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Abstract with social processes to examine the nature of patterns 
Social and biophysical data were collected, integrated, and Vatial and/or scales for landscapes having a 
analyzed to examine scale-dependent relationships between pronounced "social" imprint. Scale dependent studies con- 
selected population and environmental variables for a study ducted in environments have typically lacked the 
site in northeast Thailand. Data sets were generated through human data at fine spatial ~ca les  (e%., 
the use of remote sensing to characterize land-use/land-cover Or and a sufficiently large More- 
and plant biomass variation across the Nang Rong district; over~ researchers have been primarily biophysical ~cholars 
~ 1 s  to derive slope angle, and soil moisture poten- unaccustomed to working with social science data. In addi- 
tia]; social survey data at  the village level to categorize dem- tion, the remote sensing and GIs research communities have 
ographic variables; and a population distribution model to only begun focusing attention on the interplay be- 
transform demographic data collected at  discrete village lo- tween social, biophysical, and geographic factors as drivers 
cations to spatially continuous surfaces stratified by agri- of land-uselland-cover change (LULCC). 

cultural land uses. Statistical analysis employed multiple Spatial scale is inherently involved in recognizing spa- 
regression to populatjon density in relation to tial patterns on the landscape and in estimating the relation- 
and biophysical variables, and canonical analysis to relate ships between landscape and environmental and 
population variables to environmental variables across a social processes deriving those patterns (Bian and Walsh, 
range of spatial scales extending from 30 to 1050 m. Find- 1993; Allen and Walsh, 1996). Specific biotic, environmental, 
ings indicate the importance of spatial scale in the study of social, and historical processes function at various ranges of 
population and the environment. Regression models reflect Vatial The ranges and among Processes. 
the scale dependence of the selected variables through plots Patterns the landscape be discernible at cer- 
of slope coefficients and RZ values across nine scale steps. tain spatial scales and ranges of spatial scales ( ~ e e n t e m e ~ e r  
The variation in relationships among environment and popu- and l g a 7 ) 9  and landscape appear homogeneous at 
lation variables, evidenced through factor loadings associ- Some scales but heterogeneous at others (Nellis and Briggs, 
ated with canonical correlation, suggest that relationships 1989). Based the assumption that the spatial Patterns of 
are not generalizeable across the sampled spatial scales. landscapes are formed by environmental and social processes 

whose effects vary with spatial scale, it is reasonable to hy- 

Introduction pothesize that the relationships between landscape pattern 

Fundamental to landscape ecology is the explicit interrela- and the operative social and/or biophysical processes form- 

tionship of scale, pattern, and process, and the realization ing them are scale dependent. 
Because of the inherent complexity of population-envi- that landscape form and function are linked through theory ronment interactions, no one theoretical perspective is and practice. Implicit is the interaction of biophysical and 

cient for analyzing and interpreting scale dependencies. social processes through a set of complex interrelationships 
that are composited and define spatial pattern across tempo- Three theoretical foci are presented as a foundation and con- 

ral and/or spatial scales. The landscape matrix reflects this text for this research: (1) Landscape Ecology (e.g., Forman 

imprint of human and environmental processes, feedback and Godron, 19861, (2) Human Ecology (e.g., Johnston et al., 

mechanisms between them, and the geographic site and situ- 1995), and (3) Political Ecology (e.g., Blaikie and Brookfield, 

ation of the landscape as viewed across space and time. 1987). All of these paradigms share a common concern with 
interactions between human society and the natural environ- prior research (e'g'' Quattrochi and Goodchild' ment, though each emphasizes different aspects of the rela- 1997) has sought to explore spatial patterns extending across 

a range of spatial scales associated with biophysical pro- tionship. Landscape Ecology examines the interrelationship 

cesses and "natural" landscapes, sufficient attention has not of scale, pattern, and process; Human Ecology states that 

been paid to the importance of biophysical processes linked people are important actors on the landscape that shape and 
are shaped by the environment; and Political Ecology advo- 
cates the importance of exogenous environmental and social 
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LULC contexts but which may be beyond human control. The 
various concepts of scale are more or less embodied in the 
theories and methodologies of each of these areas of schol- 
arly research. 

The basic intent of this research is to examine the scale- 
dependent relationships between the social and biophysical 
environment in rural Thailand, a region that has experienced 
substantial deforestation and agricultural extensification over 
the last 40 years. Specific objectives include an examination 
of (1) how social data collected at discrete point locations 
through a population survey can be linked with remotely 
sensed data and derived GIS coverages represented continu- 
ously across the landscape, (2) how population and environ- 
ment variables are related through multiple-regression analy- 
ses subject to concepts of scale dependence, and (3) how the 
assembled "group" of population and environment variables 
are related through canonical correlation techniques across 
the range of spatial scales, 30 to 1050 m. In so doing, we ex- 
amine the general hypothesis that relationships among social 
and biophysical variables change as the scale at which they 
are examined changes. 

Study Area: Nang Rong and the Northeast 
The study area of our research is the Nang Rong district, lo- 
cated in northeastern Thailand (Figure 1). Northeast Thai- 
land (or Isan) contains approximately one-third of the 
country's area, generates about one-fifth of the GW, and has 
a population of more than 18 million people. The dominant 
occupation in the region is farming, and the majority of farm 
households own an average of three hectares of land (Ghas- 

I 

~ 

Figure 1. Study area location, Nang Rong district, north- 
east Thailand. 

semi et al., 1995). Deforestation associated with agricultural 
expansion has been underway in northeast Thailand for a 
century or more (Feeny, 1988). Prior to World War 11, this 
expansion was accelerated with increased production of 
paddy rice. Since then, it has also included upland crops, 
particularly cassava and sugar cane. In the recent period, ag- 
ricultural intensification occurred in the rice producing areas 
of the alluvial plains and lower terraces, while agricultural 
extensification occurred in the middle and high terraces and 
upland sites of this low relief, undulating, and marginalized 
environment. 

The Southeast Asian monsoon climate prevails in the 
northeast, with over 80 percent of the average annual precip- 
itation occurring as unevenly distributed torrential rains dur- 
ing April to November (Kaida and Surarerks, 1984; Rigg, 
1991). For the rest of the year, soil moisture deficits are com- 
mon (Ghassemi et al., 1995). Floods and droughts are a con- 
stant threat, adding even more risk to agriculture (Fukui, 
1993). 

The Khorat Plateau, within which Isan broadly coin- 
cides, is a wide, shallow basin underlain by Cretaceous sand- 
stones, shales, and siltstones, though intruded in places by 
Tertiary basalts. Layers of rock salt and other salt-bearing 
strata are common. Soil types and their physical characteris- 
tics tend to be closely associated with spec& landforms 
(e.g., terraces, hills, floodplains), and, hence, a relationship 
between topography and agricultural suitability exists within 
the region (Dixon, 1976; Parnwell, 1988; Fukui, 1993). Heav- 
ily leached fine sandy loams (e.g., the Khorat series) spatially 
predominate. Many areas have soils with poor drainage and/ 
or low innate fertility. The natural vegetation of Isaan con- 
sists of a dry monsoon forest predominated by dwarf diptero- 
carp trees, and contains areas of grassland, thorny shrubs, 
and bamboo thickets (Parnwell, 1988). Except under spatially 
limited hydroclimatological conditions (e.g., along perennial 
streams), vegetation phenology is largely drought-controlled 
(Ghassemi et al., 1995; Rundel and Boonpragop, 1995). 

Data Sets and Methods 
The data sets used in this research included (1) selected p ~ g 7  
ulation variables from a comprehensive social survey of 310 
villages in the Nang Rong district, northeast Thailand, con- 
ducted in 1994 at the community level; (2) a February 1993 
Landsat Thematic Mapper (TM) digital data set; and (3) a 
constructed digital elevation model of the study area and de- 
rived biophysical coverages (i.e., elevation, slope angle, and 
soil moisture potential). The primary methods used included 
(1) processing of Landsat data to generate a Level-1 LULC 
classification and plant biomass levels for 1993 through the 
Normalized Difference Vegetation Index (NDVI); (2) spatial ag- 
gregation procedures to rescale the LULC, NDVI, and social 
and biophysical variables across nine scale steps extending 
from 30 to 1050 m; (3) development of a generalized model 
of population distribution from nuclear village centroids to 
the surrounding landscape by transforming discrete data to 
continuous data for subsequent analyses; (4) multiple-regres- 
sion analysis (linear models) to examine the relationships 
between population and environment across the sampled 
spatial scales; and (5) canonical correlation to relate a 
"group" of population variables to a "group" of environment 
variables across the range of spatial scales. 

Aggregation/Scale Levels 
Nine scale steps (i.e., cell dimensions) were selected for anal- 
ysis: 30, 90, 150, 210, 300,450, 600, 900, and 1050 m. They 
represent the spatid resolution of the Landsat TM sensor at 
the finest spatial scale and the NOAA Advanced Very High 
Resolution Radiometer (A=) sensor at the coarsest scale. 
The selected spatial scales also reflect landscape pattern and 
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process relationships observed throughout the study area. 
For example, individual land clearings generated at the 
household level to expand agriculture at the expense of for- 
ests tend to form a fragmented landscape matrix extending 
across spatial scales. Clearings generated by individual 
households for upland agriculture (approximately 100 by 100 
m in size) are surrounded by expanses of forest of varying 
densities, whereas individual rice paddies (approximately 10 
by 20 m in size) coalescence into large tracts of cleared land 
with sparse forest remnants doting the landscape, a pattern 
that typifies lowland rice cultivation within the region. This 
pattern of deforestation and agricultural extensacation, me- 
diated by topography and access to water, produces a land- 
scape characterized by local diversity and regional homo- 
geneity. Rice paddies form the regional backdrop to the 
landscape, while forests and upland crops serve as counter- 
balances to the areal transition. Social processes related to 
the capability of a household to clear land and cultivate 
crops were hypothesized to function at fine spatial scales, bi- 
ophysical processes influenced by environmental gradients 
were hypothesized to operate at coarse spatial scales, and so- 
cial and biophysical interactions related to resource use were 
hypothesized to function at intermediate spatial scales. 

Aggregations across the nine scale steps were generated 
by returning to the 30- by 30-m base surfaces to initiate all 
computations. For the LULC scaling, a grid-based plurality 
procedure was used where the most frequently occurring 
sub-grid cover type was used to code each grid cell at de- 
graded spatial resolutions. The aggregated LULC data were 
used to stratify the scene for exploring the scale dependence 
associated with only specific LULC types. Pixels of NDVI were 
aggregated to generate small blocks of a finer resolution im- 
age, with their own degrees of variability and spatial pattern. 
The NDVI data were calculated from corrected spectral radi- 
ance values for each aggregation level by assuming that each 
TM (or resampled MSS) pixel located within aggregated pixels 
contributed equally to the areally averaged value [i.e., flat- 
field aggregation), without probability values or other 
weights assigned to pixel locations or LULC types. Each por- 
tion of the image that was defined by the boundaries of an 
aggregated pixel were treated as a separate block. Elevation 
data were aggregated in the same manner. 

Satellite Digital Data 
Following standard preprocessing to correct for geometric, at- 
mospheric, and radiometric corrections, the TM (01 February 
1993) data set was classified through a supervised approach 
into generalized Level-1 categories: forest, water, rice, and 
upland agriculture. A 20 December 1988 Landsat TM image 
was integrated into the classification process to c o n h n  the 
distinction between rice and pasture in semi-permanent rice 
paddies, because of the image's representation of the land- 
scape during an alternate phenological stage associated with 
the cultivation of rice. NDVI values were calculated from cor- 
rected spectral radiance values for each aggregation level 
from the February 1993 TM scene. MlVI reduces multiple 
channels of spectral data to a single number per pixel (after 
Rouse et al. (1973)) that estimates a number of canopy char- 
acteristics (e.g., plant biomass and leaf area). NDVI is defined 
through an empirically derived relationship between vegeta- 
tion characteristics and spectral responses in the visible, 
near-infrared, and middle-infrared spectral regions Uensen, 
1996; Schott, 1997). 

Persistent and extensive cloud coverage associated with 
monsoonal rains precluded the use of TM images during the 
rice growing period. This February image date has implica- 
tions for subsequent analyses as well as for interpretations 
that should be noted. In February, the rice has been har- 
vested and stubble remains in the field. Depending upon the 

nearness to water, harvested rice paddies may contain grass 
of varying densities. While the phenology and hence its 
spectral response varies by crop type, rice areally dominants 
the landscape with particular bias on the alluvial plains and 
low terraces. At this time of year, the landscape is dry, visu- 
ally brown in color, and agricultural endeavors have become 
more focused on the upland sites where primarily cassava 
and sugar cane are grown. The cassava uplands may be vege- 
tated or completely barren, if just harvested or planted. The 
native forests that remain are only remnants of past extents 
primarily located along streams, surrounding nuclear village 
compounds, sparsely distributed (dotting) in rice paddies, 
and in upland sites that are geographically remote from vil- 
lages, on marginal sites, or yet unattended for agricultural 
purposes. Such forested areas, along with some areas of con- 
servation forests, serve to interdigitate the rice-dominated 
landscape with alternate cover types, creating a fragmented 
landscape. 

From a biomass gradient perspective, February offers a 
landscape view where rice paddies are relatively low in NDVI 
values, upland agriculture relatively high in NDVI values (low 
if harvested), and forests intermediate in value. As part of 
the culture in northeast Thailand, fire is often used to reduce 
rice paddy stubble and to aid in site fertilization, among 
other objectives. Therefore, the rice areas, normally rich in 
chlorophyll and biomass during the growing season, are in 
February typical of a senescent landscape, thereby creating 
strong negative relationships of biomass to rice paddies or 
low correlations between total land under cultivation (as re- 
ported by the social survey) and the calculated NDVI values 
for dominant agricultural (rice) villages. Within the study 
area (and during this time of year), NDVI values likely in- 
crease with elevation, because senescent rice paddies are at 
lower elevations and forests and upland agriculture are pri- 
marily at the higher elevations. Contrary to that general rela- 
tionship is the existence of isolated and sparsely clustered 
trees growing within and adjacent to rice paddies, thereby el- 
evating the NDVI values in the post-harvest, drv ueriod char- 
acterized by the February TM &age.  heref for; Hign reversals 
indicating the relationship between rice (a normally high bio- 
mass cover type during the growing and pre-harvest 
and NDVI are a consequence of the then limited availability 
of TM images assembled for this study. 

Because of the pronounced wet and dry periods through- 
out the study area, the landscape is continually undergoing a 
cycle of change, from a lush and vigorous rice-dominated 
landscape in November and December, to a dry, stubbled 
landscape following the rice harvest and extending into the 
early spring, and returning to a rice producing landscape 
with the arrival of the monsoonal rains typically in May or 
June. While the February 1994 Landsat TM image reflects a 
post-rice harvest landscape, a simple reversal of relationships 
between Landsat TM spectral values and land-cover types is 
noted to reflect the realization that the land-cover classifica- 
tion may indicate rice but the land-use implication is for a 
stubble field of harvested rice and/or a dry pasture during 
the February image date. 

Biophysical Data 
Four biophysical variables (their codes are also indicated) 
were generated for this analysis through a combination of re- 
mote sensing and GIS techniques: plant biomass (ndvi), eleva- 
tion (elev), slope angle (slope), and soil moisture potential 
(wet). Plant biomass was measured through the calculation of 
the NDVI for the February 1993 TM image, and elevation and 
slope angle values were generated through the construction 
of a digital elevation model (DEM) of the study area from 
1:50,000-scale (contour interval of 20 m), 1984 topographic 
base maps. The contour lines and point elevations from the 
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base maps were scan-digitized, attributed, edge-matched, and 
processed to yield a DEM. The hydrography coverage, previ- 
ously digitized from the same set of base maps, was used for 
hydrologic enforcement in the generation of the DEM. Eleva- 
tion and slope angle values were transformed (llsquare root) 
to reduce multicollinearity in the analyses, following their 
initial calculation. Soil moisture potential was estimated 
through the DEM using an index of saturation potential devel- 
oped by Beven and Kirkby (1979), and calculated by using 
flow directions and accumulation grids based on eight direc- 
tions for pixel-to-pixel flow routing after Moore et al. (1991). 
Topographic wetness potential provides a simple but effec- 
tive model that characterizes channels, gullies, and moisture 
sinks (Allen and Walsh, 1996). Townsend and Walsh (1996; 
1998) used such an approach to derive and compare soil 
moisture potential values generated through a variety of ter- 
rain and soil measurement approaches. A digital hydrogra- 
phy coverage was used to support the calculation of the 
index. The wetness index used calculations of slope and up- 
slope contributing area to derive a dimensionless index of 
potential wetness. 

Social Survey Data 
The data used in this study were collected in 1994 for all 
310 villages that comprised the district. While an extensive 
array of variables were collected, only a small subset were 
used for this preliminary study. The variables and their 
codes used in subsequent analyses are as follows: total popu- 
lation (pop), total land under cultivation (land), total land 
under cultivation/total population (lapo), sex ratio (sexr), and 
the number of households (hous). The information was col- 
lected as part of a group interview of the headman, members 
of the village community, and other knowledgeable persons 
and was conducted in each village. The population data rep- 
resented reasonably accurate counts, as headmen are asked 
to keep track of this information for other administrative pur- 
poses. 

The population variables were selected to represent vari- 
ous supply and demands considerations as they relate to la- 
bor and the capacity to alter the landscape through work: (1) 
population is a consumption sink in a subsistence environ- 
ment and a production reservoir where extensScation and 
intensification of agriculture occur; (2) total land under culti- 
vation is an indication of the resource base used in agricul- 
tural production; (3) ratio of total land under cultivation and 
total population is a density indicator of population to land 
under cultivation; (4) sex ratio reflects gender-based job sort- 
ing, primarily the predominance of men in the use of mecha- 
nization; and (5) number of households is the landscape 
work unit where local decision-making at the household 
level affects LULC patterns. To reduce multicollinearity in the 
analyses, the ratio of total land under cultivation and total 
population was transformed (llsquare root) after ratioing. 

Village Territories 
The villages within the Nang Rong district are spatially con- 
centrated or nuclear in structure. Households are areally 
clustered and agricultural lands are arrayed in a generally 
circular pattern surrounding the village centroid depending 
upon village adjacencies, ownershipluse patterns within the 
village and between villages, and hydrographic and transpor- 
tation network characteristics, among other factors. The gen- 
eral conceptual model used in the setting of village territo- 
ries is for farmers to leave the village compound each day 
and waWride to their fields to perform various activities. 
They return each day to the village household. During vari- 
ous periods of the year (e.g., rice planting and harvesting), 
however, a small percentage of farmers may temporarily live 

in their fields to reduce timelcost associated with commuting 
between the primary household and work sites. 

With land title unclear and political boundaries rela- 
tively unimportant within this context, approaches for esti- 
matina village territories have been examined. Evans (1998) 
explored thepartitioning of space through region growing 
techniaues that involved fuzzv loeic and transitional bounda- 
ries. lnAaddition, radial buffe& of\arying dimensions (Ent- 
wisle et al., 1998; Walsh et al., 1998) as well as Thiessen 
polygons (Evans, 1998) have been used in our research to set 
village territories for addressing various research questions. 
Here, a 5-km radial buffer was selected to define the bound- 
ary around the 310 nuclear villages. The buffer dimension 
was set through knowledge of land ownership patterns and 
modes of travel within the district as of 1994. An objective 
of the territory-setting process was to assign as much land as 
possible in the district to one of the 310 villages while mini- 
mizing the amount of land assigned to district villages out- 
side the district boundary. Iterative partitioning of space 
through different buffer dimensions was tested and descrip- 
tive statistics were computed before the 5-km boundary di- 
mension was selected. At that size buffer, approximately 98 
percent of the district land was associated to one of the 310 
villages. A 10-km buffer around the district was used to sub- 
set the satellite data and other data sets so that village terri- 
tories could extend across district boundaries. 

Population Dlstributlon Model 
Population data collected as part of the 1994 community sur- 
vey for the district reported household information at the vil- 
lage level. Recalling that the villages are arranged in some 
form of a nuclear pattern, the survey data were geocoded at 
the centroid of each village compound. Therefore, the social 
data were all represented at discrete point locations, whereas 
the biophysical data, collected by satellite sensors at pixel lo- 
cations (e.g., LULC and NDVI values) and represented in the 
GIS in a raster model (e.g., topographic variables), were repre- 
sented as a continuous distribution across the study area in a 
regular matrix format. As a result, the social data had to be 
cartographically transformed to be spatially compatible with 
the spectral and biophysical data for subsequent aggregation 
and scaling. 

A simple population distribution model was used to link 
people to the land in an areal fashion. Using the LULC classi- 
fication for 1993, the landscape was stratified into agriculture 
(i.e., rice and upland agriculture, primarily cassava and sugar 
cane) and non-agriculture categories. In designated agricul- 
tural portions of the district, the selected population varia- 
bles were distributed on a per-pixel basis (depending upon 
the scale step) based upon an equal value spread function. 
Operationally, the number of agriculture cells within the de- 
rived village territories was defined and the available total 
population (reported by the social survey), for example, was 
equally distributed on a village by village basis within the 
defined village territories. Villages "claiming" identical areas 
of the landscape within their assigned territories generated 
higher population totals at the cellular level as a conse- 
quence of the equal value decision rule. 

MultlpleRegression Analysis 
The objective of the statistical analysis was to examine, 
through multiple-regression analysis, the relationships be- 
tween the above-described set of population and environ- 
ment variables as descriptors of "lapo" (ratio of total land 
under cultivation and total population) across nine scale 
steps ranging from 30 to 1050 m. Table 1 summarizes the re- 
gression statistics for "lapo" (population density relative to 
cultivated land; the population dependent variable) against 
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TABU 1. REGRESSION SUMMARY ACROSS SCALES: LAND/POP (LAPO) DEPENDENT VARIABLE 

Scale (m) n Var Slope Std. Error t-value P > It1 Adi. RZ 

elev 
slope 
wet 
ndvi 
s e x  
hous 

elev 
slope 
wet 
ndvi 
s e x  
hous 

elev 
slope 
wet 
ndvi 
s e x  
hous 

elev 
slope 
wet 
ndvi 
sexr 
hous 

elev 
slope 
wet 
ndvi 
sexr 
hous 

elev 
slope 
wet 
ndvi 
sexr 
how 

elev 
slope 
wet 
ndvi 
sexr 
hous 

elev 
slope 
wet 
ndvi 
sexr 
hous 

elev -0.00194 0.00243 -0.80 0.4236 
slope 1.51691 0.30102 5.04 0.0001 
wet -0.00186 0.00251 -0.74 0.4581 
ndvi 4.83686 0.60673 7.97 0.0001 
s e x  7.86407 0.83377 9.43 0.0001 
hous -0.03789 0.00451 -8.40 0.0001 

a set of descriptor variables (elevation (elev), slope angle used to compute the regressions, slope coefficients for each 
(slope), soil moisture potential (wet), plant biomass (ndvi), variable in the model, standard error, t-values, p-values, and 
sex ratio (sexr), and total number of households (hous); total the adjusted R2 for each of the nine scale steps. Recall that 
land under cultivation (land) and total population (pop) were some variables were transformed to reduce multicollinearity, 
excluded from the analysis because "lapo" was derived but correlation between variables still exists. Also, note that 
through their ratio). The table shows the sample size of cells the sample size changes with scale and that affects standard 
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IABLE 2. CANONICAL COEFFICIENTS FOR POPULATION VARIABLES: ASSOCIATION OF 
POPULATION VARIABLES TO POPULATION AXES 

(a) Canonical Coefficients (30 by 30 m) 
Variable Axis 1 Axis 2 Axis 3 

land -0.0924 1.9742 0.2690 
lap0 0.5798 -1.4504 -1.3019 
Pop -2.5506 -0.3573 -1.8045 
sexr 0.4429 -0.1708 0.4731 
hous 2.7585 -1.7839 0.6913 

(b) Canonical Coefficients (150 by 150 m) 
var Axis 1 Axis 2 
-- 

land 0.2147 -1.8202 
lap0 0.3726 1.2873 
Pop 2.7338 -0.1389 
s e n  0.3664 0.2957 
hous 2.6568 2.1912 

(c) Canonical Coefficients (1050 by 1050 m) 
Var Axis 1 Axis2 

land 0.7839 -1.2210 
lap0 -0.0498 0.9273 
Pop -2.4210 -1.7370 
sem 0.2590 0.5312 
hous 1.6362 3.4231 

Axis 3 

errors, t-values, and p-values. These statistics are still pre- 
sented, but they should be interpreted as general indicators. 
A random sample of cells was instituted at the fine grain 
scales to reduce com~utational intensitv of the rewession 
runs by capping the sample size below"12,000 cefis, or ap- 
proximately 5 percent of the total available cells. 

The descriptor variables used in the "population" model 
runs measure some similar effects. For example, slope angle 
and soil moisture potential are associated in that they reflect 
the gravity flow potential of materials: i.e., water and soil. In 
this environment, water is the most important "flow" re- 
source, but soil creep and redistribution of sediment along 
topographic gradients occur through related biophysical pro- 
cesses. Also, the social variables are similarly related as to 
effect. Total population and number of households occurring 
within a village are related in that they reflect labor supply 
and resource demands, but total population is distributed 
across the non-water landscape and the number of house- 
holds are used to describe local decision-makine relative to 
LULCC. In short, a number of the descriptor variibles are sta- 
tistically related and associated by effects to some degree. 
Transformations involving factor analysis and principal com- 
ponents analysis could be used to transform such variables, 
but interpretation becomes less direct and focused. Also, 
other variables will be selected in subsequent scale-depen- 
dent analyses to reduce the similarity of effects represented 
through them, but the variables included here offer an initial 
view of scaling properties to suggest the importance of the 
scale-pattern-process paradigm applied to an integrated so- 
cial and biophysical landscape through a focus on scaling 
approaches applicable to population-environment studies. 

Canonical Correlation Analysis 
Canonical correlation analysis is used here to examine the 
relationship between a group of population variables (total 
population (pop), total land under cultivation (land), ratio of 
total land under cultivation and total population (lapo), sex 
ratio (sexr), and total number of households (hous)) and a 
group of environment variables (elevation (elev), slope angle 
(slope), plant biomass (ndvi), and soil moisture potential 
(wet)) across the range of spatial scales sampled. A subset of 
the nine scale steps are presented in the output from the ca- 

nonical analyses to conserve space, but analyses were con- 
ducted for the entire range of scales, 30 to 1050 m. 

Tables 2 and 3 show the association of the population 
variables and the environment variables to the derived popu- 
lation and environment axes (statistically significant at the 
0.001 level) at the 30-, 150-, and 1050-m scale steps, respec- 
tively. The underlined canonical coefficients indicate the 
dominant environment and population variables for the 30-, 
150-, and 1050-m scales. Table 2 indicates, for example, that 
the number of households (hous) is most associated with 
axis 1 at the 30-m scale step, total land under cultivation 
(land) is most associated with axis 2, and the ratio of total 
land under cultivation and total population [lapo) is most as- 
sociated with axis 3. Table 3 shows, for example, that eleva- 
tion (elev) is most associated with axis 1 at the 30-m scale 
step, plant biomass (ndvi) is most associated with axis 2, and 
soil moisture potential [wet) is most associated with axis 3. 
The variation in variable-axis relationships as a consequence 
of scale variation are readily apparent in Tables 2 and 3. 

Results and Discussion 
The following describes some of the results achieved through 
the analyses described above, and interpretations are made 
only for selected items. This section is centered around two 
areas-multiple-regression analyses for a selected population 
variable (ratio of total land under cultivation and total popu- 
lation (lapo)) across the nine scale steps, and canonical anal- 
ysis for the group of environment and population variables 
across the entire range of sampled scales, but reported here 
only for a scale subset. 

MultipleRegression Models 
The multiple-regression models for the population variable, 
"lapo," at each of the nine scale steps are presented in Table 
1. While the sign of the slope coefficient is related to the 
February 1993 date of the Landsat TM data set (a senescent 
rice landscape at the time of imaging, but an actively grow- 
ing upland crop and forested landscape) used to characterize 
NDVI values across the landscape, the magnitude of the slope 
coefficients suggests the relative importance of each variable 
to the derived regression model at each of the sampled 
scales. Recall that the scale ranges were selected to represent 
hypothesized h e  grain social processes and coarse grain bio- 
physical processes affecting plant biomass values. Figure 2 
shows plots of the slope coefficients for each of the six de- 

TABLE 3. CANONICAL COEFFICIENTS FOR ENVIRONMENTAL VARIABLES: ASSOCIATION 
OF ENVIRONMENTAL VARIABLES TO ENVIRONMENTAL AXES 

(a) Canonical Coefficients (30 by 30 m) 
var Axis 1 Axis 2 Axis 3 

ndvi 0.2208 0.8236 0.1317 
elev 0.9451 -0.5915 -0.0594 
slope 0.0349 0.3784 0.7682 
wet 0.0898 -0.3727 1.0618 

(b) Canonical Coefficients (150 by 150 m) 
Var Axis 1 Axis 2 

ndvi 
elev 
slope 0.1018 -0.5000 
wet 0.1245 0.2385 

(c) Canonical Coefficients (1050 by 1050 m) 
var Axis 1 Axis 2 Axis 3 

ndvi 0.7337 -0.5441 -0.3840 
elev 0.0923 1.2758 -0.9401 
slope 0.4838 -0.2601 1.5440 
wet 0.0450 0.4845 0.2519 
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Figure 2. Plots of slope coefficients for the population 
and environment variables. 

bles. According to Table 4, the ratio of the total land under 
cultivation and total population (lapol is most associated 
with elevation (elev) (axis I), the total number of households 
(hous) is most associated with plant biomass (ndvi) (axis 21, 
and the total land under cultivation (land) is most associated 
with soil moisture potential (wet) (axis 3) at the 30-m scale. 
At the 150-m scale, the ratio of total land under cultivation 
and total population (lapo) is most associated with elevation 
(elev) (axis I), and the total number of households (hous) is 
most associated with plant productivity (ndvi) (axis 2). At 
the 1050-m scale, the ratio of total land under cultivation 
and total population (lapo) is most associated with plant pro- 
ductivity (ndvi) (axis I), the total number of households 
(hous) is most associated with elevation (elev) (axis 2), and 
the sex ratio is most associated with slope angle (slope) (axis 
3). According to Table 5, at the 30-m scale, elevation (elev) 
is most associated with the ratio of total land under cultiva- 
tion and total population (lapo) (axis I), plant productivity 
[ndvi) is most associated with the total number of house- 
holds (hous) (axis 2), and soil moisture potential (wet) is 
most associated with the total land under cultivation (land) 
(axis 3). At the 150-m scale, elevation is most associated 
with the ratio of total land under cultivation and total popu- 
lation (lapo) (axis I), and plant productivity (ndvi) is most 
associated with the total number of households (hous) (axis 
2). At the 1050-m scale, plant productivity (ndvi) is most as- 
sociated with the ratio of total land under cultivation and 
total population (lapo) (axis I), elevation (elev) is most asso- 
ciated with the total number of households (hous) (axis 2). 
and slope angle (slope) is most associated with the sex ratio 
(sexr) (axis 3). 

The statistical results indicate an "upland" effect associ- 
ated with the site suitability for cassava, a crop grown as ani- 
mal fodder for European markets. Cassava (and sugar cane to 
a lesser degree) was the primary crop linked to deforested 
land within the district in the past half century. It is gener- 
ally restricted to the higher elevations and the drier sites. De- 
pending upon the time of year and market conditions, 
upland crops are in various stages of development or the 
fields are being prepared for re-planting. Plant productivity 
levels track relative to growth cycles, and social variables, 
particularly the sex ratio, are associated with villages with a 

scriptor variables used in the "lapo" models at each of the significant amount of their prescribed village territory grow- 
nine scale steps, and Figure 3 shows the variation in the ad- ing upland crops. The bias towards male-dominated use of 
justed KZ values across scales. The derived models indicate mechanization for cassava cultivation is suggested in the im- 
(1) the iduence of plant biomass (ndvi) increases with scale; portance of the sex ratio variable in villages of such predom- 
(2) the iduence of slope angle (slope) also increases with inance. Soil moisture potential, a variable of immense 
scale; (3) number of households (hous) is important at fine 
scales, but decreases in importance at coarser scales; and (4) 
the sex ratio (sexr) is consistently strong across scales, and is 
the strongest variable beyond the finest scales sampled; the 
greater number of males at the village level are related to the 
larger amount of land under cultivation. The adjusted KZ val- 
ues indicate an increasing upward trend with scale. The na- 
ture of the distances that separate adjacent villages likely 
affects the higher KZ values with scale, because the transi- 
tional boundaries between the villages are smoothed as a re- 
sult of the spatial aggregation associated with the coarser 
scale steps. 

Canonical Conelation 
Canonical structure shows the interpretation of effects and 
association of variables through loadings. Tables 4 and 5 
show the canonical structure for the 30-, 150-, and 1050-m 
scales associated with the generated axes for the environ- 
ment variables and the population variables, respectively. 
The tables show the association of environment variables to 
population variables through loadings. The highest loading 
and the associated variable is underlined on each of the ta- 
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Figure 3. Plots of the FP values for the lapo 
model. 



TABLE 4. CANONICAL STR~~CTURE FOR ENVIRONMENTAL VARIABLES: ~ssoc~ATION 
OF E ~ I R O N M E N T  TO POPULATION THROUGH LOADINGS 

(a) Loadings (30 by 30 m) 
Var Axis 1 Axis 2 Axis 3 

ndvi 0.4132 0.7502 (hous) 0.1256 
elev 0.9728 (lapo) -0.1532 -0.1082 
s l o ~ e  0.3646 0.3914 0.2708 
wet -0.2606 -0.3847 0.7243 (land) 

(b) Loadings (150 by 150 m) 
var Axis 1 Axis 2 

ndvi 0.5751 -0.6699 (hous) 
elev 0.9197 (lapo) 0.3076 
slope 0.5155 -0.3344 

(c) Loadings (1050 by 1050 m) 
var Axis 1 Axis 2 Axis 3 

ndvi 0.8552 (lapo) -0.3028 -0.3796 
elev 0.6606 0.6782 (hous) 0.0149 
slope 0.6823 0.3197 0.5869 (sexr) 
wet -0.4129 0.1098 -0.1505 

importance in the region, reflects the paucity of moisture in 
upland sites and the juxtaposition of hydrologic features to 
rice paddies. The slope angle variable indicates the relevance 
of topography in discriminating between the relatively flat 
lowland and upland agriculture and the low-middle-high ter- 
races that exist as the transitional landscape. Plant biomass 
indicates the separation of landscapes on the basis of re- 
gional crop phenologies and the location of relatively dense 
forests in upland locations and sparse and discontinuous for- 
ests distributed across the rice-producing lowlands. The so- 
cial variables interact with the biophysical variables through 
their ability to alter the landscape through deforestation and 
agricultural extensi£ication. The density of population on cul- 
tivated land, the number of households in a village making 
decisions about LULC, and the topologic relationship between 
villages and the resource endowments of their territories 
affect the complex interactions between population and the 
environment that are scale dependent. 

Conclusions 
Many landscapes are the product of social and biophysical 
processes that are related to spatial (andlor temporal) pat- 
terns through scale-dependent relationships. The grain and 
extent of landscape measurement and observation are central 
to the interrelationship of scale, pattern, and process. In 
northeast Thailand, social and biophysical processes associ- 
ated with agricultural extensification and intensification are 
altering the landscape through deforestation, road building, 
and hydromodi£ications in response to regional, national, 
and global economies, and regional to national migration pat- 
terns. Biophysical, geographic, and social factors are combin- 
ing in complex ways to alter LULC patterns as a consequence 
of resource endowments and environmental gradients, acces- 
sibility and site marginalization, and labor and kinship rela- 
tionships, among other factors. Such processes may intluence 
the composition and spatial organization of the landscape 
across time and space and link across domains in interesting 
and confounding ways. 

The nature of the study area landscape offers some inter- 
esting insights into the effects of spatial scaling. In the rice 
growing areas, riparian forests exist along many water 
courses, some conservation or protected forests exist in the 
lowlands, and sparsely distributed forests are scattered 
throughout the paddies. The backdrop to the lowlands is 
clearly and definitely rice, and depending upon the time of 

year and actual site conditions, the forests become less signif- 
icant as a results of a larger cell size. Therefore, their impact 
within the integrated pixel concept becomes diminished with 
scale. In the upland sites, cassava fields are large and rather 
homogeneous (more so than rice because of the scattered 
trees and differential access to water). They are, however, 
surrounded by other upland crops, eucalyptus forest, and 
secondary growth forests generally restricted to hilly, infer- 
tile, or remote sites. Therefore, cell grading from finer to 
coarser dimensions reflect an increasingly vegetated land- 
scape, particularly during the Febmary time period, because 
of the areal extent of forests relative to upland crops sites 
that may be non-vegetated as of the February time period. 

With respect to our guiding hypotheses, the data suggest 
that social drivers are associated with her-scale spatial 
patterns and that biophysical drivers are associated with 
coarser-scale spatial patterns. Relationships between sets of 
biophysical and social variables change as a function of spa- 
tial scale. Much remains to be accomplished in our study of 
scale dependence as applied to an environment strongly im- 
pacted by human and biophysical processes. Determining 
important relationships across scale and defining the effects 
to be scaled as inputs to local, regional, and global models of 
LULCC are significant challenges. Initial steps include the in- 
tegration of social and biophysical variables to represent 
drivers of LULCC, deriving statistical relationships across 
space and time scales, and interpreting results relative to ex- 
isting theory and through techniques documented in associ- 
ated areas of scientific inquiry. GIS, remote sensing, social 
sweys,  and spatial and statistical analyses offer a research 
synergism suitable to addressing questions related to popula- 
tion and environment interactions in numerous environ- 
ments, including our site in northeast Thailand. 

The results suggest that the relationships between bio- 
physical and social variables change as the scale at which 
one examines these relationships changes. This is an impor- 
tant result in light of the large volume of LULC research cur- 
rently underway by a variety of research teams around the 
world. Based on preliminary research reported at meetings, it 
is clear that different teams are operating at different spatial 
scales. Sometimes this is the result of using data from differ- 
ent sensors (AVHRR versus.TM, for example) or sometimes 
this is the result of the social data being available at different 

(a) Loadings (30 to 30 m) 
var Axis 1 Axis 2 Axis 3 

land 0.2624 0.3511 -0.8049 (wet) 
lap0 0.7078 (elev) 0.4943 -0.3244 
pop -0.4178 -0.4061 -0.5797 
sexr 0.5806 0.3857 0.2489 
hous -0.2570 -0.5295 (ndvi) -0.5347 

(b) Loadings (150 to 150 m) 
var Axis 1 Axis 2 

land 0.3297 -0.3230 
iapo 0.7520 (elev) -0.4514 
pop -0.4251 0.3760 
s e x  0.5808 -0.2694 
hous -0.2732 0.5135 (ndvi) 

(c) Loadings (1050 to 1050 m) 
var Axis 1 Axis 2 Axis 3 

land 0.3796 -0.0972 -0.3045 
lap0 0.8732 (ndvi) -0.1708 0.3011 
pop -0.5708 0.2699 -0.3562 
sexr 0.6600 0.0037 -0.3568 (slope) 
hous -0.4932 0.4401 (elev) -0.3155 
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