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1 Analysis of landcover change for Santos study area

Multitemporal analysis represent an important tool for determining changes in time, in
this case particularly referring to landcover change, since it is an important feature to be
considered for environmental planning and decision making process of local and
regional authorities. Multitemporal analysis was performed using Landsat images (1993
and 2000) of Santos study area.

Special emphasis was put in determining changes in vegetation, for example
transformation of mangrove into urban settlements or into low vegetation. In this way it
is easier to get a clear idea of the relevant environmental impacts occurring in Santos.

Suitability maps were also calculated using a specialized software, these were the basis
of the landcover analysis between both images and an important input for calculating a
landcover prediction for 2010 of the same study area.

1.1 Methodology for landcover changes

The two Landsat images of Santos (June 18/1993 and April 30/2000), that were
previously classified, were the main input of a series of analysis for estimating
landcover changes between the seven years period of the images 1993-2000 and for a
landcover prediction for 2010. Fuzzy sets, weights and MCE (Multi Criteria
Evaluation) using Idrisi 15.0 Andes Edition software were used to elaborate landcover
change and prediction.

In order to simplify calculations and avoid as much as possible errors in change
detection, an important criteria was applied for all landcover change analysis, it
consisted on merging similar training classes. This step was applied in both satellite
images, to have a uniform set of images to be compared and analyzed, like this a more
homogeneous classification map was obtained (Figure 1) shows the final classification
maps after the merge of classes with similar characteristics.

Table 1: Training classes merged in June 1993 and April 2000 images used for
landcover change analysis.

Class 1 Class 2 Final class Landsat image
Industrial areas Urban areas Urban areas 1993 and 2000
Sparse mangrove Mangroves Mangroves 1993 and 2000
Mata Atlantica Mata Atlantica Mata Atlantica forests 1993 and 2000
highlands lowlands
Bare soil Low vegetation Low vegetation 1993 and 2000
Shadow Mata Atlantica Mata Atlantica forests 1993
highlands
Shadow Clouds No data 2000

Image 1993 was characterized by an instrument malfunction of TM sensor, for this
reason a masking process was necessary to ignore this defect on the image. Masking of
the shifted stripe was applied not only in 1993 image but also in 2000 image. Although



the shifted stripe affects only one of the images, since multitemporal analysis is based
on a pixel to pixel comparison between both images.

June 1993
Winter - dry season

B Forest

[ Mangrove
1 Low vegetation
B Urban areas
Bl \Water

Bl Nodata

0 mask

April 2000
Summer - wet season {

Figure 1: Final classification maps used for multitemporal analysis, after merging training
classes.

1.2. Methodology used in Idrisi Andes for landcover change analysis

Landcover change analysis using Idrisi software represent a reliable source of
information since it includes in the analysis a series of criteria, defined as basis for a
decision that can be measured and evaluated. This criteria is strictly related to the study
area and can be of two kinds: factors and constraints, which can pertain either to
attributes of the individual or to an entire decision set (Eastman, 2001). In this way a
complete overview of the problem and scenario is taken into consideration for the study.

Generally, to meet a specific objective several criteria will need to be evaluated, this
process is called Multi-Criteria Evaluation - MCE (Voogd, 1983; Carver, 1991). MCE
is commonly achieved by one of two procedures: Boolean overlay and weighted linear
combination (WLC). The first involves criteria reduced to logical statements of
suitability and then combined by means of one or more logical operators such as
intersection (AND) and union (OR), in this thesis it was mainly applied for constraints.



The second, WLC, involves continuous criteria (factors) standardized to a common
numeric range and then combined by means of a weighted average. For this thesis,
mainly WLC was used since it allows a more flexible application of the criteria.

The main tool used in Idrisi was GIS analysis, specifically the Decision Support and the
Change/Time series modules containing a series of commands that help with the
automated assistant for single or multi-objective multi-criteria evaluation problems. By
the application of Fuzzy sets membership functions and MCE a series of maps and
tables are created based on the interactive effects of several contributing factors and
constraints that define how suitable an area or land might be for a specific development
or continuation of an existing landuse.

Methodology followed for MCE, which was the basis for landcover change analysis
using Idrisi Andes sofware, will be described in detail in the next sections. Results of
the different associations and evaluations applying mathematical expressions and
suitability criteria are given as maps and tables that will be explained in each one of the
sections covered in this chapter.

1.2.1. Factors and constraints

The purpose of building-up a MCE is to improve the decision making process by
combining a set of criteria to achieve a single composite, that will be the basis for
landcover change and projection analysis. A set of factors and constraints (Figure 2),
delineated by vector and raster maps, are the main input to built distance maps (Figure
3) using the “GIS Analysis/Distance Operators/Distance” procedure.

The target features from which distance was measured are represented by vector files
such us: rivers, roads and coast. Furthermore, constraints that are used to limit the
alternatives under consideration were represented by raster images that excluded certain
areas like urban settlements, water bodies and protected areas present in the study area.

Slope - factor Coastline — factor Urban areas and roads - constraint

e .

DEM - factor Protected areas — constraint Water bodies - constraint

Figure 2: Contributing factors and constraints used for MCE.



Figure 3 shows the distance maps obtained by the application of Distance Operators

module.

Distance from coast

Distance from urban areas and roads

Distance from water bodies

Figure 3: Distance maps from coast, water bodies and urban areas and roads used for

MCE.

Table 2 indicates the set of factors and constraints taken into consideration for this
analysis associated with their specific suitability criteria (best scenario and worst
scenario considering height, distance and steepness related to the chosen factors and
contraints) considering the classes present in the classified maps (the same used
previously - Figure 1).

Table 2: Contributing factors and constraints.

Class DEM Urban areas & roads | Water bodies Slope Coast
(height) (distance) (distance) (steepness) | (distance)
Forest +100 m +>3km +2km + 20° + 8 km
-0m -0m -0m -0° -1km
Mangrove +0m +>15km +0m +0° + 800 m
-50m -0m ->200m -2° -<400m
Urban +0m +0m +0m +0° +0m
->600m -3 km -2Kkm - 20° -12 km
Low +0m +0m +0m +0° +0m
vegetation ->200m -3 km -2km - 20° -1km
Water - - +0m - -
- 500 km

Figures 2 and 3 shows the input maps for MCE. The first step for MCE is the definition
of the Fuzzy Sets membership functions that is possible using: the constraints and
factors maps (Figure 2); the maps obtained with the distance procedure (Figure 3); and
the suitability criteria described in Table 2.




The suitability criteria in Table 2 were defined according to: the physical and natural
limitations of the considered species or ecosystems; the limitations of the terrain; and
behavioral patterns and tendencies of development and urbanization. For example, the
best conditions for mangrove growth according to suitable criteria shown in Table 2 will
be: at elevations less than 50 m; distant from urban settlements at least 1.5 Km; distant
no further than 200 m from water bodies; located at shallow slopes of no more than 2°;
and distant from the coast at least 400 m since at a closer distance there will be more
probabilities for anthropogenic influence.

1.2.2. Fuzzy Set Memberships Functions

All contributing factors and constraints were standardized using fuzzy set membership
functions. Fuzzy set membership is characterized by a grade (also called possibility)
that ranges from 0.0 to 1.0, indicating a continuous increase from non-membership to
complete membership of a pixel in a specific category (Eastman, 2001).

Fuzzy Set theory provides a rich mathematical basis for understanding decision
problems and for constructing decision rules in criteria evaluation and combination.
The Fuzzy module in IDRISI is designed for the construction of Fuzzy Set membership
functions and it offers four types of functions: Sigmoidal (S-shaped), J-shaped, Linear
and User-defined.

In this case the Sigmoidal membership function was chosen in all cases (Table 3),
which is perhaps the most commonly used function in Fuzzy Set theory (Eastman,
2001). This procedure rescaled the distance from feature objects (or factors) in non-
regular distance range. Preferences of pixel-vicinity were utilized within a certain group
of pixel membership and new pixel distribution was defined according to fuzzy set
membership functions (Altman, 1994).

Table 3: Suitability criteria used for Fuzzy Set membership functions according to
contributing factors and constraints.

Class DEM Urban areas | Water bodies Slope Coast
(height - m) | (distance - m) | (distance —m) | (Steepness - °) | (distance —
m)
+100 +.3000 + 2000 +
Forest f +%
a,b a,b a, b
-0 a, b a,b
-0 -1000
Mangrove | +0 +1500 | +0 +0 +
: : 800
R ﬁ cd N
L -0 A i a,b
- 200 -2 | -400
50
Urban +0 +0 +0 +0 +0
areas R R R X R
lcd lcd lcd | cd cd
600 3000 2000 20 12000




Low +0 +0 +0 +0 +0
vegetation | -
lcd lcd lcd 1 cd cd
- - 3000 - - +
200 2000 20 1000
Water +0
c,d
- 500

Table 3 shows the input criteria used in the Fuzzy Set membership function module
(Figure 4), giving as a result for every class a set of maps (5 maps) associated to the
criteria applied to each contributing factor and constraint. Figure 4 shows the results of
the application of the Fuzzy Set membership functions for forest and the criteria applied
in Idrisi software “GIS Analysis/Decision Support/FUZZY”” module.

distance of forest from coastline

i FUZZY - Fuzzy Set membership function

Membership Function Type
F’-‘ Sigmoidal € Linear

£ J-shaped © User defined

Input fle:

Dutput file uzzy_forest_urbdist

Output data fomat Feal [0.0-1.0range) =
Membership Function Shape

[G Monotonically increasing ¢ Manotonically decreasi g Symmetic ‘
Cortral paint b E—

Title: [suitabilty ciiteria for forests aceordigho distance from wiban settlements

oK | Cose | Hebp |

Figure 4: Fuzzy set membership function command and final output (set of maps) after
applying suitability criteria for forest.

For each one of the classes the same procedure must be followed and the set of maps
obtained in each will be the next input for the criterion weights module.

1.2.3. Criterion Weights — Weighted Linear Combination

Two of the most common procedures for multi criteria evaluation are: weighted linear
combination (WLC) and concordance-discordance analysis (Carver, 1991). In general,
for continuous factors, as in this study, weighted linear combination is the most
commonly used and the best option (Voogd, 1983). With a WLC, factors are combined
by applying a weight to each and followed by a summation of the results to yield a
suitability map, i.e.:

s = (> wixi)+I1Ci



Where: S = suitability
Wi = weight of factor i
Xi = criterion score of factor i
Ci = criterion score of constraints
Y. =sum
I1=product

Through the “GIS Analysis/Decision Support/WEIGHT” tool, information is break
down into a series of pairwise comparisons of the relative importance of factors to the
suitability of pixels for the activity or landuse being evaluated. Indeed, it is the
derivation of weights process, within the context of the decision objective that provides
the major challenge, since a series of criteria must be taken into consideration overall.

The technique used in Idrisi is that of Pairwise Comparison (PC) developed by Saaty
(1977) in the context of a decision making process known as the Analythical Hierarchy
Process - AHP (Eastman et al., 1995). In the PC process the most important of each
possible pair effects was selected and subsequently comparison was established in
qualitative terms (Ghribi, 2005). Ratings of the PC used for filling the AHP matrix
(Figure 5) are rated on a 9-point scale (Eastman et al., 1995). Weights are then derived
from the principal eigenvector of a square reciprocal matrix of PC between all
contributing factors (Eastman, 2001).

=100 Factor filename Factor weight

Pairwise Comparison 9 Point Continuous Rating Scale ———————————————— imang_coastd00 oos2a

I 1/9 17 1/5 143 1 3 5 7 a9 mang_slope? 02277

extremely  wery strongly  stongly  moderately  equally  moderately  stongly  wery strongly extremely

Less Important More Important Factor filename Factor veeight

o - - 01621

Fairwize comparizon file to be zaved : Iforest _l Calculate weights | PE—— 0.0830
forestdem100 | forestcoast8t Ifolestslope2ﬂ foresturban_3 Ifolestwater_2 | e Factor weight

:::z:::;g? 1}}3 1 P 0.2562

forestsop=20 |3 5 1 urban_demB00 0.0853

foresturban_3 |3 3 143 1 urbah_slope20 0.0450
forestwater 2 |1/5 143 147 1/5 1 Factar filaname Factor weight

lowveg_coaszt1 000 0.2689

lowwveg dem00 0.0778

| Compare the relative importance of farestslope20 to forestwater_2 lowveg slope20 01239

lowwvedg_urb3000 0.4752

ok | Close | Hep | lowveq_water2000 0.0495

Figure 5: Pairwise comparison matrix using continuous rating scale on the AHP Idrisi
module and derived weights from the principal eigenvector assigned to each

factor.

The same PC procedure is applied to all classes. The procedure then requires that the
principal eigenvector of the pairwise comparison matrix be computed to produce “best
fit” weights (Table 4), being the result a set of weights (Figure 5) for each class
associated to all contributing factors and constraints.



Table 4: Weights derived by calculating the principal eigenvector of the pairwise
comparision matrix (CR = consistency ratio).

Forests Urban Low vegetation Mangrove

Factor | Weight Factor | Weight Factor Weight Factor Weight
Slope | 0.4578 Urban | 0.4626 Urban 0.4752 DEM 0.4938
Urban | 0.2559 Coast | 0.2562 Coast 0.2689 Slope 0.2277
DEM | 0.1621 Water | 0.1493 Slope 0.1289 Water 0.1492
Coast | 0.0830 DEM | 0.0859 DEM 0.0775 Coast 0.0828
Water | 0.0413 Slope | 0.0460 Water 0.0495 Urban 0.0464
CR 0.06 CR 0.06 CR 0.09 CR 0.09

In Table 4 it is possible to see the weights (sum is always 1) calculated by pairwise
comparison, in each class the criteria analyzed follow a specific order, indicating in this
way to which extend one effect (factors and constraints) is more important than the
other. For example, for forest the most important criteria to consider its suitability is
slope, since higher the steepness more probability for forest development and
conservation; followed by urban criteria due to anthropogenic activity stressing forest;
the last criteria for forest suitability will be water, since due to climatic conditions of the
study area characterized by an intense rainy season, vicinity to water bodies is not
essential for forest development. For mangrove, for example, the most crucial criteria
for its suitability are elevation and slope, since these ecosystems are able to develop on
low elevations and soft slopes, being the least essential among the criteria evaluated for
this study area, its vicinity to urban settlements, without intending that it is not
important but considering the importance of other criteria it is less significant than the
others.

1.3. Suitability Maps and Predicted Landcover
Multi Criteria Evaluation

As indicated before, the primary issue in MCE is concerned with how to combine the
information from several criteria to form a single index of evaluation. In order to do
this, an attempt was made to create suitability maps for each class analyzed, inserting
interactive effects of the contributing factors and constraints previously processed.

Following the “GIS Analysis/Decision Support/MCE” module, previous files containing
the factors weights are used for calculating a set of suitability maps, which are created
multiplying each factor by its weight, adding the results and then successively
multiplying the result with Boolean operation by each of the constraints which exclude
reserved areas (i.e. water, protected areas and urban settlements).

Suitability maps depict the sensitivity of areas to develop or keep the analyzed classes:
forest, mangrove, low vegetation, urban areas. Water was not taken into consideration
since significant landcover changes regarding this feature are not expected to take place
in this study area. Once the multi criteria suitability maps have been created for each
objective, the multi objective decision problem can be approached, in this case lancover
change analysis was the main concern.



The principal eigenvector of weights resulting from pairwise comparison between
factors used in the MCE procedure were used to create suitability maps in each case.
The MCE command used in Idrisi for the creation of these maps is shown in Figure 6.
The four (since water is not considered) suitability maps (Figure 7) will be the basis for
landcover change analysis between images of 1993 and 2000 and the future landcover
prediction for 2010.

o o] o
— MCE procedure to be uzed — Factors
" Boolean intersection " Ordered weighted average Factar filename Factar weight Mumber of factors :
& Weighted linear combination forestdem 00 01621 = =
— Constraints farestooast B 0.0830 -1
Congtraint filename Mumber of constraints ; forestslope20 0.4578
urban_mask i = foresturban_3 0.2559
= farestwater_2 00413
e [ I Remove file ... I
Output image © forestzuitability | Retriewve parameters I Save parameters I
Title : itabili i
ISultab|I|t_l,l map for Mata Atlantica forests ’TI Close I Help I

Figure 6: MCE command with the principal eigenvector of weights resulting from
forest pairwise comparion.

Figure 7 shows the final four suitability maps obtained from MCE.

Mangrove suitability map B Very low suitability © ; Urban areas suitability map
Low suitability
Middle suitability
High suitability
Very high suitability

Forest suitability map

Figure 7: Suitability maps resulting from MCE showing the degree of susceptibility of
each pixel to host the classes analyzed.

Suitability maps emphasize the criteria applied to each of the contributing factors and
constraints, for example, it is possible to say that for urban areas development the most
suitable areas are those located at mid-low elevation and close to the coast and water
bodies. Furthermore, for forest areas with the highest suitability are those at high



elevation and distant from urban settlements. Regarding mangrove, areas with the
highest suitability are those at low elevations and close to water bodies.

2. Landcover prediction and potential scenarios of change
2.1. Markov Transition Estimator (MTE) and Landcover Prediction

A Markovian process is one in which the state of a system at time 2 can be predicted by
the state of the system at time 1, given a matrix of transition probabilities from each
cover class to every other cover class. The “GIS Analysis/Change-Time Series/Markov”
module (Figure 8) takes two landcover maps as input (1993 and 2000) and as part of the
outputs it produces (Eastman, 2001):

- Atransition probability matrix that express the likelihood that a pixel of a given
class will change to any other class (or to stay the same) in the next period.

- Atransition areas matrix that express the total area (in cells) expected to change in
the next time period.

- A set of conditional probability images (Figure 9), one for each landcover class.
These maps express the probability that each pixel will belong to the designated
class in the next time period. They are conditional probability maps since this
probability is conditional on their current state.

=10l =l
First [earlier] land cover image: i-| 933 0 I
Second [later] land cover image: lzggg_g I
Prefix for output conditional probability images: IcthS_2DDE1 i
MHumber of time periods between the first and second land cover images: i?
Mumber of time periods to project forward from the second image: l‘l ]
- Background cell option
% Azsign 0.0

£ Azsign equal probabilities

€ Azsign relative frequency

Proportional ermor: ID.D
ok | Close | Help |

Figure 8: Markov transition estimator (MTE), considering landcover images of 1993
and 2000 and projection for 2010.

The same images used before, June 1993 and April 2000 were used for the Markov
transition estimator to predict the 2010 landcover, projecting the 1993 and 2000 images
(7 year time period).

Table 5 represents the transition probability matrix from which it is possible to say that
most of the classes have stayed the same (values in bold), except for low vegetation that
shows the lowest probability (24.51%) and has 11.63% of probability to be transformed
into urban areas. This table shows a similar tendency to that expressed in Table 5
emphasizing changes between 1993 and 2000 using ArcMap software for the analysis.



Table 5: Transition probability matrix of landcover 2000 (columns) against landcover
1993 (rows) expressed in percentages.

Mangrove | Urban areas | Low vegetation | Water Forest
Class (%) (%) (%) (%) (%)
Mangrove 68.36 1.35 0.66 15.98 13.65
Urban areas 2.33 70.46 11.63 1.85 13.73
Low vegetation 2.98 25.63 24.51 1.09 45.79
Water 1.56 1.75 0.47 95.76 0.45
Forest 15 3.35 8 0.88 86.27

The transition areas matrix is synthesized in Table 6, values were transformed from
cells to Km? (based on the 30m x 30m resolution of each pixel) in order to quantified
changes in area units.

Table 6: Transition areas matrix of landcover 2000 (columns) against landcover 1993
(rows) expressed in square kilometers.

Mangrove | Urban areas | Low vegetation | Water Forest

Class (Km?) (Km?) (Km?) (Km?) (Km?)
Mangrove 57.66 1.14 0.56 13.48 11.51
Urban areas 4.36 131.82 21.76 3.46 25.68
Low vegetation 2.90 24.96 23.87 1.07 44.59
Water 0.90 1.02 0.27 55.45 0.26

Forest 9.12 20.42 48.78 5.38 526.15

Figure 9 shows the conditional probability maps for mangrove and urban areas,
indicating the different degrees of likelihood that these classes will develop or appear in
specific areas for 2010. The urban areas map indicates a high chance that they will
continue to grow therefore covering great extensions at mid-low elevations, while for
mangrove the probabilities to keep extending are logically lower. The same type of
maps were obtained for forest and low vegetation.

I \iask urban areas (constraint)
Il Mask protected areas (constraint)
Il Mask water (constraint)

1 Mask shifted stripe

[Ivery low probabilicy
[ Low probability

[ IMiddle probability
[ High probability

B vYery high probability

Urban areas

Mangrove

Figure 9: Conditional probability maps obtained from MTE for mangrove and urban
areas.



2.2. Cellular Automata/Markov Chain and Landcover Prediction

It is a combined procedure that adds an element of spatial contiguity as well as
knowledge of the likely spatial distribution of transitions to Markov change analysis
(Ghribi, 2005). One of the basis spatial elements that underlines the dynamics of many
change events is proximity: areas will have higher tendency to change to a class when
they are near existing areas of the same class (i.e. expansion phenomenon). This can be
very effectively modeled using cellular automata. A cellular automaton is a cellular
entity that independently varies its state based on its previous state and that of its
immediate neighbors according to a specific rule (Eastman, 2001). There is a similarity
to a Markovian process, the only difference is application of a transition rule that
depends not only upon the previous state but also upon the state of the local
neighborhood.

A cellular automaton procedure used as a predictive landcover change is implemented
with  “GIS  Analysis/Change-Time Series/CA_Markov” module (Figure 10).
CA_Markov takes as input the landcover map from which changes should be projected
(2000), the transition areas file produced by Markov in the previous step (Table 7) and
the set of suitability maps (Figure 7) produced by MCE. Then by a iterative process of
relocating landcover until it meets the area totals predicted by Markov module. The
output is a projected landcover map based on the principle that changes develop as a
growth process in areas of high suitability proximate to existing areas (Eastman, 2001).

In this case the output was a projected landcover map of 2010 (Figure 12)
=1=  Image from

#E CA_MARKOY - Cellular Automata/Markoy [
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Bagiz land cover image: IIdZDEID -——-—-—"“""j——' will be projected
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_>
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Output documentation ... I
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Figure 10: Markov change prediction based on Cellular Automata process.

3. Results of landcover change

After applying the series of criteria indicated before in each one of the previous sections
two landcover change maps were performed: a map indicating landcover changes
between 1993 and 2000 (Figure 11) and a map indicating landcover changes between
2000 and the projected map of 2010 (Figure 12).

The “GIS Analysis/Database query/Crosstab” module produced a series of tables with
the tabulations and associations between the 2 set of images among which comparison



and evaluations were performed (1993 and 2000, 2000 and 2010). The most important
results will be shown in tables 7 and 8.

3.1. Landcover change between 1993 and 2000

As indicated before, changes referring to vegetation were those taken into consideration
for analysis. 11 highlights vegetation changes and Table 7 indicates the cross tabulation
of classified landcover 1993 (columns) against classified landcover 2000 (rows).

Mangrove to urban areas
Mangrove to low vegetation
Low vegetation to urban areas

I
]
]
[ 1 Low vegetation to forest
B
]
]
[

Forest to urban areas
Forest to low vegetation
Mask shifted stripe
Water

Figure 11: Map of landcover highlighting vegetation changes occurred between 1993-2000
using Idrisi software. Areas circled indicate high deforestation of Mata Atlantica.

Table 7: Cross tabulation of classified landcover for 2000 (columns) against landcover
for 1993 (rows) expressed in percentages.

Mangrove | Urban areas | Low vegetation Water Forest
Class (%) (%) (%) (%) (%)
Mangrove 85.03 0.48 0.34 18.88 1.55
Urban areas 3.90 80.68 19.30 4.34 2.97
Low vegetation 2.76 11.54 39.48 1.22 6.10
Water 0.56 0.28 0.15 69.28 0.02
Forest 7.74 7.02 40.74 6.28 89.37

3.2. Landcover prediction for 2010

Another important result based on the MCE, Markov, and Cellular Automata procedure
was a projected landcover map of 2010 (Figure 12). This possibility is quite significant
for performing predictions of landcover in which is possible to anticipate what might be
the changes and future scenarios regarding landuse of a specific area.



The results should be considered as a important source of information for environmental
modeling and decision making processes. The validity and reliability of these
projections depends on the quality of the input information, referring to the existing
classified images. Better quality of input sources will give more reliable predictions, for
this reason it is important to have good quality images and preferably of the same
season.

In this case, the seasonal difference between images of 1993 and 2000 significantly
influenced 2010 prediction since all iterations and calculations are based on the previous
changes and differences between these two images. Nevertheless, the predicted landuse
of 2010 can be considered as an appropriate source of information for future analysis
and studies. Figure 12 represents the predicted landcover map of 2010 using cellular
automata modeling comparing it with the previous classified images of 1993 and 2000.

I Forest

[ Mangrove
1 Low vegetation
I Urban areas
Bl \Water

Il No data

[ Mask

Figure 12: Landcover maps of 1993, 2000 and predicted 2010.

From Figure 12 it is possible to see that landcover predicted map of 2010 has a more
uniform texture, the main reason of this uniformity is due to cellular automata
modeling, since this takes into consideration not only the previous state (1993 and
2000), but also the state of the local neighborhood pixels, so considering the expansion
of some classes (e.g. forest) this will give a greater weight or probability on their
prediction. For example since forest cover a great extension, all pixels included in the
neighborhood of this class will be classified as one of them in the 2010 projection. The
same for urban areas, all pixels included in a close neighborhood of this class will be
classified as one them in the 2010 prediction.



3.3. Landcover change between 2000 and 2010

Predicted landcover map of 2010 was used to calculate possible landcover changes
within 10 years from the last available image of 2000. These results and the cross tables
associated to these changes will be discussed in this section.

The cross tabulation table indicates the associations between all classes using images
2000 and 2010. To better illustrate these landcover changes results are expressed in

percentages.

Table 8: Cross tabulation of classified projected landcover of 2010 (columns) against
landcover for 2000 (rows) expressed in percentages.

Mangrove | Urban areas Low vegetation Water Forest
Class (%) (%) (%) (%) (%)
Mangrove 83.85 0.13 0.68 16.30 1.28
Urban areas 3.12 96.09 3.40 3.98 0.99
Low vegetation 3.12 2.78 59.67 1.23 5.30
Water 1.17 0.14 0.22 71.43 0.04
Forest 8.74 0.85 36.03 7.06 92.39

From this table it is possible to see that most of the classes analyzed have high
probability to remain the same represented by values in bold, which indicate less impact
on the area. Table 8 indicates high percentages for remaining undisturbed, this might be
a result of the continuity of environmental programs and implementation of law
(CONAMA, 2002) in the area, that is a good indicator of a promising improvement of
environmental conditions in Santos.

Landcover changes for vegetation are highlighted in Figure 13, taking into
consideration feasible changes between 2000 and 2010.
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Figure 13: Map of landcover hightlighting vegetation changes occurred between 2000 — 2010.
Avreas circled indicate high deforestation of forest.




As is possible to see, there is less impact regarding forest being transformed into urban
settlements, but one of the most significant changes predicted for 2010 is forest into low
vegetation (5.30%), which can be considered as a fact to take into consideration for
further protection of these ecosystems in the area.

Also in this case the same tendencies as in the previous changes analyzed for 1993 —
2000 are present here, this was expected since 2010 prediction is based on these images.
The same misclassifications affected by seasonal differences in these original images
are carried on to the predicted image as well.

So to have a complete view of the general landcover change tendencies for each one of
the selected classes, Figure 14 emphasize the main changes among the 3 images
between 1993 and 2010. Figure 15 shows the similarity between landcover tendencies

of classified images of 1993 and 2000 and projected image of 2010.

Differences in landcover between 1993 - 2000 - 2010 Class 1993 2000 2010
70.00 94.42 84.35 74.94
60.00 Mangrove | 8.88% | 7.92% | 6.73%
Urban 198.07 | 187.08 | 178.63
50-00 areas | 18.63% |17.57% | 16.04%
& 40.00 Low | 106.64 | 97.39 | 94.89
g 30.00 vegetation | 10.03% | 9.14% | 8.52%
& oo 4139 | 57.91 | 78.71
' Water 3.9% 5.44% | 7.07%
10.00 1 622.75 | 609.85 | 607.26
0.00 4 Forest 58.57% | 57.26% | 54.52%
2 g 5 o) 2 2 Shadow 0% 26.65 | 77.60
e s 8% g g 5 2.51% | 6.97%
= g 5] 2
=} =
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Figure 14: Differences in landcover categories between 1993 and 2010 of classified and
predicted images in percentages and square kilometers.
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Figure 15: Landcover tendency showing a straight similarity between classified landcover and

projected landcover of 2010.




4. Summary of landcover analysis

Summarizing it is possible to say that there have been some evident landcover changes
in Santos from 1993 to 2000, specially focusing on vegetation changes like Mangrove
to urban areas or to low vegetation, as well as forests to urban areas and low vegetation.
The analysis were focused on these specific changes since these types of vegetation are
considered to represent the most important natural ecosystems existing in Santos study
area. Based on multitemporal analysis applied to the two Landsat images available and
the application of GIS it was possible to define which areas have been transformed into
what giving in this way a clear idea of the location of the most threatened areas
regarding anthropogenic activities as deforestation and urbanization.

The application of MCE was a very important tool for the success of these evaluations
since allowed the combination of several criteria, carefully selected and representing the
main characteristics of the study area, to form a frame of limitations and possibilities
that best represent the evolution and previous changes taken place in Santos. This
process and the results obtained set the basis for future predictions. For this reason the
future tendency for landcover in 2010 is quite similar to that already occurred between
1993 and 2000. Nevertheless, this is quite acceptable taking into consideration that
anthropogenic activities and its effects on the area seem to be under control due to more
strict laws existing nowadays in Santos (CONAMA, 2002). By MCE analysis it was
possible to determine the most suitable areas for specific landcover development in
2010. In this way giving the user of these tools the possibility to predict what could be
the scenario of Santos in the near future.

These analysis are quite useful in the creation and proposal of development plans,
giving local authorities and planners an important and valuable resource, a future
scenario of the study area, to take their decisions; foreseeing the consequences and
effects of specific present activities. This facilitates the creation of preventive measures
to keep anthropogenic activities under a reasonable control.
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