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Diiversity, as a key component of complex adaptive systems (CASs), provides the range
of responses that determine how the svstem can adapt and change, We test how land-use
land-cover (LULC)Y diversity, a8 a generalization for cross-site comparison of social-
ecological svstems (SESs), responds spatially to elevation, distance to mads, and distance
to market — fctors known o influence change in individual LULC tvpes. We compare
these responses in adjacent, but different landscapes in Thailand and Cambodia. Both
SESs exhibit overall trends of decreasing LULC diversity in response o increasing
elevation, distance to roads, and distance to market at all scales. At the micro-scale
LULC divesity’s relation to distance toroads is more linear than hypothesized, whenzas
that to distance to markets and to elevation reflects the hvpothesized mverted 17 with
tailing decrease. Differences between the two SESs are aftributed to how internally
connected they are in terms of infrastructure. Change in the strengths of relationships
between LULC diversity and different factors provides guantified information on the
importance of those factors in the SES, and the opportunity (o assess the syslem’s state,
Kevwords: land-use land-cover chanpe! social-ecological svstems; complex adaptive
syatems: diversity: roads; elevation; markets; spatial studies; Cambodia; Thailand

Introduction

Studying human-environment mteractions through the lenses of land-use land-cover change
(LULCC)Y and social-ecological systems (SESs) offers a broader perspective, but each
approach faces certain challenges, LULCC rescarch has excellent tools to measure land-
scape-level change, but 15 struggling to develop a theoretical framework that 15 generalized
enough to surmount disciplinary boundaries or the complexities of comparisons beyond
spectfic locations (Kuhn 1996; Carpenter, Walker, Anderies. and Abel 2001; Birgy,
Hersperger, and Schnechberger 2004; Walker 2004; Perz 2007). SESs rescarch, om the
other hand, was developed under the umbrella of a broad concepiual framework — that of
complex adaptive systems (CASs) — but, with a few exceptions, has been unable to find ways
to quantify change (Carpenter ef af. 2001; Cumming e af. 2005; Anderies, Walker, and
Kirzig 2006). As both these research programs address the dynamics of human-environ-
ment mnteractions, it seems apposite to explore whether the strengths of each can address the
weaknesses of the other (see Figure 1),
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Figure 1. Schematic diagram showing how the diverpent SESs and LULCC approaches to the smdy
of human—environment interactions can be linked, both generall v as interfaces of such interactions, and
apecifically with individual uderlying mechanisms. For example, the quantitative analyses used in
LULCC research call for measurable dnvers, or mechanisms, which can be used to represent the more
abstract concepts that SES researchers ane trving to more abstract. LULC diversity is the proposad link,
becanse it combines a peneralized CAS concept with a quantifiable landscape chamcteristic.

This study tests empirically whether LULC diversity, as a CAS characteristic, responds
to the same biophysical and socioeconomic factors that are known to mifluence change in
individual LULC types (Chomitz and Gray 1996, Munroe, Southworth, and Tucker 2002;
Alados er al. 2004; Bdrgi er al. 2004; Crews-Meyer 2004; Owvermars and Verburg 2005,
Douglas 2006; Erenstein, Oswald, and Mahaman 2006; Etter, McAlpine, Pullar, and
Possmgham 2006; Van Gils and Loza Armand Ugon 2006). It explores the distribution of
LULC diversity in response to elevation, distance to roads, and distance to markets, and
evaluates how the resultant distributions compare to hypothesized relationships.

The CASs approach underpmnimg SESs research emphasizes the dynamism and change
imherent in human-environment mieractions { Berkes and Folke 1998). The key focus 1s on
system resilience — that 15, how systems persist and maintam wdentity as they move through a
range of conditions and are subjected to a range of internal and external perturbations
(Holling 1973; Carpenter ef af. 2001 ). The concept of SES resilience is built on the explicit
recognition of such systems as being complex and adaptive (Levin 1999; Holling 2001;
Walker and Abel 2002; Janssen, Anderies, and Ostrom 2007). The empirical, spatially
explicit approach of LULCC rescarch allows for the spatial and temporal location of the
system to be analyzed (see Figure 1). With the increasing abilities of the applications of
technologics such as remote sensing and geographic information systems (GIS), researchers
can not only measure but also map and model change and dynamism in LULC (Briassoulis
2000; Irwin and Geoghegan 2001 ; Verburg e al. 2002; Parker, Manson, Janssen, Hoffmann,



and Deadman 2003; Stibig, Beuchle, and Achard 2003 ; Mas, Puig, Palacio, and Sosa-Lopesz
2004; Rogan and Chen 2004; Wessels er all 2004; Manson 2005; Wulder, White,
Magnussen, and McDonald 2007). The responses of landscape patterns to both local,
proximate drivers and larger, more regional factors help researchers understand spatial
variability (Turner, Gardner, and O'Neill 2001; Geist and Lambin 2002; Laosch and
Herzog 2002; Wood and Porro 2002). Here we test whether LULC diversity responds to
these drivers, so that this generalized concept can be used to compare conditions i a range of
landscapes.

Landscape patterns can be seen as a guantifiable manifestation of the processes that
comprise a given SES. As SESs are a type of CAS, we aim to explore LULC patterns as
spatial expressions of abstracted CAS charactenistics (Odum 1975; Turneret al. 2001 ; Geist
and Lambin 2002; Holling, Gunderson, and Peterson 2002; Lausch and Herzog 2002; Levin
2003; Cumming and Collier 2005; Janssen ef al. 2007} on the landscape and use these
generalizations for cross-site comparison. Conceptually, we can apply the metaphors of
resilience and sustainability (Levim 1999, Holling 2001; Walker and Abel 2002; Janssen
et al. 2007y o LULC change: we can evaluate a given landscape to see whether it has
retamed the same structural { bypes, numberof types, and spatial arrangement of types of land
covers) and functional (the goods and services provided by the different land uses) identity,
despite shocks and perturbations such as market crashes, or prolonged drought. But can the
CAS charactenstics that confer resilience be expressed through LULCC, so that we select
appropriate mdicators? Can LULCC be explained in terms of a CAS? It is with this challenge
that our research secks to engage.

Diversity 15 a good place to start, as it 15 the most fundamental CAS charactenstic,
providing the complexity of components and range of responses required for adaptation
(Levin 1999). Diversity is also readily applicable to LULC research. The spatial arrangement
and distibution of different LULC types define a landscape’s diversity. Further, landscape
heterogeneity is a familiar concept, and the spatial metrics of diversity derived by landscape
eccologists are increasingly being adopted by LULCC rescarchers (Lausch and Herzog 2002;
MNagendra, Munroe, and Southworth 2004; Cadenasso, Pickett, and Schwartz 2007).

Research questions

The patterns of LULC diversity are useful to both LULCC and SESs research because they
describe the system as expressed on the landscape and provide generalized information to
allow cross-site comparison (Cassidy submitted). LULC diversity patterns should respond to
the same mechanisms that are known to affect spatial and temporal variation in the
distribution of individual LULC types. The way in which LULC diversity relates to these
mechanisms provides important mformation on the state of the SES.

The existing [iterature shows that across many different study areas, the same mechamsms,
primarily hinged on accessibility, will have one or another affect on individual LULC types,
though the specific responses may vary, see for example, Kim, Mizuno, and Kobayashi
(2003 ); Southworth and Tucker (2001); Verburg er all (2002); Wallker (2004); L (1999);
Walker and Soleka (2004). Based on these observed responses and other examples from the
literature (see Appendix 1), we can hypothesize the relationships between LULC diversaty — as
a more generalized concept — and different known mechanisms by assessing how the range of
LULC types varies spatially. For example, we expect LULC diversity to be low very close to
roads, then increasing sharply within accessible distance to the road, before decreasing steadily
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Figure 2. Hypothesized relationships betwesn LULC diversity and (a) distance to roads, (b) distance
to matket, and (c) elevation. These schematic diagams represent polynomial relationships with
skewed distributions. The diagrams presented here are intended as predictions for the micro-scale,
wherezas the higher scales are likely to exhibit smoother curves, with larger intercepts.

(Figure 2). The most mportant LULC type in most smallholder farming communities is the
dominant crop, and this would be found along rural roads — to the general exclusion of other
types. Further from the road, smallholder annual crops are interspersed with less frequently
visited arcas such as long-term tree crops, pastures, as well as a rnge of disturbed and
undisturbed natural vegetation. Beyond easy foot access, human influence decreases and
mainly natural vegetation 15 found. Likewise, right n the wicimity of the market, LULC
types will be low, then increasing strongly with distance, until access becomes a limiting
factor, so that LULC diversity tails oftf with increasing distance. We hypothesize that close to
markets, built areas will domnate the landscape, surroumded mmmediately by only the most
important commercial crop, whereas further out commercial crops become mterspersed with
increasing arcas of other smallholder crops and a range of natural vegetation types. As with
roads, as human influence drops off, natral vegetation will dominate the landscape (Figure 2.
We suggest that the distnbution o LULC diversity with increasing elevation will start off with
intermediate magnitudes m low areas, increasing steadily with increasing elevation until
steepness and rockiness causes a sudden drop-off in the number of LULC types. Lower
areas are more accessible, and will be dominated by the mamn crop. With increasing elevation,
changes n soil and slope make other crops more viable, so the preferred smallholder crops are
interspersed with a range of tree crops and other commercial crops, as well as natural
vegetation. At higher altitndes, limited access and thin soils make agriculture less viable so
only undisturbed natural vegetation is found (Figure 2.

We pose the following questions to test whether these hypotheses correctly identify, in
two very different landscapes, the nature of these relationships:

¢ How does LULC diversity change with distance to roads, distance to markets, and
elevation?

¢ How do the general relationships between LULC diversity and these factors vary at
different scales?

¢ To what extent does the actual distnbution of LULC diversity agree with that
predicted by models describing the hypothestzed relationship?

Study area
Cross-border studies provide an excellent opportunity for the comparative study of differ-
ences i the processes behind LULCC change (Birgi er al. 2004 ). This study tests the utility
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Figure 3. Study area map showing the different spectral characteristics of Sisaket, Thailand, and
Ordar Mean Chey, Cambodia.

ofthe LULC diversity concept in the neighboring provinces of Sisaket, Thailand, and Ordar
Mean Chey, Cambodia, in an analysis of change at four distinct time-steps over a 16-year
period from 1989 to 2005. The two provinces currently have highly dissimilar landscape
configurations (Figure 3). We consider the two landscapes to represent the SESs of the two
provinces, with the system processes represented by the patterns of four 14-category
classifications (Figure 4) of Landsat TM and ETM+ imagery from seasonally comparable
dates. The 14 classes, as described in Appendix 2, were identified using data collected by
extensive field visits between 2005 and 2006, comparisons with related projects, and earlier
maps (Blasco, Bellan, and Lacaze 1997; Mekong River Commission 2003; Nang Rong
Projects 2004).

A low escarpment, dropping from Thailand into Cambodia, separates the two provinces.
As a result of uplift, the plateau drains north into Thailand, resulting in hydrological
separation. Sisaket and Ordar Mean Chey share general edaphic, geomorphological, and
climatic characteristics. Both are for the most part flat. A few large rivers cross them, and
both were originally covered with semi-deciduous moist tropical forest. They both lie within
the Asian monsoonal tropics, and have pronounced, 5- to 7-month, rainy seasons. Currently,
however, the provinces have very different landscape configurations, the consequence of
different social, cultural, political, and economic histories (Wyatt 1984; Chandler 2000). In
addition, Cambodia’s internal struggles since the 1970s have deepened its isolation from the
rest of the world.

Sisaket’s predominantly agranan landscape is defined by a dense hub-and-spoke net-
work of mostly paved roads that radiate through a vast expanse of rice fields. Services are
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Figure 4. LULC classifications for Sisaket, Thailand, and Ordar Mean Chey, Cambodia, at each time-
step in the study period. The circle on the 2005 classification shows the location of the wedge of
deforestation in Ordar Mean Chey, whereas the rectangles highlight Sisaket’s extreme northeast,
escarpment foothills, and three hilly areas, where woodland has given way to upland crops and
rubber plantations.

good, and all villages have electricity, piped water, and access to health and education
facilities. Ordar Mean Chey, in contrast, had no paved roads during the study period.'
Because this province was the last holdout of the Khmer Rouge guerrillas, it remained
inaccessible to the national government until only recently. As a result, living conditions are
very poor. There is no piped water, no public electricity supply, and only a few larger villages
have schools and clinics.

As Figure 4 shows, Sisaket’s landscape is dominated by extensive areas of rice fields
traversed by a few large rivers. The rice cultivation areas, and the forested southern
escarpment, have changed little during the study period. More locally, some dynamism in
the SES is evident in the change in LULC in the far northeast, in the three hilly areas to the
southeast, and in the foothills of the forested escarpment. These areas have transitioned
between woodland, upland crops, and increasingly, rubber plantations.

The influence of mtensive agriculture evident in Sisaket’s landscape provides a marked
contrast to that of Ordar Mean Chey. Much of the rice production areas visible in the west of
the Cambodian province in 1989 are, according to oral histories, collective farms that
collapsed somewhat by 1994 because of ongoing internal conflict between the Khmer
Rouge guerrillas and the new government. Areas of woodland expanded with land abandon-
ment, presumably in part because of the presence of land mines. After 1994, the western part
of Ordar Mean Chey stabilized, leading to the re-emergence of rice areas. By 2000, the



wvillage of Anlong Veng (visible as a small zone of rce around a reservoir due south of
Sisaket’s western border) expanded, as this part of the province became the last holdout of
the Khmer Rouge. The eastern half of this province then began to experience steady
deforestation. A key development was the creation of a track through the southeastern forest
block in 1994 that opened up the area and led to the expansion of agriculture around the
village of Trapeang Prasat. Thisis visible as a dramatic wedge of rapid deforestation between
2000 and 2005,

Methods

Develapment of datasers

This spatially explicit study compares the landscapes underlying the two SESs, as described
by the classifications shown in Figure 4, Appendix 2, and discussed above. The 14 classes
include several land-use land-cover types that fall on a continuum ranging from dense forest
through less dense forest, dense canopy woodland, sparse canopy woodland, nee under
sparse trees to treeless nce areas. The classification errors are in part a reflection of the
somewhat arbirary cut-off pomts imposed along this range. The class *scrub/upland crops’
was most difficult to separate from others. This 15 a result of the classifications being based
solely on the spectral charactenistics of the satellite imagery, which in some instances are
very similar for different LULC classes. The accuracy assessment (see Appendix 3) for the
grouped classes resulted inan overall aceuracy of 85 5% and Kappa statistic of 0.779. These
classifications are taken to be the starting point of this study.

We created master-based maps of LULC diversity at three different scales (Allen and
Starr 1982) by nmning moving windows of 3 %3, 33 %33, 303 x 303 pixels (see Table |
below) across the four initial classification images. In terms of SESs, we note that
decision-making is often made at the household level, contributing to the emergence of
pattern at the community or village level. Broader political influences at the national and
provimeial level provide the context and constraints. Observations m the field, average
district and commune sizes calculated from GIS data, and other studies suggest that the
spatial extent of these different scalar influences would range from around 1 ha (the order
of magnitude of the average houschold land holding), to the level of interest of a typical
commune or district, with order of magnitude of 100 ha, to about 100 km” — a scale that
captures the cumulative effects of about 10 communes while still accommodating varia-
tion within the provinee (Chan, Tep, and Sarthi 2001; Mekong River Commission 2003;
Mational Statistics Office 2003; Van Wey 2005). The possible values of LULC wvariety
range from a low of | to a high of 14 (because the classifications have a maximum of 14
LULC types). As with any measures of diversity, value ranges are dependent on the
scheme’s taxonomic resolution, and have some impact on the outcome values. However,
the concept used here can be seen to correspond to that of habitat diversity as used in

Table 1. Scales of analvsis of LULC diversity.

Micro-scale Meso-scale level Macro-scale
contributing level of interast constraining level
SES level Household' farm Community DistricUprovince
Spatial extent ~1 ha ~100 ha ~100 km®

Analvsis size 3 = 3 pixel window 33 33 pinel window 303 = 303 pixel window




ecology, with the attendant presumption that despite the apparent arbitrariness of class
cut-offs, the real varnation it simplifies 15 adequately captured (Kerr, Southwood, and
Cihlar 2001; Kerr and Astrovsky 2003; Foody 2008; Gillespie, Foody, Rocchim, Grorg,
and Saatchi 2008),

Within each moving window, the number of different types was counted and the value is
assigned to the central pixel of the window. The elevation map was denived from the 90 m
Shuttle Radar Topography Mission digital topographic data, and resampled to 30 m using
bilinear interpolation to limit “steppiness” in the dataset.

Because road networks change over time, different “distance to roads” maps were
generated for each time-step. In both Sisaket and Ordar Mean Chey, most householders
travel and transport their produce by motorevele. Paved roads and unpaved tracks
appeared to be equally accessible for most people, and were therefore treated as equal
for this analysis. A substantial number of tracks for Ordar Mean Chey were recorded
using a GPS receiver duning fieldwork in 2005 and 2006. These were then overlaid over
the satellite images for each vear, and additional tracks were added or removed according
to what was visible in each time-step, to create roads layvers for each time-step. In Sisaket,
highly detatled roads lavers for 2004 were obtained from the Department of Highways
and Department of Rural Roads. These were then adjusted according to the satellite
imagery. Each time-step’s roads layers were then buffered to create the “distance to
roads” maps.

Towns with markets were also identified during ficldwork. Although informal rade may
also occur, for this study “market” refers to permanent, managed infrastructure established
for formal trade in locally grown prodoce. In Sisaket, alist was obtained from the provincial
administration, whereas in Ordar Mean Chey, this information was obtained by visitmg all
three large villages. Each market was visited, so that geographic coordinates and dates of
establishment could be verified. For each time-step, pomt files were made containing the
markets that had been established by that time-step, and buffered to create “distance to
market’ maps. Although straight-line distance does have some effect, most access to markets
is along roads. As both roads and markets showed change over time, we combined roads and
markets to create ‘cost-weight distance to market” maps by assigming | to roads and tracks,
and 10 to all other surfaces as a simple order of magnitude weighting to comstraiming the
distance to market buffers.

Scale

The 30 m pixel resolution of the classifications i small enough to ohserve both the patterns
in LULC diversity and the factors influencing LULCC, even at localized spatial extents. At
this resolution and with the smallest possible window size (3 »3 pixels) — as descnbed below

varation in LULC types at the micro-scale can be measured. In addition, this smallest
window size corresponds roughly to | ha - the size of the finest scale of analysis (Table 1).
At 100 ha (corresponding to the community level of mterest) enough pixels are present to
capture all 14 possible LULC types and to reveal detailed spatial patterns of diversity.
Because many socialecological processes are scale dependent (Allen and Starr 1982), we
considered three scales of analysis, with the meso-scale of interest corresponding to the
sphere of influence of the community (Table 1). For the purposes of this study, LULC
diversity 15 assessed on the basis of varety — the number of types of LULC present at cach
scale.



Analysis

Data exploration showed that all of the vanables had strongly non-normal distributions, and
for this reason Spearman’s rank correlations were used for initial assessment of the relation-
ships. Because the datasets were very large (over 7 million cases), the statistical power is so
strong that all relationships are significant with P-values less than 0.0001. In order to assess
significance without using the P-values, we compared the correlation and F-test values
themselves to the results of the same tests run on 20 different randomizations of the datasets.
Because the randomizations had the same distribution as the actual tests, this process showed
that the actual test values were not because of chance (Cumming 2004).

The Spearman’s rank correlation is a good first step in determining whether LULC
diversity responds to the same factors that affect individual LULC types, however. the
relationship that the test measures is linear. The relationships predicted by the hypothesesare
nonlinear, and the correlation coefficients do not capture how the relationship varies with
elevation or distance to roads and markets. The shape of the hypothesized curves (Figure 2)
suggests instead a multiple-order polynomial relationship, which can be expressed in a
general form for all three factors as:

y = ax®+e) 4 gy (1)

where y is predicted LULC diversity, x the explanatory factor of interest (distance to roads,
distance to market, or elevation), a, b, ¢, and 4 are coefficients that change the specific shape
of the relationship for each factor at each time-step and in each province.

This function was used to create maps of predicted LULC diversity asa response to each of
the three explanatory factors, so that these predicted surfaces could then be compared to the
actual spatial distribution of LULC diversity. Random samples of 500 pixels per province
(Figure 5) were used to generate coeflicients for each explanatory factor in each province and
at each time-step. The means, vanances, and distribution shapes for the samples were
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Figure 5. Distribution of 1000 random sample points (500 per province) shown relative to the 2005
classification and micro-scale LULC diversity.



compared to those for the entire provinee datasets to venfy that they were representative. The
cocfficients were 1dentified by running the samples in LAB Fit, a curve-fitting analytical
package (Silva and Sibva 1999-2007) to establish how the actual LULC diversity values in the
random samples responded to each explanatory factor within this fimetion. As expected,
because the three explanatory factors operate at the local level (results for the Spearman’s
rank correlations notwithstandimg ), the functions did not produce good model fits at the meso-
and macro-scale. For this reason, although in this article we report the response at each scale,
we confine our prediction analyses to the responses of micro-scale LULC diversity only.
The resultant coefticients were then applied to the maps of the explanatory factors using
the function descnibed above, to create maps predicting where LULC diversity would be
located if that factor alone would influence its distribution. The predictive maps were then
subtracted from the actual LULC diversity maps to determine: (a) how much of LULC
diversity was explained by that factor, () n which locations the predictions were most
accurate, and (c) whether the hypothesized shape of the relationship was generally correct.

Results
Sparial distribution of LULC diversity and ecplanatory variables
When compared to the classifications in Figure 4, the predicted values in Figure 6 show
that the distibution of LULC diversity mmitates the general patterns evident in the
changing landscapes of the two provinces. In Sisaket, areas of high LULC wvariety follow
the rivers, and depict the changing agriculture, along the escarpment foothills, and in the
three hilly arcas in the southeast. The provincial capital, Sisaket town, appears as a circle
of high LULC wariety in the north-center of the map, just west of the large river junction.
In Ordar Mean Chey, the dense forests on the southeastern hills stand out as areas of low
LULC variety. The village of Anlong Veng isvisible from 1994 onwards as anode ofhigh
diversity, with decreasmg magnitudes radiating out from the settlement. The develop-
ment of the road mto the dramatic wedge of deforestation 1s clearly evident as first aline,
and then a tmangle of higher LULC varety cutting into the low LULC varety of the
forested arcas.

A companisom of LULC vanety at the three different scales shows that the responses
of LULC diversity to underlying biophysical and socioeconomic mechanisms present a
smoother response at the meso-scale, allowing the dominant features to stand out (Figure 7).
In addition, the influence of national context 5 clearly evident in the differences in LULC
wvariety between the two provinces at the macro-scale, with the stronger global economic
links in Thailand supporting the existence of a greater range of LULC types.

Infrastructural conditions are markedly different in the two SESs. For instance, the road
network in Sisaket makes the entire landscape highly connected (Figure 8). In 1989, the
maximum distance to any road was 9.2 km, with a median distance of 200 m. With little
room for further road expansion, this median distance remained unchanged through to 2005,
In Ordar Mean Chey, not only the number of roads, but also the location of some tracks
changed, as is common of dirt racks in undeveloped arcas with low mput from government.
Im 1989, the median distance to road was 1.2 km, with the greatest distance being 182 km.
By 200%, the median and maximum distances had roughly halved to 0.8 and 9.7 km,
respectively.

In Sisaket. based on date of establishment, the number of markets sellmg farmers’
produce increased from 4 1989 to 14 by 2005, As the road network was well established
throughout the sudy period, it was the markets themselves that most changed the



Figure 6. LULC Variety at the meso-scale for 1989, 1994, 2000, and 20035. Distinct patterns can be
followed across the landscape. The circle on the 2005 map shows the location of the wedge of
deforestation in Ordar Mean Chey, whereas the freeform shows the low LULC diversity of the dense
forests, and the rectangles highlight Sisaket’s escarpment foothills and three hilly areas.

cost-weight distance to market across time (Figure 9). In Ordar Mean Chey. even thoughno
new markets had been established by 1994, access was improved through the development
of new tracks.

With the establishment of a marketin Anlong Veng in 1999, and another in Trapeang
Prasat in 2004, the cost-weight distance to market was greatly reduced in the eastern part
of the province. However, to some extent the eastern and western halves of the province
eachretain stronger Iinks to therest of the country to the south than they do to each other.
The roads from Samraong to Siem Reap (a major town south of the study area),
and Anlong Veng to Siem Reap, are better established than that linking Samraong to
Anlong Veng.

Although Sisaket sits on a plateau above Ordar Mean Chey, the difference between their
mean elevations is only about 90 m(Figure 10). Ordar Mean Chey has a median elevation of
70 m, whereas that of Sisaket is 141.5 m. There is some overlap in the spatial distributions of
all of the explanatory factors discussed here. In Sisaket, roads and markets are located only
on the lower, flatter areas, and not in the higher, mountainous areas. In Ordar Mean Chey,
there has been more change in the relationships. At the start of the study period, settlement
and related infrastructure were located in the lower western part of the province, with hills
(other than the steep escarpment) found in the east. However, over time roads and settle-
ments have expanded into this slightly more elevated area.
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Figure 7. Spatial distribution of LULC variety in 2005, shown for the three different scales of
analysis and in comparison to the initial classification. Each inset, centered on the same riparian
area, shows aspatial extent representing roughly 10 times the moving window size used for each scale,
to show that the apparent differences are not simply a result of spatial zoom. At the micro-scale,
patterns appear more random, whereas those at the macro-scale appear more uniform.

Distance to roads and LULC diversity

A comparison of the Spearman’s correlation coefficients for LULC diversity and distance to
road shows that, overall, Ordar Mean Chey hasa much stronger response to distance to roads
at all scales, reflecting the difference in road densities between the two provinces (Table 2
and Figure 8). The negative signs indicate that increasing distance to roads is associated with
a decreasing magnitude of LULC diversity at all scales. In both provinces there is a general
increase in the strength of the relationship overtime at all scales, although this increase is not
always constant. In both provinces, the correlations are strongest at the meso-scale, suggest-
ing that it is at this scale the dominant patterns emerge on the landscape (Figure 7). However,
at this broader scale, interactions with other mechanisms are stronger, making it more
difficult to model the specific nature of the relationship between LULC diversity and
distance to roads.

The extent to which the actual relationships match the hypothesized shape in Figure 2a
can be seen in Figure 11 and Table 3, which shows the predicted response of micro-scale
LULC diversity to distance to roads for each time-step for the random sample of 500 points.
In Sisaket, only 1989 shows the predicted initial increase, before LULC diversity magni-
tudes drop off with increasing distance. From 1994 onwards, conditions have changed
substantially, suggesting that the actual relationship differs from that hypothesized, with a
more linear decrease in diversity with increasing distance to roads. In Ordar Mean Chey a
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Figure 8. Distance to roads in 1989, 1994, 2000, and 2005.
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Figure 9. Cost-weight distance to market in 1989, 1994, 2000, and 2005.



Figure 10.  Elevation in the study area shown together with meso-scale LULC diversity in 2005,

Table 2. Speamman’s comelation coefficients showing LULC diversity in response to distance to
roads at each time-step.

Sisaket Ordar Mean Chey
1989 1994 2000 2005 1989 1994 2000 2005

Micro-scale  -0.118 -0.158 -0.191 -0.194 -0275 -0203 -0237 -0271
Meso-scale -0.149 -0238 -0289 -0.162 -0263 -0318 -0356 -0.400
Macroscale -0.098 -0.047 -0.022 -0.167 -0.182 -0.122 -0392 -0.277
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Figure 11. Predicted LULC diversity at the micro-scale in response to distance to roads in the
function ax®*=") | dx for four different points in time in (2) Sisaket and (b) Ordar Mean Chey,
based on the random sample with n = 500, and using the coefficients generated from modeling the
relationship with actual LULC diversity values. Coefficients for the models are given in Table 3.

similar shift is observed, but only from 2000 onwards. This delay relative to Sisaket shows
the extent to which Ordar Mean Chey lags behind that province in terms of infrastructural
development. Although the good fits for all of the functions show that LULC diversity does
respond to distance to roads, as expected this factor alone does not explam much of the



Table 3. Coefficients used to predict micto-scale LULC diversity at four time-steps in Sisaket and
Ordar Mean Chey in response (o distance to roads in the fanction ax®+="} 4 gy,

a ] c d

Sisaket

198G 2717 =3 B28E-01 6.080E-03 =2 BT9E-01

194 3.291 3.356E-02 2. 364E-03 =T.B83E-0]

2000 2913 1.O53E-01 =8.528E-03 =6.072E-01

2005 3.097 5.60TE-02 1L319E-04 =6.996E 01
Ordar Mean Chey

198G 3217 =8 988E-02 3291E-03 1.256E-01

1904 3329 4. 19TE-02 =2 140E-03 =3.231E-01

20010 3090 2.335E-02 =T R IE-D4 =2.692E-01

2005 3385 =T.600E-02 5.548E-03 =3 469E-02

wvarnance m micro-scale LULC diversity when the function is applied to the entire landscapes
(Table 4 and Figure 12} — with the adjusted R® values for Sisaket being particularly low. This
implies that although micro-scale LULC diversity does respond to distance to roads, n the
province, roads are no longer a major determinant in the distribution of micro-scale LULC
diversity. In both provinees, however, the models predict LULC diversity to within one type
across about 0% of the landscape (Table 4). In Sisadket, the models margimally under-
predicted the overall LULC diversity, as s shown by the mean differences between actual
and predicted, whereas in Ordar Mean Chey — except in 2005 — the models slightly over-
predicted LULC diversity (Table 4).

The over- and underpredicted areas on the maps provide important information on what
the other factors contributing to the distribution of LULC diversity are. For example, it is
clear that at all time-steps in Sisaket, nivers are areas of high LULC diversity independent of

Table £, Results of the models predicting micro-scale LULC diversity in response to distance to roads
showing goodness-of-fil, proportion of landscape variance explained by the model, mean difference,
and standard deviation betwesn predicted and actual LULC diversity for the entire landscapes, and
proportion of landscape where predicted LULC diversity is equal to or less than 1 type different from
actal LULC diversity.

Mean difference Standard deviation of %o of landscape with

between actual and difference betwesn difference less than |
ﬁ.ﬂ_jugted predicted LULC actual and pradicted between actual and
" Rk diversity LULC diversity predicted LULC diversity
Sisaket
1989 1370  0.022 004 1.44 5151
1994 1692  0.062 0.15 1.42 4846
2000 1289 0035 027 1.35 £0.67
2005 1660 0,034 0.21 1.38 56,62
Ordar Mean Chey
1989 1L.637  0.098 =0.0% 1.30 4592
1994 1853 0,022 =004 1.33 50.22
2000 1528 0.4 =0.03 1.19 5381

2005 1943 0070 0.05 1.41 44913
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Figure 12.  (Available in colour online). Residual map showing the difference between actual micro-
scale LULC diversity and that predicted by distance to roads in the fanction ax®™ <) . dx. Orange to
red areas show where the model overpredicts LULC diversity, and pale to dark green areas show where
the model underpredicts LULC diversity. Insets show arbitrary locations of roughly 4 x 4 km” to give
an indication of the distribution of the residuals when displayed at a finer map scale.

the influence of distance to roads (Figure 12). The inset for Sisaket in 1989 shows that
although diversity is correctly predicted immediately next to the road, from about 100 m
distance it is overpredicted for the next 250 m asis shown by the distinctive bands paralleling
the roads. The residual maps for 2000 and 2005 suggest that the more linear relationship
depicted for these years in Figure 11 is a better description of this province’s relation to
diversity than that hypothesized in Figure 2a. Given the density of the road network in
Sisaket (Figure 8), the fact that distance to roads does not play a major role in explaining the
total variation in LULC diversity across the province’s landscape is not surprising.

For Ordar Mean Chey, the most striking feature of the residual maps is how the distance-
to-roads models overpredict for more elevated areas, adding weight to the hypothesis that
elevation is also an mmportant factor influencing LULC diversity. Over time, however, as
roads penetrate into the hillier east of the province, the spatial extent of this overprediction
decreases (Figure 12). Rivers do not appear to have the same influence on LULC diversity in
Ordar Mean Chey as they do in Sisaket.

Distance to markets and LULC diversity

The Spearman’s rank correlation coefficients show that cost-weight distance to market is an
important determination of the overall magnitude of LULC diversity (Table 5). This is



Table 5. Spearman’s correlation coefficients showing LULC diversity in response o cost-weight
distance 1o markets at each time-step.

Sisaket Ordar Mean Chey
158G 1944 2000 2003 195G 1944 2000 2005

Micro-scale 0.028 =0.067 =-0262 -0086 -0426 -0422 -0262 -0264
Meso-scale 0026 0147 -0126 -0.130 -=0361 -03598 -0290 -0.386
Macro-scale  -0.068 0083 -0271 -0.044 0020 -0.098 -0394 0267

particularly true in Ordar Mean Chey. As with distance to roads, the general tend is for a
decrease in magnitude of LULC diversity with mcreasing cost—weight distance to market.
The anomalous positive correlations for Sisaket in 1989 can be attributed to the lack of a
market to the southeast of the provinee until 1994 (Figure 9), in spite of the presence ofthe
three hilly areas of fertile soil and high LULC diversity highlighted in Figure 4. Unlike
distance to roads, there is no single scale at which the correlations are strongest — instead this
varies from vear to vear. In Ordar Mean Chey, there s a considerable decrease in correlation
strength in 2000 at the micro- and meso-scales, but a strong increase at the macro-scale. This
relates to the addition of the province’s second market, in Anlong Veng (Figure 9), which
reduced the influence of the Samraong market at the micro- and meso-scales, and created
maore evenly distributed access for the entire landscape.

In Sisaket, there has been greater vanability over time in cost-weight distance to
market compared to distance to roads, and this is reflected in the changing shapes of the
maodels using this factor to predict LULC diversity (Figure 13 and Table 6). In all vears,
there s an initial increase before magnitudes drop off with mereasing distance, yet not to
the degree suggested by the hypothesized curve (Figure 2b). The change in Ordar Mean
Chey has been more dramatic. As there was only one market in the province in 1989 and
1994, the addition of a yvet another by 2000 almost halved the effective distance to market
for the eastern part of the province (Figures 9 and 13b). By 2005, both the increase in road
density and the addition of a third market have seen the response of LULC diversity change
to being almost linear.
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Figure 13, Predicted LULC diversity atthe micro-scale in response o cost—wei ght distance to market
in the function ax®™ <) | dy for four di fierent points in time in(2) Sisaket and (b) Ordar Mean Chey,
based on the random sample with a = 500, and using the coefficients generated from modeling the
rzlationship with actual LULC diversity values. Coefficients for the models are piven in Table 6.



Table 6. Coefficients used o predict micm-scale LULC diversity at four time-3 in Sisaket and
Ordar Mean Chey in response (o cost-weight distance to market in the function ax™ =} 4 gy,

a b ¢ d

Sisaket

198G 2377 6.037E-03 =5 B34E-03 =3 1 14E-02

1904 2.164 BST2E-03 =1.784E-D4 B AIDEA03

2000 2.307 3. 2B0E-03 =8.693E-03 G R42E-03

2005 2.511 6.005E-03 =2 483E-04 1.714E-02
Ordar Mean Chey

198G 3.605 =3 440E-04 =4 613E-D6 4. 180E-03

1904 3073 f.445E-04 =1.6535E-03 BASTEAG

2000 2.643 T.095E-04 =3 6ME-05 1. 428E-02

2005 4282 1.62TE-03 =4 SB6E-D6 =5 28RE02

Table 7. Results of the models predicting micro-scale LULC divesity in response o cost-weight
distance to market showing goodness-of-fit, proportion of landscape variance explained by the model,
mean difference, and standard deviation between predicted and actual LULC diversity for the entire
landscapes, and propotion of landscape where predicted LULC diversity is equal to or less than 1 tvpe
different from actual LULC diversity,

Mean difference  Standand deviation of 26 of landsc ape with difference
betwesn actual  difference betwesn less than | between actal

Adjusted  and predicted  actual and predicted and predicted LULC
. R LULC diversity LULC diversity diversity

Sisaket

1989 1335 0.044 0.18 1.34 6347
1994 1.647 00T 0.06 1.33 50.32
2000 1289 0,027 0.19 1.27 6397
2005 1647 00042 0.07 1.26 56.30
Ordar Mean Chey

1989 1410 0222 =0.09 1.21 56.03
1994 1584 0162 =0.05 1.21 53588
2000 1522 0044 =0.04 1.16 56.88
2005 1912 00835 0.01 1.37 4521

Aswith those based on distance to roads, the models predicting LULC diversity based on
cost-weight distance to market generally inderpredicted LULC diversity in the Sisaket
landscape and overpredicted for Ordar Mean Chey (Table 7). For the most part, cost—weight
distance to market better predicts diversity than distance to roads alone, producing models
for which 50-64% of the landscape 1s predicted to be within one LULC type (Table 7 and
Figure 14). The adjusted B values show that in Ordar Mean Chey in 1989 and 1994, market
proximity, as a single vanable, explained much of the vanation in LULC diversity magni-
tudes across that provinee’s landscape (Table 7), and the spatial extent of the overprediction
associated with the hilly southeast 15 reduced, relative to the models for distance to roads
(Figure 14).

These market models have tended to overpredict LULC diversity in the west of the
province for all but 2000 (Figure 14). In Sisaket, the low adjusted B? values again suggest



Figure 14.  (Available in colour online). Resicual map showing the difference between actual micro-scale
LULC diversity and that predicted by cost-weight distance to market in the function ax®+e€) 4 gy,
Onange to red areas show where the model overpredicts LULC diversity, and pale to dark green areas show
where the model underpredicts LULC diversity. Insets show arbitrary locations of roughly 4 x 4 km® to give
an indication of the distribution of the residuals when displayed at a finer map scale.

that this province is so highly connected in infrastructural terms that other factors now play a
larger role in explaming the spatial distribution of LULC diversity. For example, rivers are
again visible as areas for which LULC diversity is underpredicted, as is the area around
Sisaket town from 1994 onwards. The 1994 Sisaket map shows large areas of overpredicted
diversity, and this model had the lowest total predicted area within one type of the actual
LULC diversity (Figure 14 and Table 7).

Elevation and LULC diversity

Spearman’s rank correlation coefficients show that for the whole landscapes, there is a general
decrease in the number of LULC types with increasing elevation at all scales (Table 8). Again,
the relationships are stronger in the less-developed province of Ordar Mean Chey than they are
in Sisaket. There is some varnability in the scale at which the relationship is strongest at the
different time-steps, however. in Sisaket for the most partit appears weakest at the micro-scale,
possibly because this linear measurement masks the fact that, at this fine scale, higher LULC
diversity is associated with intermediate elevation — with lowest areas dominated by rice, and
highest arcas dominated by forest (Figure 4). In contrast, strong relationships are found at the
micro-scale n Ordar Mean Chey at all time-steps (Table 8), possibly because much of the
human-induced change in this province is still taking place in the lower areas to the west of the
province (Figure 4).



Table 8. Spearman’s correlation coefficients showing LULC diversity in response to elevation at each
Lime-slep.

Sisaket Ordar Mean Chey
1989 1904 2000 2005 1989 1994 20 2005

Micto-scale =0.023 0028 -0033 -0.037 0422 0427 -0335 -0378
Meso-scale =0.088 -0243 -0260 -0.127 -0.1% -0473 -0358 0329
Macro-scale =065 -0.090 -0306 -0.0194 0067 -0035  -0321 0373

Because elevation does not change over time, we expect less vanation in the relation
between this factor and micro-scale LULC diversity compared to the relation to roads and
markets, and the graphs in Figure 15 and coefficients in Table 9 show that this is indeed the
case. For all time-steps, the shapes of the Sisaket LULC diversity models based on elevation
resemble the hypothesized shape (Figure 2¢) more closely than those of the other factors.
The model shapes for Ordar Mean Chey present more abrupt changes with increasing
elevation, and also show a sccond increase in LULC diversity after the mitial strong
decrease, from about 200 m elevation onwards, This is probably because the castern half
ofthe provinee is higher than the western half while still being relatively flat, so that multiple
LULC types can emerge (Figure 10). Overall, LULC diversity in the eastern half is generally
lovwer because this area has had limited settlement because of the area’s political history.

Mot only does elevation most closely matched the hypothesized shape predicting LULC
diversity but it also predicts most accurately the spatial distribution of LULC diversity, with
between 55 and 66% of the landscape being predicted to within one LULC type difference in
all time-steps and both provinces (Table 10 and Figure 16). In OrdarMean Chey, elevation as
a single factor accounts for a lot of the overall variance in the landscape, as is shown by the
adjusted B values.

As with distance to roads and cost-weight distance to market, most of the underpredicted
areas in Sisaket relate to riparian features, again highlightmg their importance in determining
the distnbution of LULC diversity in this provinee (Figure 16). In Ordar Mean Chey m 1994,
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Figure 15, Predicted LULC diversity at the micro-scale in response to elevation in the function
ax® =} 4 gy for four different points in time in (2) Sisaket and (b) Ordar Mean Chey, based on the
random sample with a = 500, and using the coefficients generated from modeling the relationship with
actual LULC diversity values. Coefficients for the models are given in Table 9.



Table 9. Coefficients used to predict micmo-scale LULC diversity in response to elevation in the
funetion a4 gy

a 1] e d

Sisaket

1989 1.112 1.626E-03 =3 . 94T7E-D6 2.058E03

1904 1.155 1.926E-03 =4 T4E-06 1.58BE-03

2000 1.116 1.64TE-03 =3.961E-06 1.B373E-03

2005 0,798 2.526E-03 =5 BRSE-D6 1.BO1E03
Ordar Mean Chey

198G 2.407 3. TE2E-03 =4 440E-05 SO32E403

1904 3.028 1. 408E-03 =2 426E-05 S035E03

2000 1.631 32T5E-03 =5 103E-05 6. ATSEAN3

2005 2377 4. 163E-03 =4 281 E-05 S.008EA03

extensive areas in the northwestern part of the province, which are slightly elevated, are
underpredicted, and this is reflected m the mean difference between actual and predicted
LULC diversity (Table 10), which shows that this vear’s model performed poorly relative to
the other yvears. In contrast, the underpredictions in 2005 relate to the dramatic wedge of
deforestation described in Figure 4. The residual maps of the elevation-based models for
Orrdar Mean Chey (Figure 16) show that the hilly southeastern area is well predicted, with
errors to the north and west. Thisis n contrast to the roads- and market-based models, which
performed better in the north and south, and overpredicted for the hilly southeast (Figures 12
and 143 This suggests that a model that combined cost—weight distance to market (which
includes the influence of roads) and elevation might explain much of the vanance in Ordar
Mean Chey.

Table 10, Resulis of the models predicting micro-scale LULC diversity in response o elevation
showing goodness-of-fit, proportion of landscape variance explained by the model, mean difference,
and standard deviation betwesn predicted and actual LULC diversity for the entire landscapes, and
proportion of landscape where predicted LULC diversity is equal to or less than 1 type different from
actual LULC diversity.

Mean difference  Standard deviation of %% of landscape with difference

between actual difference betwesn lzas than 1 between actual
Adjusted  and predicied actual and predic ted and predicted LULC
" R LULC diversity LULC diversity diversity

Sisaket

1989 1322  0.056 0.11 1.26 66.50

1994 1632  0.096 0,05 1.29 56.11

2000 1239 0.066 017 1.27 64,28

2005 1515 0116 0.06 1.25 3966

Ordar Mean Chey

1989 1384 0226 =0.12 1.18 3963

1994 1600 0141 0.70 1.24 SB.68

2000 1.422 0112 =0.08 1.11 6110

2005 1615 0228 =0.02 1.26 3561




Figure 16.  (Available in colour online). Residual map showing the difference between actual micro-
scale LULC diversity and that predicted by elevation in the function ax!®+e") 4 dx. Orange to red
areas show where the model overpredicts LULC diversity, and pale to dark green areas show where the
maodel underpredicts LULC diversity. Insets show arbitrary locations of roughly 4 x 4 km’ to give an
indication of the distribution of the residuals when displayed at a finer map scale.

Discussion

Overall, magnitudes of LULC diversity are higher in Sisaket than in Ordar Mean Chey.
Likewise, this province clearly has a greater degree of nfrastructural development. This
means that not only do the two SESs have different potential responses but also differences
in the factors affecting the responses. Variations at different time-steps in the relationships
with the distance to roads and market vanables are to some extent because of changes in
these explanatory variables. This does not diminish the importance of the changing LULC
diversity values, but instead highlights the importance of other system attributes, such as the
connectivity of the SESs. For example, the weaker relationships in Sisaket between LULC
diversity and roads and markets suggest a higher degree of connectivity and rigidity to that
SES, where human influence has reached a point where it limits the system’s response to
these factors (Carpenter, Ludwig, and Brock 1999; Holling and Gunderson 2002). This
finding suggests that the strength of the relationship between LULC diversity and the various
underlying mechanisms driving LULC change should be explored further as an indicator of
the resilience of a given SES. The notion of resilience is important because it draws attention
to the fact that SESs move through a range of conditions and are subject to arange of internal
and external disturbances. Any management of a SES to maintain a desired state in the long-
term needs an understanding of how dynamic and complex the interactions are in the SES
under investigation (Berkes and Folke 1998; Holling and Gunderson 2002).



Roads clearly play a key role in determinmg the distribution of micro-seale LULC
diversity — however, not in the form hypothesred. Although the qualitative shape of the
hypothesis was not supported by the models, there is nevertheless an overall decline in
LULC diversity with mcreasing distance to roads, and LULC diversity is shown to be
affected by accessibility in the same way as change in individual LULC types. In Sisaket, the
road network s so dense, that in this smallholder agranan system, one s never more than
three or four fields away from a road. With the exception of the border escarpment, the low
LULC diversity associated with greatest distance from road s related to the dominance of
the main smallholder crop - rice, and not undisturbed natural vegetation. Given that nearly
all land is within ready access to roads, it appears that close to roads, more economically
attractive land uses that tend to cover smaller areas, such as residences, cash crops, and
plantatioms, combined with the diversity associated with road verges (scrub and ephemeral
surface water) meaning that in Sisaket LULC diversity 1s highest close to the road. Even
though in Ordar Mean Chey, people may maimnly be planting the dominant smallholder erop
close to the road, the linear settlement pattern means that here too, diversity 15 high close to
the road. as people tend to have cash and tree erops around their homes, whereas far from the
road, as expected, LULC types tend to be restricted to the dominant natural vegetation. This
means that the relationship between distance to roads and LULC diversity may be better
expressed as a linear decline with mcreasing distance. Although the specific nature of the
hypothesized relationship was not borne out, nevertheless the data show that LULC diversity
15 affected by the spatial distribution of roads.

Although the hypothesized graph for changes in LULC diversity with cost—weight
distance to market suggested large and abrupt change with mitial increases in distance, the
data show that this trend 5 more gradoal. Nevertheless, the models still show the initial
increase in LULC diversity with increasing distance, followed by a decrease, described by
the hypothesized left-shkewed, inverted U distribution. In Sisaket, the wmeven spatial dis-
tribution of markets in the earlier years mfluenced the nature of their relationship to LULC
diversity, drawmg attention to the issue of feedbacks., As markets became more evenly
distributed across the provinee, the relation to LULC diversity took on a shape closer to that
hypothesized, raisimg the guestion of how much markets affect LULC diversity and how
much they are affected by it

Although road densities in Sisaket change little over the study period so that access to
market was influenced more by changes in the distribution in markets, in Ordar Mean Chey,
changes in the roads and tracks played a large role in changimg access to markets. The shape
ofthe 1989 model reflects how many roads Imked to a single market, and with an additional
market in 2000, the model more closely resembles the hypothesized shape. By 2005,
however, the addition of a third market in the frontier area of the eastern part of the province
where abrupt change is taking place, means that the relationship in the last time-step was
almost lmear, with high diversity close to the newly established markets, declining sharply as
human influence gave way to the densely forested areas.

Encompassed in the effect of elevation on LULC diversity are related factors such as
slope and soil. This is most evident m Sisaket, where the three hilly areas of mtermediate
elevation m the southeast have high LULC diversity primanly because of the ncher soils
there, whereas the much higher escarpment mountains are very steeply sloped and rocky,
limiting human access and use. The combmation of these factors contributes to the way in
which the models conform to the hypothesized shape. In Ordar Mean Chey, politics have
limited the ability of humans to expand ther influence into the gently sloped hills of the
eastern part of the provinee, so that at all time-steps in the study period there 15 an abrupt
increase and then decrease in the number of different LULC types within a relatively small



elevation range. In the future, as the east of the provinee opens up, we might expect this
transition to be more gradual

The areas of overprediction m the residual maps for costweight distanee to market
(which incorporates the effect of roads) and elevation clearly show that complementary
information s contained n the prediction models based on each of these vanables. It would
therefore be useful to identify a model that combined cost-weight distance to market (which
incorporates the effect of roads) with elevation, as together they would likely explam much
of the variance in the spatial distribution of LULC diversity.

Although the models explored here describe the nature of the responses for LULC
diversity at the micro-scale only, it is clear from the Spearman’s rank correlations that the
effect of these local-level drnivers can nevertheless also be felt at broader scales. However, at
cach higher scale of analysis, a larger arca 15 mcorporated in the assessment of diversity,
which mereases the influences and interactions of other processes, makmg it hard to identify
how each vanable mdvidually affects LULC diversity at these broader scales. To under-
stand better the distnbution of LULC diversity at the meso- and macro-scales, however, 1t 1s
maore important to identify factors that operate at these broader scales. For example, the maps
suggest that rivers may control LULC diversity distnbution at the meso-scale. The more
fertile soils and access to water m riparian areas not only create a greater range of natural
LULC types (Maiman and Decamps 1997) but also provide the conditions for a range of
LULC types — more than individual households could account for, but which collectively a
community or village would likely generate. Likewise, a broad-scale mechanism such as
degree of ntegration in the global economy might nfluence the range of human-dominated
LULC types and so better explain macro-scale LULC diversity.

Conclusion

Because diversity, as a system attribute, 1s quantitative and not categorical, it readily lends
itself to measurement. Directional trends can be wdentified and cross-site compansons can be
conducted empirically, and its association with other SES attributes can be calculated
(Carpenter er al. 2001; Cumming ef af. 2005; Cassidy submitted). This study shows that at
the micro-scale the hypothesized relatiomships between LULC diversity and these factors
were supported, with some modification to the exact nature of the relationship n the case of
distance to roads. Even in the dissimilar systems that the study provinces represented, LULC
diversity had the same general responses to factors known to influence LULCC. That 1s,
increasmg accessibility and infrastructural development led to increasing LULC diversity in
much the same way that they lead to forest conversion and agricultural expansion; and
higher elevations constrained LULC diversity just as they do the conversion of one specific
type of LULC to several others (Chomitz and Gray 1996; Cropper, Pun, and Griffiths 2001 ;
Biirgi er al. 2004; Crews-Mever 2004, Erenstein er al. 2006; Etter ef al. 2006; Messina,
Walsh, Mena, and Delamater 2006; Caldas ef @f. 2007; Cassidy submitted).

The way in which LULC diversity relates to these mechanisms provides important
information on the state of the SES. Variations in the responses of LULC diversity show
that the SESs are adaptive, responding to the influence of the factors tested here. Weakening
relationships suggest that a system is becoming more connected. Both the patterns (Cassidy
submitted) of LULC diversity and its responses to underlying mechanisms are scale depen-
dent. Although LULC diversity provides a simple but useful generalization for cross-site
comparison, predicting its response to different factors requires further development of the
theory and the dentification of factors more likely to influence spatial and temporal variation
at the meso- and macro-scales.



The use of CASs to frame the analysis of landscape change provides ameans to ntegrate
SESs rescarch with LULCC research., LULC diversity links the metaphors that guide SES
research to the more practical reality of how humans, as the dommant species, influence the
spatial configuration of the landscape. The effect ofdrivers of change on different landscapes
can be compared by measuring the response of LULC diversity instead of the responses of
mdividual LULC types which might otherwise be context specific (Perz 2007). The condi-
tion of SESs can be expressed quantitatively by using LULC types as an expression of SES
components. Linking LULCC and SES research allows a system’s location m space and
time, and at multiple scales, to be meluded in the evaluation of its past, present, and future
states.
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Appendix 1.
underlying factors.

Selected examples of case studies suggesting changes m LULC diversity and

Oh=erved changes related to

Article Laocation LULC diversity Selectad factors
Alados er al (2004) Spain Temparal and spatial Elevation; slope;  distance
vanation in LULC types from town; population
density
Bassett and Zueli (20000 Coted voire Temparal and spatial Fire; grazing rainfall
varation in LULC types
Biingi er al. (2004) Switzerland  Landscape change Topography;  distance from
and persistence center; accessibility
Caldas er af {2007) Brazl Conversion of one Soil quality; distance
LULC type to several others o highway; demogmphic
charactenstics; wealth
Chomite and Gray (1996) Belis Conversim of one Fload density; distance
LULC type to several others from muarket, soil quality,
rainfall
Crews-Meyver (2004 Thailand Landscape change Elevation; distance from
and persistence, rivers, mads, vil lages
LULC heterogeneity
Cropper ef al. (2001) Thailand Conversion of one LULC Slope; elevation;  protected
type to several others areas; population density
Drouglas (2006) S-E Asia Land degmdation Roads;, market access; off-
a5 consequence of farm labor; conflict
new and vaned LULC types
Erenatein o af. (2006) West Africa An agme-ecological  pradient Distance from urban market
of land use, diversity of land
use  highest at intermediate
point on gradient
Etter er af. {20046) Colombia Conversion of one Soil; cost — weight
LULC type to several others distances to roads,
nvers, towns;
nzighboring
LULC type
Geoghegan, Wainger, Usa Assesses land uxe diversity Diversity  mtercting  with
and Bockstael {1997) in a study of spatial distance from capital city
mietrics — diversity as
a factor contributing
toward land values
Laurance ef al, (2002 Brasil A single LULC type— Population density; mad
fomest — giving way to density
several LULC types
along grdients of
roals and settlements
Munmoe er al. {2002 Honduras Conversion of one LULC DMstance to mads, towns;
type to several others slope: elevation
Orvermars and Philippines A gradient, with faw Slope; elevation; distance
Werburg (2005) LULC types at each to: road, market,
extramne, and a higher wvillage, nver;
divemity of types in the population density,
middle of the grdient ethnicity
Puontiug, Shusas, Usa Explores pemistence n'a
and MeEachem {2004) va, temporal variation
in LULC types
Stefinov and Metzband  USA Scale dependence, n'a
{20035) aggregation of LULC types
Wan Gils and Loza Baolivia Conversion of ong LULC type to Land tenure; distance from

Armand Ugon (2006)

several others

mads, settlements




Appendix 2. Categories used to describe the landscapes in the study area. The 14 classes
form the basis for the analysis of LULC diversity.

LULC classes in the study area
Open water
Shallow water wetland
Dense forest
Less dense forest
Mixed forest'scrub
Plantation other
Open woodland dense canopy
Open woodland spase canopy
Rice sparse tress
Rice and bare areas
Scrub
Upland crops
Rubber plantation
Built




