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Abstract

The cross-tabulation matrix is a fundamental starting point in the analysis of land change, but many scientists fail to analyze
the matrix according to its various components and thus fail to gain as much insight as possible concerning the potential
processes that determine a pattern of land change. This paper examines the cross-tabulation matrix to assess the total chang
of land categories according to two pairs of components: net change and swap, as well as gross gains and gross losses. Analysi
of these components can distinguish between a clearly systematic landscape transition and a seemingly random landscape
transition. Multiple resolution analysis provides additional information concerning the distances over which land change
occurs. An example of change among four land categories in central Massachusetts illustrates the methods. These methods
enable scientists to focus on the strongest signals of systematic landscape transitions, which is necessary ultimately to link
pattern to process.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction state of the landscape between time 1 and time 2; if
the model predicts persistence, then the model is usu-
1.1. A fundamental problem ally accurate. Furthermore, a null model that predicts

no change is often better than a model that predicts
If scientists judge a model's success by its ability change, as the agreement between the reference map

to predict change correctly, then it appears that many of time 1 and the reference map of time 2 is often
land-use change models are failing. Typically, models greater than the agreement between a model's pre-
extrapo|a’[e the Change among land Categories from diction of time 2 and the reference map of time 2. A
time 1 to time 2. A validation procedure compares Model's prediction of time 2 can, upon visual inspec-
the models’ predictions of time 2 to a reference map tion, appear to be an excellent fit due to the domi-
from time 2. Usually the percent correct is high, nhance of persistence, whereas the same model usually
which engenders a nme confidence in the model’s predicts incorrectly when it tries to predict Change.
predictive abilities. Closer inspection reveals the high Published literature shows that this phenomenon is
percent correct is attributable primarily to the static more the rule than the exceptiowgar and Bolstad,

1998; Mertens and Lambin, 2000; Geoghegan et al.,

"+ Corresponding author. Tek+1-508-793-7761; 2001; Schneider and Pontius, 2001; Brown et al.,
fax: +1-508-793-8881. 2002; Chen et al., 2002; Lo and Yang, 2002;
E-mail addressrpontius@clarku.edu (R.G. Pontius Jr.). Manson, 200

0167-8809/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.agee.2003.09.008



252 R.G. Pontius Jr. et al./Agriculture, Ecosystems and Environment 101 (2004) 251-268

These failures derive in part from the fact that the the sum over ali of P;;. Usually the transition ma-
most commonly used statistical methods lack funda- trix ends thereTable 1 however, shows an additional
mental concepts important for land change analysis. row and an additional column. The additional column
The methods taught in most university programs fail on the right indicates the proportion of the landscape
to account for land persistence in a manner capa- that experiences gross loss of categdngtween time
ble of detecting important signals of land change. 1 and time 2. The additional row on the bottom in-
If scientists fail to detect the most prominent sig- dicates the proportion of the landscape that experi-
nals of land change, then they can neither researchences gross gain of categorybetween time 1 and
nor model land change accurately. This paper in- time 2.
troduces novel statistical methods to help identify = Most statistics courses teach us to analyze the ma-
signals of systematic processes within a pattern of trix with a chi-square type of test. The chi-square ap-
land change. These methods will help our profession proach compares the matrix of observed values to a
focus research on the strongest signals of system-matrix of expected values that are generated by ran-
atic land change and ultimately to link pattern to dom chance. The chi-square approach computes the
process. expected values by assuming that each t®al, and

The most pragmatic way to analyze land change P ; is given a priori. The expected proportion of the
is to do the following: obtain maps from time 1 and landscape that experiences a transition from category
time 2; examine the changes with a transition matrix i to category due to random chance®s, timesP ;.
to identify the most important transitions; and then re- More specifically, the expected proportion of the land-
search the processes that generate the transitions. Thacape that experiences persistence of catepoye
traditional cross-tabulation matrix or transition matrix to chance i®; timesP, ;. Eq. (1)gives the formula
follows the format ofTable 1 wherein the rows dis-  for the chi-square statistic, whekeis the number of
play the categories of time 1 and the columns display grid cells in the map:
the categories of time 2. The notati& denotes the ;o 5
proportion of the landscape that experiences a transi- y2 _ » {N o [Pij — (Piy x Py )] } )
tion from categoryi to categoryj where the number (Piy X Pyj)
of categories ig. Entries on the diagonal indicate per-
sistence, thu®;; denotes the proportion of the land- For nearly all landscapes, the observed persistence
scape that shows persistence of categoBntries off is much greater than the expected persistence due to
the diagonal indicate a transition from categotg a chance according to the standard chi-square calcula-
different category. In the Total column, the notation tion, so the chi-square result appropriately detects a
Pi+ denotes the proportion of the landscape in cate- strong signal of persistence. The problem is that sci-
goryi in time 1, which is the sum over ajlof P;;. entists usually already know that persistence domi-
In the Total row, the notatioR. ; denotes the propor-  nates the landscape. Scientists want to identify the
tion of the landscape in categoryn time 2, which is dominant signals of land change. The methods of this

i=1j=1

Table 1
General cross-tabulation matrix for comparing two maps from different points in time
Time 2 Total time 1 Loss
Category 1 Category 2 Category 3 Category 4
Time 1
Category 1 P11 P12 P13 P14 Piy P — P
Category 2 Poq P2y P23 Pog Po Py — Pop
Category 3 P31 P32 P33 P34 Py P3 — P33
Category 4 Pa1 Pa> Pa3 Paa Py Py — Pyg
Total time 2 Pi1 Pi2 Pi3 Pia 1

Gain Pi1— Pu1 Pip— P2 P,3— P33 Pig— Puy
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paper allow scientists to identify the signals of change
separately from any given level of persistence.

1.2. Approaching the solution

Scientists can analyz&able 1 at several levels
of detail. This paper espouses an analytical pro-
gression from general to more detailed levels of
information.

At the most general level of information, the Total
row lists the quantity of each category at time 2 and
the Total column lists the quantity of each category
at time 1. The difference between the two is termed
the “net change”. While this information can be use-

253

amine the table at a greater level of detail than just
the row and column totals. Unfortunately, it is com-
mon practice to report only net chang¥afg and
Lo, 2002. This problem of data format is so preva-
lent that many researchers are left with little alter-
native but to use data of only net chandgea{lopin

et al., 1997.

The diagonal entries ofable lindicate the total
amount of persistence, which dominates most land-
scapes, including those where authors claim that the
change is important and/or largé/éar and Bolstad,
1998; Mertens and Lambin, 2000; Geoghegan et al.,
2001; Saczuk, 2001; Schneider and Pontius, 2001;
Chen et al., 2002 Even in the Atlanta Metropolitan

ful, a lack of net change does not necessarily indicate Area, which is renowned as one of the United States’
a lack of change on the landscape. It is possible that fastest growing metropolises, there has been 75% per-
change occurs in such a way that the location of a sistence over the last three decadémg, 2002; Yang
category changes between time 1 and time 2, while and Lo, 2002. Consequently, it is important that statis-
the quantity remains the same. For example, a given tical methods account for persistence when examining
quantity of forest loss at one location can be accom- land change. The persistence shown on the diagonal
panied by the same quantity of forest gain at another of Table lis required to compute two types of change:
location. This type of change in location is termed a gains and losses. As mentioned previously, the bot-
“swap”. A net change in the quantity of a category tom row shows the quantity gained for each category
indicates a definite change on the landscape; a lackand the right-hand column shows the quantity lost for
of net change does not necessarily indicate a lack of each category. The gains are the differences between
change on the landscape since the net change fails tathe column totals and persistence. The losses are the
capture the swapping component of change. differences between row totals and persistence.

The concept of swap is particularly important be- Analysis of persistence, gains and losses is instruc-
cause some of the most common sources of land-covertive, but it fails to inform whether there are systematic
data are available in a form that gives only the quan- transitions among the categories because this general
tity of each land-cover type over time. The United analysis fails to examine the dynamics among the
Nations Food and Agriculture Organization publishes off-diagonal entries offable 1 The following meth-
data concerning the area of various land-cover types ods section shows how to analyze the off-diagonal
by country by yearFAOSTAT, 2003. Due to its for- entries to identify systematic transitions of land
mat, the data can be used to compute the annual netchange for a given landscape’s degree of persistence.
change of the area of any land-cover type, but cannot A subsequent subsection shows how to perform the
be used to compute the gross gain, gross loss or swapanalysis at multiple resolutions in order to examine
of any category. If the total forest area for a country how land change occurs over geographic distance.
is constant, it is impossible to know whether the land- The paper also formalizes terminology that is useful
scape is stable or whether deforestation is accompa-for discussing common types of land change.
nied by regrowth. The danger is that the net change Taken in their entirety, the methods sections of this
can dramatically underestimate the total change on the paper allow land-cover change scientists to answer the
landscape. For exampl®Mertens and Lambin (2000) following battery of increasingly detailed questions:
analyzed the entire transition matrix to find that the (1) What is the net change of each category? (2) What
net deforestation was less than half of the gross de- are the gain, loss and swap of each category? (3) What
forestation in their study area in Cameroon from 1991 are the most systematic transitions among categories?
to 1996. In order to quantify the total change, a sci- (4) Over what distances does change occur for each
entist must have data in the formatTdble land ex- category?
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2. Methods grid cells, wherein each cell has a resolution of 30 m
x 30m.
2.1. Data and a na/e matrix Fig. 3focuses on the change in the Forest category

from 1971 to 1999. Light gray shows persistence of

Maps for 10 towns in central Massachusetts for forest and dark gray shows persistence of non-forest.
the years 1971 and 1999 Iillustrate the methods Black shows deforestation and white shows forest re-
(MassGIS, 200R Figs. 1 and 2show these maps growth. There is a net loss of forest since there is more
for four categories: Forest, Open, Residential, and black than whiteFig. 4 shows the change in the Open
Other. Forest is a land-cover category as defined by category. Open accounts for a small proportion of the
the classification system of the maps from MassGIS. landscape and there are equal amounts of gain and loss,
The Open category consists of abandoned agriculture, thus the net change in Open is zero. Also notice that
power lines, and undeveloped areas that lack densethe patches of gain and loss of Open are not clustered
vegetation. Residential land consists of residential particularly close togetheFig. 5shows the change in
areas with quarter- to half-acre lots. Other land com- the Residential category, which is characterized by a
prises mostly high-density residential, agricultural, net increase with almost no loss of Residential area,
and transportation land. Each map contains 651,488 hence almost no swapping.

[ om™ER
Il OFEN
[] RESIDENTIAL

1 roresT

meters
5000.00

Fig. 1. This map shows the land cover of the study area in 1971 according to a four-category classification scheme.
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Fig. 2. This map shows the land cover of the study area in 1999 according to a four-category classification scheme.

The 1971 and the 1999 maps are compared to pro-that Forest experiences the largest loss, 7.20% of
duce a cross-tabulation matrix that shows the percent-the landscape, and that Other experiences the largest
age of the landscape within each combination of cate- gain, 5.50% of the landscape. The next subsection fo-
gories.Tables 2 and @armark these percentage values cuses on the persistence, gains and lossdaluks 2
in bold in the same arrangement of rows and columns and 3 the subsequent subsection analyzes the
asTable 1 off-diagonal entries offables 2 and 3

The first step in analyzing the matricesT#bles 2
and 3is to examine the Total column and the Total row, 2.2. Net change and swap
which demonstrates that the two largest categories are
Forest and Other for both 1971 and 1999. The next  This subsection shows how to answer two questions:
step is to examine the diagonal entries, which calculate (1) What is the net change of each category? (2) What
the percentage of the landscape that persists for eachare the gain, loss and swap of each categdnfile 4
category. The diagonal entries are used to compute gives the answer to the first question by computing
the gains and losses within each category, accordingfor each category the absolute value of net change,
to the formulas offable 1 This computation exhibits ~ which is|P, ; — Pj|.



256 R.G. Pontius Jr. et al./Agriculture, Ecosystems and Environment 101 (2004) 251-268

FERSISTENCE OF FOREST

1

Bl 0sTFOREST

[ ®AINED FOREST

[ FERSISTENCE OF NON-FOREST

Grid Maotth

meters
e —

5000.00

Fig. 3. This map shows the change in the Forest category between 1971 and 1999.

To answer the second questidable 2gives addi- sistence is 6.48%, so only 0.02% of the landscape
tional information concerning gain, loss, persistence, shows loss of Residential. In 1999, 8.92% of the land-
and swapTable 2illustrates the concept of swap by scape is Residential, so 2.45% of the landscape shows
showing that the quantity of the Open category in both a gain in Residential. Most of the change in the Res-
1971 and 1999 is 2.78%. If one knew only the total idential category is net changgig. 5 shows this net
quantity at each time, a hee interpretation would con-  change.
clude that the Open category does not change. How- Egs. (2)—-(4)formalize the language of these fun-
ever, the persistence in the Open category is 1.72% of damental types of change for any particular category.
the landscape, so the amount of gain between time 1Eq. (2) defines the amount of swap, denotggd for
and time 2 is 1.06%, which is equal to the loss be- each categorj; as two times the minimum of the gain
tween time 1 and time 2. Therefore, all change in the and loss. Each grid cell that gains is paired with a
Open category is a swapping-change dynarrig. 4 grid cell that loses to create a pair of grid cells that
demonstrates this swapping. swap. For the Open category, it is possible to pair each

In contrast, the Residential category indicates al- gain with a loss because the amount of gain is equal
most no swapping. For the Residential category, the to the amount of loss. For the Residential category,
total in 1971 is 6.50% of the landscape and the per- however, it is not possible to pair each gain with a loss
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Fig. 4. This map shows the change in the Open category between 1971 and 1999.

because the amount of gain is larger than the amountD; = MAX (P, — Pj, Pyj — Pjj)
of loss: —MIN(Pjy — Pj, Pyj — Pj)=|Py; — Pjy]|
S; =2 xMIN(Pj; — Pj, P+ — Pj) 2 ()

Eqg. (3) defines the absolute value of the net change, Eqg. (4) shows that one can express total change for
denotedD;, for categoryj as the maximum of the each category as either the sum of the net change
gain and loss minus the minimum of the gain and loss. and swap or the sum of the gains and losses. No-
This net change is the remaining unpaired gain or loss tice that if MAX(P;;. — Pj, Py; — Pjj) is the gain,
after all gains and losses have been paired to computethen MIN(P;, — Pj, Py; — Pj) is the loss; and
the amount of swap. Therefore, the net change for if MAX (P, — Pj, Py; — Pj) is the loss, then
the Open category is zero, and the net change for theMIN (P;. — Pj, P, ; — P}j) is the gain.Table 4shows
Residential category is 2.43% of the landscdgg.(3) how Eq. (4)applies to the example for each category:
is a helpful way to think about net chandggeq. (3)

yields the same results as the previously mentioned Cj=Dj+Sj =MAX(Pj — By, P+j — Pj)

simple formula,|P;; — P, |: +MIN(P;y — Pj, Prj — Pj) (4)



258 R.G. Pontius Jr. et al./Agriculture, Ecosystems and Environment 101 (2004) 251-268

FERSISTENCE OF RESIDENTIAL
LOST RESDENTIAL

GAINED RESIDENTIAL
PERSISTENCE OF NOM RESIDENTIAL

Fig. 5. This map shows the change in the Residential category between 1971 and 1999.

Table 4 shows also how to aggregate the change 2.3. Inter-category transitions

of the individual categories to compute the change

for the entire landscape. The change for the land- The next step is to examine the off-diagonal en-
scape is equal to the total gains of the individual tries of the cross-tabulation matrix, which show that
categories, which is equal to the total losses of the the most prominent transition is conversion from For-
individual categories. The Total change column of est to Other, accounting for 5.00% of the landscape.
Table 4 shows that the sum of the changes in the Therefore, a niae interpretation offable 2would in-
individual categories double-counts the change on dicate that the most systematic process on the land-
the landscape because change in one grid cell countsscape is the transition from Forest to Other. However,
as a gain in one category and a loss in another cat- such an interpretation fails to consider that Forest and
egory, such that the total change on the landscapeOther are the two largest categories; even a random
is one-half the sum of the changes in the individual process of land change would cause a large transition
categories. Similarly, the total swap on the landscape from Forest to Other. The fact that the largest transi-
is one-half the sum of the swaps in the individual cat- tion is from Forest to Other is insufficient evidence to
egories; and the total net change on the landscape isconclude that the Other category is systematically tar-
one-half the sum of the net changes in the individual geting the Forest category for replacement. In order
categories. to identify systematic transitions within the transition
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Table 2
This matrix analyzes percent of land change in terms of §ains
1999 Total 1971 Loss
Forest Open Residential Other
1971
Forest 48.74 0.33 1.86 5.00 55.94 7.20
4874 061 146 471 5553 679
(0.00) 0.28) (0.40) (0.29) (0.41) (0.41)
[0.00] [-0.45] [0.27] [0.06] [0.01] [0.06]
Open 0.48 1.72 0.11 0.47 2.78 1.06
0.07 172 007 023 209 037
(0.42) (0.00) (0.03) (0.24) (0.68) (0.68)
[6.14] [0.00] [0.45] [1.01] [0.33] [1.83]
Residential 0.00 0.00 6.48 0.02 6.50 0.02
0.16 007 648 055 725 Q77
(—0.16) 0.07) (0.00) €¢0.52) 0.75) 0.75)
[—0.99] [-0.99] [0.00] [0.96] [-0.10] [-0.97]
Other 0.59 0.73 0.48 32.99 34.78 1.80
0.85 038 091 3299 3513 214
(-0.26) (0.35) ¢0.43) (0.00) €0.34) +0.34)
[—0.30] [0.91] [0.47] [0.00] [0.01] [-0.16]
Total 1999 49.81 2.78 8.92 38.48 100.00 10.08
49.81 278 892 3848 10000 1008
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
[0.00] [0.00] [0.00] [0.00] [0.00] [0.00]
Gain 1.07 1.06 245 5.50 10.08
1.07 106 245 550 1008
(0.00) (0.00) (0.00) (0.00) (0.00)
[0.00] [0.00] [0.00] [0.00] [0.00]

3The number in bold is the actual percent of the landscape. The number in italics is the percent of the landscape that would be
expected if the process of change were random. The number in round parentheses is the actual minus expected percent. The number in
square brackets is the number in round parentheses divided by the number in italics.

matrix, one must interpret the transitions relative to the then distributes the gain across the other categories
sizes of the categories. The following sections explain according to the relative proportion of the other cat-
how to do this using the other numbersTables 2 egories in time 1. These expected values represent a
and 3 random process of gain because a category that gains
Table 2gives four numbers for each combination will replace other categories in proportion to how those
of categories in time 1 and time 2. The top number other categories populate the landscape at time 1, if
in bold is the combination’s percent observed on the it replaces the other categories at random. That is,
landscape. Below the bold number, the second number,Eq. (5)distributes the gain in each column among the
in italics, is the combination’s percent that would be off-diagonal entries within the column.
expected if the gain in each category were to occur For the diagonal entries, the expected number is

randomly as calculated by equal to the observed number so that the matrix re-
sulting from random transitions has the same amount
L _ P; of persistence as the observed landscape. This is nec-
Gij=(Pyj— P | =—— (5) \ . : y
Y i Pir essary in order to examine the off-diagonal transitions

given the amount of observed persistence, i.e. to hold
Eqg. (5) assumes that the gain of each category and the persistence constant and thus account for it in the
the proportion of each category at time 2 is fixed, and calculations.
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Table 3
This matrix analyzes percent of land change in terms of I8sses
1999 Total 1971 Loss
Forest Open Residential Other
1971
Forest 48.74 0.33 1.86 5.00 55.94 7.20
4874 040 128 552 5594 720
(0.00) (~0.06) (0.58) €0.52) (0.00) (0.00)
[0.00] [-0.16] [0.46] [-0.09] [0.00]
Open 0.48 1.72 0.11 0.47 2.78 1.06
054 172 010 042 278 106
(—0.06) (0.00) (0.01) (0.05) (0.00) (0.00)
[-0.11] [0.00] [0.08] [0.12] [0.00]
Residential 0.00 0.00 6.48 0.02 6.50 0.02
0.01 000 648 001 650 002
(—0.01) (~0.00) (0.00) (0.01) (0.00) (0.00)
[-0.91] [-0.39] [0.00] [1.21] [0.00]
Other 0.59 0.73 0.48 32.99 34.78 1.80
145 008 026 3299 3478 180
(—0.86) (0.65) (0.22) (0.00) (0.00) (0.00)
[—0.59] [7.97] [0.83] [0.00] [0.00]
Total 1999 49.81 2.78 8.92 38.48 100.00 10.08
50.75 220 811 3894 10000 1008
(—0.94) (0.58) (0.81) +£0.45) (0.00) (0.00)
[-0.02] [0.26] [0.10] [0.01] [0.00] [0.00]
Gain 1.07 1.06 245 5.50 10.08
201 048 163 595 1008
(—0.94) (0.58) (0.81) +0.45) (0.00)
[-0.47] [1.21] [0.49] [-0.08] [0.00]

aThe number in bold is the actual percent of the landscape. The number in italics is the percent of the landscape that would be
expected if the process of change were random. The number in round parentheses is the actual minus expected percent. The number i
square brackets is the number in round parentheses divided by the number in italics.

In Table 2 the third number in round parentheses in parentheses is positive, then the category in that row
is the combination’s observed proportion minus the lost more to the category in the column than would
proportion expected under a random process. In otherbe expected by any random process of gain in that
words, the number in parentheses is the number in bold category of the column. If the difference in parentheses
minus the number in italics;; — Gjj. If the difference is negative, then the category in the row lost less to

the category in the column than would be expected
Table 4 due to a random process of gain in that category of the
The values in the table express change in terms of percent of the ~q|ymn. The magnitude of the number in parentheses

landscape indicates the percent of the landscape.
Gain  Loss  Total Swap Absolute value In Table 2 the fourth number in square brackets
change of net change is the combination’s relative difference between the
Forest 107 720 827 214 613 observed number and the expected number. In other
Open 106 106 212 212 0.00 words, the number in brackets is the number in paren-

Residential 245 0.02 247 0.04 2.43 - S
Other 550 1.80 7.30 3.60 3.70 theses divided by the number in itali¢®;j — Gjj) / Gjj.

These ratios are analogous to the ratios that form

Total 10.08 10.08 10.08 3.95 6.13 ; ; .
the basis of chi-square tests, which are (observed
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value — expected value)/expected value. The magni- positive, then the category in the column gained more
tude of the number in parentheses indicates the dif- from the category in the row than would be expected
ference between the observed value and the expecteddue to a random process of loss in the category of
value, relative to the magnitude of the expected value. the row. If the difference in parentheses is negative,
Each observed number in bold equals the expectedthen the category in the column gained less from the
number in italics for the entries in the diagonal, the category in the row than would be expected due to a
Total row and the Gains row. This follows from the random process of loss in the category of the row.
logic of Eg. (5), which holds the persistence and gains  In Table 3 the fourth number in square brackets is
fixed for each category. Therefore, the differences in computed a$P;j—Lij)/Ljj. Just as iTable 2 the mag-
the Total row and the Gains row are zero. The differ- nitude of the number in parentheses indicates the dif-
ences in the Total column and the Losses column are ference between the observed value and the expected
non-zero, since they derive from the expected num- value, relative to the magnitude of the expected value.

bers afterEq. (5)is applied. In other words, the time Each observed number in bold equals the expected
2 information is the fixed frame of reference for the number in italics for the diagonal, the Total column
analysis of Gains. and the Gains column. The differences between the

Table 3shows the analysis of losses, which is anal- observed and expected percentages are non-zero in the
ogous to the analysis of gains shownTable 2 The Total row and Gains row. This follows from the logic
logic of Table 3is the same aSable 2 but the role of Eqg. (6) which holds the time 1 information as the
of the rows and columns is switchethble 3shows fixed frame of reference for the analysis of losses.
four numbers for each combination of categories of Section 3interpretsTables 2 and 3
time 1 and time 2. The top number in bold is the
combination's percent observed on the landscape, 2.4. Swapping distances
which is the same as ifable 2 Below the bold num-
ber, the number in italics is the combination’s percent  Up to this point, the bold numbers ifable 2have
that would be expected if the loss in each category been the basis of all of the calculations. However,
were to occur randomly, as given by Table 2shows information for only one resolution,

which is the fine 30m grid cell resolution shown

P ©6) in Figs. 1 and 2 Therefore,Table 2fails to show

Z]J-=1,j¢ip+j any information concerning the geographic distances

over which transitions occur. This section describes
Eqg. (6)assumes that the loss of each category is fixed, a multiple-resolution procedure that detects distances
and then distributes the loss across the other categoriesover which land change occurs.
according to the relative proportion of the other cat-  The multiple-resolution procedure compares the
egories in time 2. These expected values represent amaps ofFigs. 1 and 2at various resolutions by ag-
random process of loss because when a category losesgregating contiguous blocks of fine cells into coarser
if it is replaced by other categories at random, then it grid cells, then performing calculations on the coarser
will be replaced by other categories in proportion to grid cells. For example, a resolution of 2 aggregates
how those categories populate the landscape at time 2.each block of 2« 2 fine cells into a coarser cell that
In order to portray this concetg. (6)distributes the is four times larger than a fine cell. Similarly, a res-
loss in each row among the off-diagonal entries within olution of 100 aggregates each contiguous block of
the row. Again, the expected number is equal to the 100 x 100 fine grid cells into a very coarse grid cell
observed number for the diagonal entries in order to that is 10,000 times larger than a fine cell. Since the
hold constant the level of persistence on the observedfine grid cells are 30 nx 30 m, the resolution of 100
landscape. depicts cells that are 3km 3 km.

In Table 3 the third number in round parentheses  The aggregation procedure produces coarse grid
is the combination’s observed proportion minus the cells that have partial (i.e. fuzzy) membership in each
proportion expected under a random process, which is of the categories. The coarse cell’'s membership in
computed a®jj —Ljj. If the difference in parenthesesis each category is the proportion of fine resolution cells

Lij = (Piy — Pi) (
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Fig. 6. The Forest change profile shows the amount of persistence, swap, and net change at multiple resolutions, where the resolution is ¢
multiple of the length of the side of a pixel of the raw data.

of each category that constitute the coarse cell. The does not vary with resolution. Below the net change is

specification of location becomes less precise as res-swap, which diminishes at coarser resolutions. If the

olution becomes coarser, but the proportion of each resolution were to increase in a geometric sequence,
category remains constant in the landscape; thus, theresuch as 1, 2, 4, 8, 16, ., then the swap would di-

is no aggregation bias. minish monotonically. The non-monotonic character

Pontius (20025hows how to compute the disagree- of Fig. 6 is attributable to a technical reason related
ment due to location and the disagreement due to to the fact that the sequence of resolutions is arith-
guantity between any two maps at any and all resolu- metic, i.e. 1, 2, 3,... The commensurat8ection 3
tions. Pontius’ methodology is used here to compute highlights and interprets the most important findings
the swap and net change at multiple resolutions. The derived from thisSection 2
multiple-resolution aggregation procedure has no in-
fluence on the quantity of each category because the
concept of quantity is independent of resolution. How- 3. Results
ever, a change in resolution can have a dramatic in-
fluence on swap because the concept of swap depends.1. Net change and swap
on location. For example, at a fine resolution, if defor-
estation occurs in one cell and reforestation occurs in ~ The most obvious result is that one must look care-
the neighboring cell, then the pair of cells constitutes fully to find any change based on a visual comparison
a swap in the Forest category. However, at a slightly of Fig. 1with Fig. 2 This is because 90% of the land-
coarser resolution, the deforested cell and the refor- scape persists between 1971 and 1999. Therefore, it
ested cell are aggregated into the same coarse cell;is important to use the methods outlined in this paper
therefore, the swap disappears. As a result, the amountto analyze the signals of change in light of the over-
of swap can diminish at coarser resolutions. whelming signal of persistence on the landscape.

Fig. 6illustrates the concept of diminishing swap at Table 4 answers the first two of the most basic
coarser resolutions. The vertical axis reflects percent questions raised in the introduction, “What is the net
of landscape while the horizontal axis reflects reso- change of each category?” and “What are the gain,
lution. The resolution becomes coarser as one movesloss and swap of each category?” Change in Forest
from left to right on the horizontal axis. A resolution consists of both swap and net change. Change in Open
of 1 corresponds to 30 m grid cells and a resolution of is a pure swap-type of change. Change in Residential
100 corresponds to 3 km grid cells. The component of is nearly pure net change. Change in Other consists
change at the top of the figure is the net change, which of both swap and net change. On the landscape as a
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Table 5
This table interprets the most systematic transitions shown in colummiakié 2
Transition Observed minus Difference divided Interpretation of systematic transition
expected by expected
Open in 1971 and Forest in 1999 0.42 6.14 When Forest gains, it replaces Open.
Residential in 1971 and Forest in 1999-0.16 —-0.99 When Forest gains, it does not replace Residential.
Forest in 1971 and Residential in 1999 0.40 0.27 When Residential gains, it replaces Forest.
Other in 1971 and Residential in 1999-0.43 -0.47 When Residential gains, it does not replace Other.
Forest in 1971 and Other in 1999 0.29 0.06 When Other gains, it replaces Forest. This signal
is weak.
Residential in 1971 and Other in 1999-0.52 —0.96 When Other gains, it does not replace Residential.
Open in 1971 and non-Open in 1999 0.68 1.83 When non-Open categories gain, they replace
Open. Open loses.
Residential in 1971 and -0.75 -0.97 When non-Residential categories gain, they no not
non-Residential in 1999 replace Residential. Residential does not lose.

whole, the change attributable to quantity is larger than would be expected if Forest were to gain randomly.
the change attributable to swap. Most of the change is Furthermore, if Forest were to gain randomly, then one
associated with the Forest and Other categories, duewould expect 0.16% of the landscape to undergo con-
in part to the fact that these two are the largest cate- version from Residential to Forest, but instead, only

gories at both time 1 and time 2. scant conversion exists from Residential to Forest be-
tween 1971 and 1999. The next two rowsTaible 5
3.2. Inter-category transitions indicate that when Residential gains, it is inclined to

gain from Forest systematically and is disinclined to

Tables 5 and @nswer another common question gain from Other systematically. The last two rows of
concerning a finer level of detail, “What are the most Table 5substantiate that when categories gain they are
systematic transitions among categories?” If the gains inclined to replace Open and disinclined to replace
had occurred at random categories, then the differ- Residential in a manner different from what would be
ences in round parentheses Table 2would all be expected due to random processes. The analysis shows
zero, but many of the differences are not near zero. that Residential tends to persist and Open tends to lose.
Table Sinterprets the most important resultsiable 2 If the processes of loss had occurred at random cat-
The first two rows ofTable 5indicate a systematic  egories, then the differences shownTable 3would
pattern in which Forest replaces Open but does not all be zero, but many are nofable 6interprets the
replace Residential. Specifically, when Forest gains, most prominent results dfable 3 The first two rows
it replaces Open at a rate over six times the rate that of Table 6show that when Forest loses, Residential

Table 6
This table interprets the most systematic transitions shown in the roWalbé 3
Transition Observed minus Difference divided Interpretation of systematic transition
expected by expected
Forest in 1971 and Residential in 1999 0.58 0.46 When Forest loses, Residential replaces it.
Forest in 1971 and Other in 1999 -0.52 —0.09 When Forest loses, Other does not replace it.
Other in 1971 and Forest in 1999 —0.86 —-0.59 When Other loses, Forest does not replace it.
Other in 1971 and Open in 1999 0.65 7.97 When Other loses, Open replaces it.
Non-Forest in 1971 and Forest in 1999-0.94 -0.47 When non-Forest categories lose, non-Forest
categories replace them. Forest does not gain.
Non-Open in 1971 and Open in 1999 0.58 1.21 When non-Open categories lose, Open replaces them.
Open gains.
Non-Residential in 1971 and 0.81 0.49 When non-Residential categories lose, Residential

Residential in 1999 replaces them. Residential gains.
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Fig. 7. The Open change profile shows the amount of persistence, swap, and net change at multiple resolutions, where the resolution is &
multiple of the length of the side of a pixel of the raw data.

rather than Other tends to replace it. The last three resolution of three kilometers. This indicates that gain
rows of Table 6concur that when categories lose, they of Forest happens within 3km of the nearest loss in

tend to be replaced by Open and Residential but not the Forest category.
by Forest. Fig. 4 shows that many of the gains in the Open

category are not near the losses in the Open category.
Fig. 7 illustrates this by showing that the swap is 2%
of the landscape at the finest resolution and is 1% at
Figs. 6-8answer the most detailed question, “Over the coarsest resolution. Thus, about half of the swap
what distances does change occur for each category?”in the Open category transpires over distances greater
Fig. 6 shows that nearly all the swapping in the Forest than 3 km.
category occurs over distances of less than 3km. This Fig. 5 shows that the Residential category gains
is evident because the swap is negligible at the coarsestfar more than it losesFig. 8 shows that the small

3.3. Swapping distances

net change
B swap
O persistence

% Landscape
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1 12 23 34 45 56 67 78 89 100

Resolution

Fig. 8. The Residential change profile shows the amount of persistence, swap, and net change at multiple resolutions, where the resolutior
is a multiple of the length of the side of a pixel of the raw data.
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degree of swap disappears by resolution 30. Hence,to replace Forest, but not by much more than the ex-

the nominal level of Residential loss unfolds within pectations from random process&able 3shows that

900 m of Residential gain. when Forest loses, it tends to be replaced systemati-
cally by Residential and not by Other. So, if scientists
are inclined to research transitions from Forest, then

4. Discussion they should focus attention on the systematic transi-
tion from Forest to Residential, not exclusively on the
4.1. Importance of methodology transition from Forest to Other. If scientists focus re-

search only on the predominating transitions, they are

This paper describes statistical methods for exam- likely to omit the most systematic transition processes.
ining non-experimental observational data in order to  Certainly, scientists should consider any major tran-
detect signals of possible cause-and-effect processessition, such as the transition from Forest to Other, but
The methods are not designed to detect the mech-the types of questions scientists ask about a particular
anisms of land transformation. Landscape ecologists transition should depend in part on the insights of this
and geographers must perform additional research topaper’s prescribed methods. For example, the transi-
identify the processes that create extant landscape pattion from Forest to Other might be due largely to the
terns Gardner et al., 1987; Turner, 1990; Gustafson fact that Forest tends toward loss for reasons indepen-
and Parker, 1992This paper’s methods are first steps dent of the other categories. In fact, the Loss column
toward helping scientists focus such research on the of Table 2confirms that the observed loss of Forest is
most prevalent systematic processes of land change. larger than the loss that would be expected from ran-

For the example, the methods elucidate what a lessdom gains in the other categories. On the other hand,
detailed conventional analysis might overlook. First, scientists could hypothesize that the transition from
one of the most important systematic transitions is the Forest to Other is large due exclusively to the fact
conversion from Forest to Residential land. This tran- that Other tends to gain for reasons independent of the
sition is particularly important because it is largely other categoriesTable 3gives evidence against this
permanent; Residential land tends toward persistencehypothesis because the Gain row shows that the ob-
and Forest land tends away from swapping. The large served gain of Other is less than the gain that would be
conversion of Forest to Other may be attributable to expected from random losses in the other categories.
the fact that Forest and Other are the two largest cat-
egories, since the quantity of the conversion is nearly 4.2. Significance of differences
equivalent to what would be expected from a random
process. Relative to its size, the Open category tends Tables 2 and &xpress the difference between the
to gain the most and to lose the most, and the patchesobserved values and the expected values in two dis-
of gain and loss are far from each other. When For- tinct ways. The first is by subtraction, which yields
est regrows, it tends to regrow within three kilometers the values in parentheses. The second way is by divi-
of where deforestation occurs. Such information is in- sion, which yields the values in brackets. An obvious
structive when one begins to investigate the processesquestion is, “How large a difference is needed in order
that explain these transitions. for it to be considered important?” There are several

A simplistic interpretation of the transition matrix issues scientists should bear in mind when answering
in Table 3may induce scientists to focus only on the this question.
largest transition from Forest to Other since itaccounts  The subtraction method gives values that indicate
for half of the landscape change. On the other hand, a percent of the landscape; the magnitude of the
this large transitional dynamic does not necessarily difference indicates the size of the fingerprint left
indicate that Forest is losing systematically to Other, on the landscape due to a systematic transition. The
nor does it follow that Other is systematically gain- magnitude of the transition is important relative to the
ing from Forest. To find the requisite evidence for a magnitude of the total change on the landscape. In
systematic process one must examiables 2 and 3 the example, all of the differences are less than 1% of
Table 2shows that when Other gains it indeed tends the landscape, but the total amount of change is only
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10% of the landscape. It is easier for larger categories sion of the scientist concerning the format of the dig-
to leave larger fingerprints on the landscape, even ital map. In this case, conventional statistical hypoth-
when a transition is not particularly systematic. It is esis testing yields information that is not particularly
subsequently critical to consider the division method important to understanding the pattern of change on
as well. the landscape.

The division method gives values that indicate a
systematic process relative to the size of the cate- 4.3. Future work
gory involved. The magnitude of the ratio indicates the
strength of the systematic transition. In the example, This paper's multiple-resolution analysis of
Table 6shows that largest ratio occurs when Open re- swapping scratches the surface of potentially fruitful
places Other at a rate nearly eight times beyond what research concerning scale. In particular, swapping dis-
would be expected due to chance. However, the sub-tance that would be expected from a random process
traction method shows that this systematic transition of swap is not yet considered. One should be aware of
leaves a fingerprint that accounts for a difference of the random swapping distance when interpreting the
only 0.65% of the landscape. It is common for small observed swapping distance. In the example, a random
categories to have large ratios of transition because pattern of swapping in the Open category would likely
small categories can have small denominators in the produce a large swapping distance because there is a
ratio. A large ratio means that the transition is system- dispersed but scant amount of Open category on the
atic. It is also common for small categories to have landscape. In other words, there is plenty of space for
minute differences that explain only a small fraction patches of gain to exist far from patches of loss for the
of the landscape. Open category. The situation for Forest is the reverse.

For several reasons, scientists should resist the A random pattern of swapping in the Forest cate-
temptation to perform hypothesis testing to detect dif- gory would likely produce a small swapping distance
ferences that are statistically significant. First, statisti- because Forest is spread over half of the landscape.
cal significance does not necessarily indicate practical It would be even more interesting to examine the
importance. Second, the units of observation are grid distances at which transitions among categories occur.
cells that are determined by the technology of a GIS A prerequisite for such analysis is the ability to create a
system that manipulates the maps. Hence, the numbercross-tabulation matrix dfable 1format for a map in
of grid cells does not indicate an appropriate number which each coarse grid cell has partial membership in
of degrees of freedom. Third, any statistical hypoth- several categories.ewis and Brown (2001have de-
esis testing would be fraught with complications due vised one approach to generate such a matrix; however,
to spatial auto-correlation. In conclusion, the simple their derivation is not useful for multiple-resolution
subtraction method and division method offer scien- analysis for technical reasons. We are in the process
tists sufficient tools to think critically about which  of creating a method by which scientists can compute
transitions have practical importance for a particular a cross-tabulation matrix for all possible resolutions.

application. This will ultimately allow examination of how cate-
To illustrate these points about statistical hypothesis gory transitions change with scale, which is important
testing, note that whelRq. (1)is applied toTable 2 it because factors that determine land change at fine lo-
yields a chi-square statistic greater than one million, cal scales are not the same factors which determine
with nine degrees of freedom, so that tResalue is land change at coarser global scal@srfer et al.,

much smaller than 0.0001. This chi-square value is 1989; Li and Reynolds, 1997

statistically significant because persistence accounts

for the strong agreement between the maps and there

are a large number of grid cells, as denote& (1) 5. Conclusions

for which N = 651,488.Eq. (1) shows clearly that

asN increases, the value of the chi-square statistic in-  This paper establishes terminology and methodol-
creases. The size ®f, however, is not necessarily a ogy for analyzing land change. Scientists in the fields
function of the landscape; it is a function of the deci- of geography and landscape ecology should adopt
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these methods because existing popular methods failchen, J., Gong, P., He, C., Luo, W., Tamura, M., Shi, P., 2002.
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