
Figs. 3a–c and 4a–c). In the first round, the outside experts favored
he eastern side of the lake in addition to the southern cluster
Fig. 3a). It is interesting to note that those patches were later
iminished (Fig. 3b and c) to compromise with the local stakehold-
rs’ input (Fig. 4a–c) after a couple rounds of revision. This trend
as reversed, however, in the AHP-derived suitability maps. During

he first two rounds, suitable areas suggested by local stakeholders
nclude only very small patches along the eastern lakeshore (Fig. 4d
nd e), though they slowly emerged into a consensus with the out-
ide experts in the third round (Figs.4f and 3d–f). On the other
and, small patches of suitable area in the northeastern corner sug-
ested by the outside experts (Fig. 3d and e) were also adjusted to
eflect the local stakeholders’ input (Figs. 3f and 4d–f). The suitabil-
ty map series of all experts (Fig. 5a–f) reveal a compromise of the
wo groups and portray the spatial “intersection” of both inputs.

The standard deviation maps (Fig. 6a–f) indicates the standard
eviation of the suitability scores at each pixel Eq. (6). In general,
he maps show a progressive consensus of suitable areas for future
rogram development in both the direct and AHP methods. Assum-

ng a normal distribution in the samples, the standard deviation
s the probability of suitability scores within a certain range from
he mean (e.g. 1 step of standard deviation approximates 68% of
ampled suitability score). The mean standard deviation of suitabil-
ty score determined by the direct method was consistently lower
han the AHP-derived products (Table 6). Based on the results of

ean standard deviation, it was not clear if either expert group
ad an advantage in conglomerating into a consensus (in terms of
ounds of surveys needed and the degree of diversity in the weight
ssignment).

. Discussions and conclusions

The results of weight assignment (Table 2) and paired t-tests
Table 3) reveal distinct patterns between the AHP and direct

ethod. Regardless of the expert background, AHP consistently
roduce greater areas of suitable land and less areas of unsuitable

and than the direct method in all 3 rounds (Figs. 3–5). Similarly,
HP produces greater areas of somewhat suitable land than the
irect method in the first two rounds but only in the outside expert
roup in the last round. To the experts examined in this study, AHP

ight be perceived to be a less explicit method than the direct
ethod, which may explain the AHP-derived suitability maps being

ess spatially specific to the area south of Grass Lake. Depending on
ow well the AHP weight assignment reflects the expert principles

n future development planning, the AHP-derived suitability maps
0% 4% 10% 22%
7% 46% 35% 12%

91% 50% 79% 37%

decently describe their favorable future program areas, though
they also suggest other new sites. On the other hand, the direct
method remains a simple and effective method to model suitable
areas.

It was also observed that more attributes were significantly dif-
ferent between the two weight assignment methods following the
Delphi approach of iterative surveying (Table 3). This was espe-
cially the case among the outside experts. This might be attributed
to the fact that some respondents felt more comfortable with one
weight assignment method than another. Implementing the two
weight assignments through iterative surveying was challenging
in this research, as most of the experts were not familiar with
GIS-based suitability modeling. Despite the usefulness of AHP in
MCDM, the process of AHP might be perceived as a deceptive
“black box” (Bojórquez-Tapia et al., 2005). Moreover, the Delphi
method did not confine the potentially suitable areas with fewer
candidates for future development due to the iterative process
of weight assignment revision. In other words, there were new
patches of potential suitable areas for future development as the
Delphi approach to surveying unfolded. This might be attributed to
the fact that this exercise simulates any potential areas based on
the principles defined by the experts, as opposed to an alternative
exercise of site assessment at given locations. Given the intention of
the Delphi method to assist the convergence of expert opinions, the
result of increased suitable areas is not as important a finding as the
increased agreement between groups (as shown by the decreasing
of standard deviation scores from round to round in Table 5 and as
spatially represented in Fig. 6).

The divergence between the outside experts and local stake-
holders in their weight assignment was consistent with previous
findings (Strager and Rosenberger, 2006). Despite the statistical
differences between the outside experts and local stakeholders,
however, it was interesting to note that the standard deviations of
suitability scores were progressively lower (Table 5 and Fig. 6). The
consensus of both expert groups in perceiving wetlands, roads, and
forestry operations as being the most important factors (Table 2)
might explain the nature of equifinality in the suitability maps. Sim-
ilar to the conclusion suggested by Strager and Rosenberger (2006),
the suitability maps (Figs. 3 and 4) between the expert groups also
revealed more spatial sensitivity in the high priority areas (i.e. suit-
able and somewhat suitable) in this research.

A limitation of this research was the relatively small sample
size in the expert pool. The sample sizes of outside experts and
local stakeholders were 6 and 5, respectively. Bootstrapping was
performed to further investigate if the sampled weights from the
outside experts and local stakeholders were significantly different

from random group re-distribution. Table 6 revealed the results
from 10,000 permutations of surveyed weight re-distribution and
the percentile ranking of weight difference between the outside
experts and local stakeholders. The results found the weight differ-
ence of forestry operations and program areas between the expert
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roups were with 90% confidence level (i.e. 0.05 and 0.95 quan-
iles). It also implied some confidence in the statistical indifference
f waterlines/wells and campsites in certain rounds as well. In
eneral, the bootstrapping results do not invalidate the statisti-
al findings. While the sample of experts was small, it represented
high percentage of potential respondents, as the council plans

n a relatively intimate setting, and appropriate populations for
ach group number no more than 12 each. The normal distribution
ssumption among the examined variables was assessed within
ach group by using histograms and quantile–quantile (Q–Q) plots.
espite the limited size of active council members who participated

he iterative surveying, the sample resembled a good representa-
ion of the Tall Pine Council as all resulting suitability maps modeled
he south side of the Grass Lake being a suitable area for future
evelopment. This coincides with the tentative plan of the Tall Pine
ouncil to concentrate development near existing infrastructure
nd camp buildings (personal communication).

The final composite maps seen in Fig. 5c and f integrate multi-
le sets of weight assignment and provide the understanding that
n iterative process such as the Delphi method has the capacity to
ncrease or decrease areas of suitability while improving agreement
etween potentially divergent groups. Given that the suitability
aps (Fig. 5) and standard deviation maps (Fig. 6) are the end result

f an arduous process of data solicitation to key members of the
ouncil, they allow camp decision makers to observe the most suit-
ble sites for future development in light of expert knowledge from
heir local stakeholders as well as outside experts. This research also
resented an alternative framework to scenario-based or sensitiv-

ty analysis approaches of soliciting expert knowledge to obtain
conglomerate end product that improves the potential impre-

ision of expert knowledge in MCDM. The ranking of sites as
nsuitable, somewhat suitable, and suitable simplifies the analy-
is in that future decision makers will not be required to convey a
trong understanding of the process in order to utilize the maps.
his provides a scientific methodology in seeking a balance and
onvergence of the opinions from multiple groups of stakehold-
rs.

It is important to note that expert knowledge derived by either
eight assignment method adopted in this research may not per-

ectly reflect opinions about suitability for development. In order
o assess the accuracy of expert knowledge, the final map(s) of suit-
bility modeling would need to be validated against some existing
ources of reference data, such as a master plan. Unfortunately,
here was no reliable source of an approved master plan before the
nitiation of this research in Camp Tapico. There have been contin-
al efforts to assist experts at Camp Tapico in putting together a
aster map for future planning. The suitability maps, decision cri-

eria and factor constraints adopted in this research laid down an
stablished framework and quantitative measurement to meet the
bjectives of future development.

In conclusion, this research illustrated the usefulness of the Del-
hi method within MCDM by quantitatively defining the increased
greement among experts from the first round to the third. Based on
he two weight assignment methods adopted in this research, the
nal maps are useful to the resource managers at Camp Tapico by
ighlighting isolated patches of areas adjacent to Grass Lake that
re suitable for future development. This can be used in concert
ith future master plan documents to highlight those areas defined

y the council as being relevant to consider for development in the
uture.
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