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Abstract We used remote sensing and GIS in conjunc-

tion with multivariate statistical methods to: (i) quantify

landscape composition (land cover types) and configuration

(patch density, diversity, fractal dimension, contagion) for

five coastal watersheds of Kalloni gulf, Lesvos Island,

Greece, in 1945, 1960, 1971, 1990 and 2002/2003, (ii)

evaluate the relative importance of physical (slope, geo-

logic substrate, stream order) and human (road network,

population density) variables on landscape composition

and configuration, and (iii) characterize processes that led

to land cover changes through land cover transitions

between these five successive periods in time. Distributions

of land cover types did not differ among the five time

periods at the five watersheds studied because the largest

cumulative changes between 1945 and 2002/2003 did not

take place at dominant land cover types. Landscape com-

position related primarily to the physical attributes of the

landscape. Nevertheless, increase in population density and

the road network were found to increase heterogeneity of

the landscape mosaic (patchiness), complexity of patch

shape (fractal dimension), and patch disaggregation (con-

tagion). Increase in road network was also found to

increase landscape diversity due to the creation of new

patches. The main processes involved in land cover chan-

ges were plough-land abandonment and ecological suc-

cession. Landscape dynamics during the last 50 years

corroborate the ecotouristic-agrotouristic model for

regional development to reverse trends in agricultural land

abandonment and human population decline and when

combined with hypothetical regulatory approaches could

predict how this landscape could develop in the future,

thus, providing a valuable tool to regional planning.
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Landscape metrics � Physical attributes � Human attributes �
North East Aegean � Regional planning

Introduction

Contemporary landscapes exhibit dramatic changes

worldwide under the influence of a suite of social (eco-

nomic, technological, demographic, institutional, cultural,

historic) and biophysical (e.g., geology, water bodies

presence and extent, climate, soil) factors (Lambin and

Geist 2006). The application of remote sensing (RS) and

geographic information system (GIS) technologies allowed

the development of landscape metrics to trace, explain and

manage changes in composition and configuration at the

landscape level based on studied relationships among

structure, process, and function in a landscape (Turner

2005).

Metrics of landscape structure, land use/cover change in

particular, provide indicators for the (socio-economic)

Driving, (environmental) Pressure, State, Impact, and

(policy) Response (DPSIR) auditing framework (Smeets

and Weterings 1999; Cave and others 2003; Yu and Ng

2006; Valenzuela Montes and others 2008) and for the

assessment of cumulative impacts of human activities on

the environment (Jones and others 2001; Lin and others

2006). Also, monitoring of landscape metrics aims to

establish a time series against which changes in landscape
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structure can be detected (e.g., Duncan and others 1999;

Nelson and others 2002; Alphan and Yilmaz 2005; Yu and

Ng 2006; Papastergiadou and others 2008), their direction,

magnitude and significance determined (Remmel and

Csillag 2003), and empirical relationships with socio-eco-

nomic (human) and physical variables evaluated for their

explanatory and constraining power, respectively (Pan and

others 1999; Geist and Lambin 2001; Fucamachi and

others 2001; Bürgi and Turner 2002; Black and others 2003;

McKonnell and Keys 2005). Furthermore, understanding of

landscape dynamics facilitates better management of natu-

ral resources at the landscape scale through policy evalua-

tion, modelling and scenario development (Wear and others

1996; Zomeni and others 2008; Walz 2008).

Albeit the selection of landscape metrics depends on the

specificity of research/management objectives (Yang

2005), the gamut of metrics describing landscape pattern

expands rapidly driven by developments in pertinent meth-

odologies integrating RS and GIS technologies (Klemas

2001; Wu and others 2002; Yang and Lo 2002; Yang

2005). Much empirical work is still necessary, however,

before landscape ecology develops adequate understanding

of the relationship between landscape pattern and ecolog-

ical process at different spatial and temporal scales and best

indicators for this purpose (Li and Wu 2004; Turner 2005

review). As a consequence, the interpretation of many

landscape indicators to elucidate change and driving forces

at and across different scales remains as yet an area ame-

nable to research (Gustafson 1998; but see Black and

others 2003). Furthermore, landscape indicators present

considerable redundancy because they derive from a

limited set of functions and, thus, the application of

redundancy techniques has been advocated for the selec-

tion of core indicators (Riitters and others 1995; Yang and

Liu 2005). Landscape indicators are also sensitive to scale

(grain and extent; Cain and others 1997; Gustafson 1998)

and, thus, comparison of their values is useful only tem-

porally for the same sites. Furthermore, we are still lacking

a robust methodology to test for statistical significance in

landscape metrics but for binary landscapes (Remmel and

Csillag 2003). Therefore, only subjective comparisons

among landscape indicators at different times can be made.

Nevertheless, the watershed has been widely employed by

both scientists and managers as a convenient and mean-

ingful spatial unit to assess, monitor, and interpret change

in landscape pattern (Johnston and others 1990; Duncan

and others 1999; Jones and others 2001; Alphan and

Yilmaz 2005; Frost and others 2006; Valenzuela Montes

and others 2008).

Our study presents a methodology that integrates RS and

GIS to develop core landscape metrics with multivariate

statistics to determine and interpret landscape dynamics so

as to provide historic baseline trends and support decision-

making in regional planning for sustainable development.

We applied our methodology on the coast of Kalloni gulf,

Lesvos Island, Greece (Fig. 1), which has been incorpo-

rated into the European Network of protected areas Natura

2000 (GR4110004; Mandylas and Kardakari 1998), the list

of CORINE biotopes, the list of important areas of avian

fauna of Greece (SPPE), and the 20 national Ecological

Hot Regions (Hotspots) for avian fauna (Troumbis and

Dimitrakopoulos 1998) because it supports an ecological

Fig. 1 Location of the five

coastal watersheds studied at

Kalloni gulf, Lesvos Island,

Greece
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network of wetlands. In particular, five wetlands-bearing

coastal watersheds (Kardamas River basin, 6.2 km2;

Lagadas River basin, 1.2 km2; Kalloni saltpans basin,

15.8 km2; Vouvaris River basin, 25.3 km2; and Polichnitos

saltpans basin, 3.7 km2) of Kalloni gulf (110 km2 water-

shed; Fig. 1) are utilised to: (i) quantify and compare

landscape composition and configuration in 1945,1960,

1971, 1990 and 2002/2003 using landscape indicators, (ii)

evaluate the relative importance of physical and human

factors on landscape composition and configuration at the

landscape and at the patch level spatial scales and (iii)

characterize the major processes that led to land cover

changes through land cover transitions between these five

successive periods in time. The natural and developmental

potential of the Natura 2000 protected area of Kalloni gulf

indicated the ecotouristic-agrotouristic model of develop-

ment in the future (Mandylas and Kardakari 1998). The

success of the application of such a model relies on the

health and protection of coastal wetlands, the marine eco-

system, important biotopes, and coastal settlements, which

will constitute the nucleus of the proposed developmental

model (Mandylas and Kardakari 1998). Maintenance of

ecological integrity, however, requires understanding of

critical changes and interactions at different scales to scale

management activities effectively.

Methods

In our study we used RS and GIS technologies to extract

core landscape metrics of composition and configuration

from a time series of aerial and satellite images. Then, we

performed multivariate analysis to interpret trends in these

metrics, to evaluate the relative importance of natural vs

human factors and the relative importance of processes of

conversion from one land cover type to another.

Landscape- and Patch-Level Indices

We used:

(i) five popular metrics of landscape pattern (dependent

variables), which are robust to scale (Wu and others

2002) and redundancy (Riitters and others 1995)

issues, to describe composition, heterogeneity, bound-

ary, diversity and configuration attributes of the

landscape. These variables were: (1) percentage of

landscape (PLAND), which is a measure of landscape

composition that quantifies the proportional abun-

dance of each land cover type in the landscape; (2)

patch density (PD, number of patches per km2), which

is a measure of heterogeneity of the landscape mosaic;

(3) fractal dimension (FRAC), which measures how

much of the geographical space is filled by bound-

aries; the more complex the shape of the patch, the

greater the fractal dimension; it approaches a value of

one for shapes with very simple perimeters, such as

circles or squares, and approaches a value of two for

shapes with highly complex, plane-filling perimeters

(1 \ FRAC \ 2); (4) Shannon’s diversity index

(SHDI), which is a measure of diversity at the

landscape scale; it equals 0 when the landscape

contains only one land cover type (i.e., no diversity)

and increases as the number of different land cover

types increases and/or the proportional distribution of

area among land cover types becomes more equitable;

(5) contagion (CONTAG), which is a measure of

configuration that measures the extent to which land

cover types are interspersed; it approaches 0 when the

patch types are maximally disaggregated (i.e., every

unit is a different land cover type) and interspersed

(equal proportions of all pair-wise adjacencies) while

it approaches 100 when all land cover types are

maximally aggregated (i.e., when the landscape con-

sists of a single patch); it is undefined and reported as

‘‘Not Applicable’’ (‘‘N/A’’) when the number of patch

types is less than two or all classes consist of one land

cover type adjacent to background only;

(ii) three metrics pertaining to hydrology, geology and

geomorphology of the landscape as constraining,

physical (independent) variables (e.g., Pan and others

1999; Geist and Lambin 2001; Black and others

2003; McKonnell and Keys 2005). These variables

were: (1) average watershed slope (SLOP; in

degrees); (2) percent of geological substrate classes

(GEOL); (3) percent distribution of length of hydro-

graphic network into different stream orders

(HYDRO); and

(iii) two popular (e.g., Forman and Alexander 1998;

McGarigal and others 2001; Geist and Lambin 2001;

Black and others 2003; McKonnell and Keys 2005;

Hawbaker and others 2006) metrics pertaining to

human presence/activity as explanatory (indepen-

dent) variables of landscape pattern. These variables

were: human population density per km2 (POPDEN)

and degree of fragmentation (FRAG), which is a

measure of human intervention caused by linear

elements on the landscape and is expressed as km of

road per km2 of watershed.

Each type of land cover conversion (patch) between

successive pairs of the five periods in time was categorized

a posteriori into a major process (dependent variable)

(Appendix A) (e.g., Bürgi and Turner 2002), namely neg-

ative (backward) ecological succession (NEGSUC) or

degeneration; positive (forward) ecological succession
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(POSSUC) or regeneration; abandonment (ABAND);

agricultural intensification (CULT); decrease in wetland

(DECWET); increase in wetland (INCWET); urbanization

(URBAN); regeneration (REGEN); and aquatic expansion

(AQEXP). Patch conversion was then explained on the

basis of nine (physical and human) indices pertaining to the

patch itself and its neighborhood (independent variables)

(e.g., Pan and others 1999). These indices were: (1) area in

m2; (2) type of most proximal road (PROXR), i.e., dirt road

6–8 m; dirt road 4–6 m; asphalt road; dirt road [8 m; fire

road; (3) distance from the most proximal road (DPROXR)

in m; (4) order of the most proximal stream (HYDRO), i.e.,

1st to 5th order according to Strahler classification; (5)

distance from the most proximal stream (DHYDRO) in m;

(6) mean slope (SLOP) in degrees; (7) geologic substrate

(GEOL), i.e., volcanic (basalt, ignimbrites); Holocene

quaternary deposits; schist, phyllite, kaolin; peridotites; (8)

location of a changed patch (POS): edge; interior; (9)

number of times a patch converted from one land cover

type to another (CHANGE), i.e., first; second; third.

Processing of Remote Sensing Images

Primary Sources of Data

To identify and record accurate land cover changes within

the five watersheds, a set of 51 aerial stereophotographs,

scanned at a resolution of 1600 dpi were acquired in digital

format from HAGS1 for the years 1945, 1960, 1971, 1990.

Also, a set of 6 high resolution Quickbird satellite images

were provided by NDL2 for the years 2002 and 2003. The

aerial photographs were at various scales: 1:42,000 (1945),

1:30,000 (1960 & 1990) and 1:40,000 (1971), all taken

during late summer time giving moisture free and compa-

rable temporal ‘snapshots’ of the areas under study, suit-

able for photo interpretation. The coastline was blacked-out

in all photographs by HAGS prior to delivery for national

security purposes. The satellite images were recorded at

various dates during the years 2002 and 2003 (but most

of them during summer time): Apothika, Parakoila and

Polichnitos on August 26 2002, Kalloni on October 19

2002 and Vouvaris on July 1 2003. During photo/image

pre-processing all required ground truth was obtained from

21 topographic map sheets of scale 1:5,000 scanned at a

resolution of 200 and 300 dpi. All map sheets were com-

piled by HAGS in mid ‘70 s and as of to date are consid-

ered the only detailed source of topographic information

for many non-urban parts in the country. These base maps

were also used to aid the actual photo interpretation process

as well as to provide the means for accurately digitising

other utility data, e.g., terrain elevations, stream network,

coastline. It was assumed that no changes occurred to

terrain elevations in between years.

Data Pre-Processing

All data pre- and post-processing was performed using

commercial GIS and RS software. In some occasions

though, in-house software had to be written in order to

simplify and automate the various processing tasks or to

perform special processing not provided by the software

available.

First, the corresponding map sheets of each study site

were georeferenced to EGSA87 (Greek Geodetic Refer-

ence System) using affine transformations and a suitable

number of control points (9 points were used in most

cases). In all but two cases, the georeferencing resulted in

RMS errors (Table 1) well below the maps’ nominal hor-

izontal accuracy (1.5 m). The high RMS errors obtained in

the two occasions mentioned were mainly due to poor

Table 1 Range and average

(numbers in brackets) of RMS

errors of scanned topographic

map sheets georeferencing and

photo/image orthorectification

procedures

Map sheets

georeferencing

Orthorectification

Aerial-photos Satellite images

Control points 6–12 (9) 7–17 (12) 9–16 (12)

Control point RMS (meters) X 2.58–6.22 (3.96) 0.89–2.90 (1.71)

Y 1.91–6.12 (4.03) 1.09–2.47 (1.70)

Z 0.92–5.58 (2.91)

Total 0.32–1.64 (0.92) 1.84–2.91 (2.37)

Check points 3–12 (8) 6–11 (9)

Check point RMS (meters) X 1.84–6.11 (3.19) 1.12–4.38 (2.39)

Y 2.10–5.58 (3.63) 1.82–4.18 (2.62)

Z 1.25–7.13 (3.07)

Total 2.31–5.05 (3.50)

1 Hellenic Army Geographic Service
2 Natural Disasters Laboratory of the Department of Geography

of the University of the Aegean
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quality of the original map sheets. Therefore in these cases,

an increased number of control points were used in order to

evenly distribute the error through-out the map’s extent.

Elevation data in the form of contour lines (4 m contour

interval) and elevation points were digitized from the

georeferenced maps. Additional utility data, such as bor-

derline of the wetland of interest, streams, ponds and

coastline, were also manually digitized. A hydro-logically

corrected Digital Elevation Model (DEM) of each study

site was produced at a spatial resolution of 5 m by com-

bining elevation and utility data and applying drainage

enforcement (Harlow and others 2004). The watershed of

each study wetland was automatically produced from the

corresponding DEM using standard flow direction calcu-

lation procedures (Harlow and others 2004). This effec-

tively delineated the extent of each study site.

The final pre-processing step was the production of

orthophotos and orthoimages out of the scanned aerial

stereo-pairs and the available satellite images, respectively.

The orthophotos were produced by applying standard aer-

ial-photograph block triangulation (Leica Geosystems

2003a, b). The resulted orthophotos were generated at

various spatial resolutions (0.53–0.90 m) using bilinear

resampling depending on the original scale of the aerial

photographs. The larger RMS errors of the orthorectifica-

tion process (Table 1) were obtained for the years 1945 and

1960 where no camera calibration report was available.

Smaller errors were obtained for the aerial photographs of

1971 and even smaller for 1990, where camera calibration

details were available and used. Even though such errors

are normally considered very large for the corresponding

scale of the aerial-photographs, they were readily accepted

since (a) they meet the required accuracy levels of photo-

interpretation and (b) no better accuracy could be obtained

considering the ill-geometry of the original scanning pro-

cess that was applied by the supplier using an off-the-shelf

desktop A3 scanner instead of an accurate photogram-

metric scanner, lack of camera calibration reports and age

of the photographs. The ortho-images were produced in a

similar manner using the standard image ortho-rectification

procedures for Quickbird satellite images (Leica Geosystems

2003a), i.e. RPC modelling with refined third order poly-

nomial. Again, the total horizontal RMS errors that

obtained from the process (Table 1) were readily accepted

since they are falling within the spatial resolution of

satellite images (2.4–2.8 m) and fulfil the accuracy

requirements of photo-interpretation.

Data Extraction by Photo-Interpretation

The photo interpretation process was initiated by examin-

ing the 1990 data since suitable ground validation was

available from a prior study (Mandylas and Kardakari

1998) to guide the accurate identification of the individual

land cover types of each studied watershed. The cover

types that were identified for the year 1990 were then used

to drive the interpretation process for the prior years. The

identification was mainly based on the corresponding

ortho-photos and all cover types were manually digitized as

vector polygons (Pfaff and others 2004). The process was

further aided by stereo viewing the corresponding aerial

stereo-pairs (Leica Geosystems 2003c). This was the case

for all years except for 2002/2003 where the satellite ortho-

images were used. In this case the interpretation process

was aided by the multi-spectral nature of the images

themselves. It must be noted that the photo interpretation of

the years 1960 and 1945 was a very difficult and awkward

task because of the low sun angle causing great shadowing

effect. Image quality was also very poor due to small

cartographic scale and low contrast of the photographs

caused mainly by the recording means available at that

time (camera and film technology between 1945 and 1960)

and the deterioration of the original film recording due to

aging. Furthermore, validation of the identification of

plough land and abandoned plough for the years 1960 and

1945 was based on detectable, yet subtle, changes between

successive periods and knowledge of local activities during

the periods of study.

There was no systematic accuracy assessment applied

during photo-interpretation, e.g., building an error matrix.

The high spatial resolution of the stereo aerial photographs

and satellite images proved to be more than adequate in

clearly identifying most classes during the process apart

from the 1960 and 1940 cases already mentioned. Never-

theless, when the class identification of an area was ques-

tionable, it was resolved by taking under consideration the

opinion of a second analyst, conducting field surveys when

appropriate or performing limited interviews with locals

that happen to know the course of events in the sites under

study.

Apart from the detailed land cover digitization, each

watershed’s road network was manually digitized as linear

(polyline) features and classified in six major categories:

dirt road 4–6 m wide; dirt road 6–8 m wide; dirt road[8 m

wide; asphalt road; and fire lanes. The fire lanes (fire

control lines 25–45 m wide within the forested area) at

Vouvaris site were also manually digitized since, together

with the road network, they represent probable ecosystem

barriers.

Area, perimeter and length values were calculated hav-

ing all historic land cover types and road network in vector

format. During this process the elevation data (DEM pro-

duced in pre-processing) was also used to get real world

values of the required quantities. It must be noted that a

difference between 0.006% and 0.035% in area measure-

ments were found when using standard 2D methods
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compared to 3D methods, i.e., taking into account terrain

elevation, even though no real differences were found

when comparing relative area percentages. Similar obser-

vations were made for the perimeter values but in a much

smaller magnitude. Since only relative comparisons of

landscape metrics were required, it was safe to use the

popular landscape metric calculation software FragStats

(McGarical and others 2002), which uses 2D area

calculations.

Production of Landscape Metrics

Five landscape metrics were calculated using FragStats

spatial pattern analysis program after converting the land

cover data to raster format at a spatial resolution of 5 m,

i.e., percentage of landscape, patch density, fractal

dimension, Shannon’s diversity index, and contagion.

During metric calculations using FragStats, there was no

special care to minimize any boundary effects, i.e., patches

falling on either side of the watershed boundary. The rest

of the metrics used in this study were calculated using

standard overlay and feature characteristics calculations on

appropriate digitized data.

Strahler stream ordering was assigned to the digitized

stream network of each watershed. The metric, distribution

of length of hydrographic network into different stream

orders, was then derived by calculating the total length of

sub-streams for each different order.

A slope raster with a spatial resolution of 5 m was cal-

culated from the available DEM, clipped by the corre-

sponding watershed extent. The required value was then

obtained by the resulting raster statistics (mean slope value).

Available digital geological data of scale 1:50,000 pro-

vided by NDL were extracted in the form of vector poly-

gons for each watershed under study via clipping. Then, the

total area of each geological class within each watershed

was calculated and the required percentage was obtained.

The difference in scale between landcover and geological

data is justified by the fact that (a) only relative compari-

sons of the metric are required, and (b) geological data was

not available in any finer scale since most geological sur-

vey maps for non-urban areas in Greece are provided at a

scale of 1:50,000, which gives a horizontal accuracy of

15 m.

Past population data per municipality was obtained by

the General Secretariat of National Statistical Service of

Greece for the years 1940, 1951, 1961, 1971, 1981, 1991

and 2001. Municipality population from adjacent surveying

periods were interpolated for the years of interest (1945,

1960, 1971, 1990 and 2002; for the year 2002, the 2001

data was used without any interpolation). The total area of

each municipality was calculated using available digital

data of municipality borderlines (scale 1:50,000) provided

by NDL. The population density of each municipality for

the years of interest was calculated based on the interpo-

lated municipality’s population and its total area. The

percentage of each municipality’s cover to each watershed

under study was calculated. Finally, the total population

density of each watershed was extracted.

Using the available digitized road network, the total

length of each road type was calculated (including fire

control lanes for the Vouvaris watershed). The required

metric, degree of fragmentation, was derived by dividing

its value by the corresponding watershed area value.

Statistical Analysis

To compare frequencies of land cover type distributions

among the five successive points in time for each coastal

watershed we used the Friedman chi-square test (Fv2). To

evaluate relationships between landscape indices of con-

figuration and explanatory variables we used non-para-

metric Spearman rank correlations. The relative

importance of natural versus human variables in shaping

landscape composition was determined with redundancy

analysis (RDA) using CANOCO (Lepš and Šmilauer

2003). RDA was also used to determine significant corre-

lates of patch transitions indicating relevant processes of

change from one land cover type to another. RDA is an

extension of multiple linear regression; it assumes a linear

model of relationship between multiple dependent and

multiple independent (explanatory) variables.

Results

Patterns of Landscape Composition and Configuration

and Their Change

Twelve types of land cover were identified at the five

coastal watersheds studied: phrygana, maquis, pine forests,

Quercus macrolepis forest, wetland vegetation, inter-

changeable land use (agriculture-pasture), olive groves,

plough-land, plough-land abandoned (including agricul-

tural land and olive groves), water (sea surface), salt pan,

and urban (Fig. 2). Kalloni and Polichnitos were dominated

by plough-land and olive groves (severe human interfer-

ence); Apothika and Parakoila were dominated by phryg-

ana and olive groves (moderate human interference);

Vouvaris was dominated by pine forests (modest human

interference). The largest cumulative changes did not take

place at dominant land cover types. Thus, distributions of

land cover types did not differ among the four time periods

at the five watersheds studied (FvAPO
2 = 1.176, P = 0.882;

FvPAR
2 = 1.132, P = 0.889; FvKAL

2 = 1.138, P = 0.998;

FvVOU
2 = 1.153, P = 0.886; FvPOL

2 = 5.143, P = 0.273).

528 Environmental Management (2011) 48:523–538

123



During the last 50 years, abandoned plough land has

increased by 63.5% (0.06 km2) while olive groves have

decreased by 9.1% (0.07 km2) at Apothika; plough land

has decreased by 37.4% (0.02 km2) while olive groves

have increased by 10.5% (0.02 km2) at Parakoila; maquis

and salt pan have increased by 264.9 (0.22 km2) and

128.1% (1.61 km2), respectively, while water has

decreased by 93.9% (1.63 km2) at Kalloni; phrygana, water

and interchangeable land-use have increased by 920.0

(0.73 km2), 84.7 (0.01 km2) and 26.8% (0.13 km2),

respectively, while maquis have decreased by 20.5%

(0.20 km2) at Vouvaris; abandoned plough land and olive

groves have increased by 636.6 (0.05 km2) and 56.3%

(0.33 km2), respectively, while plough-land has decreased

by 22.0% (0.39 km2) at Polichnitos.

The behavior of landscape metrics of configuration

varied among the five watersheds studied (Fig. 3). Patch

density values ranged between 1.02 and 10.00. Highest

values of patch density appeared at Polichnitos watershed

while lowest values of patch density appeared at Vouvaris

and Apothika watersheds. Percent change in patch density

between successive points in time ranged between –11.1%

(Parakoila 1971–1990) and 102.9% (Vouvaris 1991–2002/

2003). Heterogeneity of the landscape mosaic increased

substantially between 1945 and 2002/2003 at Vouvaris

(176.0%), Kalloni (37.1%) and Polichnitos (32.1%) but

decreased slightly at Apothika (-6.7%). Values of the

fractal dimension index were low (min-max: 1.2–1.3), i.e.,

perimeters of patches were quite simple, at all five water-

sheds. Also, percent change of the fractal dimension index

was low (min-max: -0.8%–4.3%) between successive

periods in time and cumulatively between 1945 and

2002/2003. It was not possible to obtain a fractal dimension

index for Parakoila because FragStats computes this index

only if the number of patches is equal or larger than ten

patches.

Fig. 2 Temporal variation in percent cover of land cover types for

five watersheds (Apothika, 6.2 km2; Parakoila, 1.2 km2; Kalloni,

15.8 km2; Vouvaris, 25.3 km2; Polichnitos, 3.7 km2) of Kalloni gulf,

Lesvos Island

Fig. 3 Temporal variation in landscape indices of configuration for

five watersheds (Apothika, Parakoila, Kalloni, Vouvaris, Polichnitos)

of Kalloni gulf, Lesvos Island
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Maximum values of the five successive estimates of

Shannon’s diversity index values were lower at Apothika

(0.74) and Parakoila (0.95) compared to Kalloni (1.68),

Polichnitos (1.51) and Vouvaris (2.82) watersheds (Fig. 3).

The largest percent changes in Shannon’s diversity index

appeared at Vouvaris watershed during 1960–1971 (79.4%)

and 1991–2002/2003 (-27.0%) and cumulatively during

1945–2002/2003 (29.0%).

Based on the range of five successive estimates, high

contagion index values at Vouvaris (81.87–89.88) and

Apothika (81.23–81.68) watersheds indicated that land cover

types tend to aggregate compared to Polichnitos

(54.19–58.72), where land cover types were more inter-

spersed. Percent changes in contagion ranged between -7.7

to 1.9% for the period 1945–2002/2003 (Fig. 3). The largest

percent changes in contagion index were measured at Vouv-

aris watershed between 1960 and 1971 (-8.9%) and at Po-

lichnitos watershed between 1945 and 2002/2003 (-7.7%).

Patterns of Natural and Human Variables

Average watershed slope and standard deviation were

10.9 ± 6.0, 11.8 ± 8.8, 5.9 ± 6.2, 12.5 ± 8.0 and

4.1 ± 4.7 degrees for Apothika, Parakoila, Kalloni, Vouv-

aris and Polichnitos, respectively. Volcanic substrate dom-

inated at Apothika (86.1%), Parakoila (69.5%) and Kalloni

(56.3%) while peridotites and Holocene quaternary deposits

dominated at Vouvaris (85.1%) and Polichnitos (76.4%),

respectively. Strahler stream ordering indicated that first

order streams dominated all studied watersheds but Polic-

hnitos, where the majority of streams are of second order.

There has been a gradual decline in human population

density during 1945–2002/2003 at all five watersheds

(Fig. 4a). Kalloni (-67.22%) and Apothika (-31.09%)

exhibited the largest and the smallest cumulative decline in

human population density, respectively, between 1945 and

2002/2003. Polichnitos exhibited the highest degree of

fragmentation (range between successive estimates:

8.38–8.62) due to roads network (Fig. 4b). However, it was

the least fragmented Apothika (range between successive

estimates: 0.43–1.46) and Vouvaris (range between suc-

cessive estimates: 1.23–3.90), which showed the largest

percent increases in fragmentation due to roads network

between 1945 and 2002/2003, i.e., 248.11 and 191.55% for

Apothika and Vouvaris, respectively (Fig. 4b).

Relation of landscape composition and configuration

with natural and human variables

Physical variables are dominantly responsible for land

cover composition at the five watersheds studied. Variation

partitioning using redundancy analysis showed that of the

99.4% total explained variability in land cover type com-

position, 71.9% could be explained by physical variables,

namely stream order, geological substrate and slope

(Table 2).

Direction, magnitude and significance of Spearman

correlations between landscape indices of configuration

Fig. 4 Temporal variation in a human population density (numbers

per km2) and b km of road network per km2 of watershed (Apothika,

Parakoila, Kalloni, Vouvaris, Polichnitos) for five coastal watersheds

of Kalloni gulf, Lesvos Island

Table 2 Results of redundancy analysis (RDA) with all environ-

mental variables (P: population density; F: road fragmentation; S:

stream order distribution; G: geologic substrate distribution; L: mean

slope of watershed) as explanatory variables of landscape

composition and partial analysis with the group of physical (S, G,

S) variables as the explanatory variables and the group of human

variables (P, F) as covariables (in parenthesis) and vice versa

Cumulative percentage variance of landcover types Sum of all canonical

eigenvalues

F-value P-level

Axes

1 2 3 4

P,F,S,G,L 57.9 98.2 98.9 99.4 0.994 539.39 0.002

P,F(S,G,L) 27.5 28.3 69.0 97.5 0.002 3.55 0.002

S,G,L(P,F) 74.8 98.2 99.0 99.2 0.719 584.66 0.002
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and explanatory variables are presented in Table 3. Patch

density increases as Holocene quaternary deposits, popu-

lation density and road fragmentation increase and as slope,

peridotites, 4th and 5th stream orders decrease. Fractal

dimension increases as Holocene quaternary deposits, 2nd

stream order, population density, and road fragmentation

increase and as slope, volcanic substrate, schist, phyllite

and kaolin substrate, 3rd and 4th stream order decrease.

Contagion increases as slope, peridotites, 3rd, 4th and 5th

stream orders increase and as Holocene quaternary

deposits, 2nd stream order, population density and road

fragmentation decrease. The Shannon diversity index

increases as 2nd stream order and road fragmentation

increase and as volcanic substrate, schist, phyllite and

kaolin substrate, and 3rd stream order decrease.

Major Types of Land Cover Change

The main processes involved in land cover transitions were

plough-land abandonment, change in cultivation, increase

in wetland and positive ecological succession (regenera-

tion), ecological succession (either negative (degeneration)

or positive), and plough-land abandonment and change in

cultivation for Apothika, Parakoila, Kalloni, Vouvaris and

Polichnitos, respectively (Table 4). Land cover changes

occurred mainly at walking distance from dirt road 4–6 m

or dirt road 6–8 m, close to 1st order streams, a few meters

above sea level, at relatively flat areas, and on either vol-

canic rocks or quaternary Holocene deposits (Table 4).

82.4% of patches changed only once during the study

period and 93.8% of changed patches were located at the

edge of a land cover type (Table 4). Significant explanatory

(natural and human) variables accounted for 25.9% of the

variance in land type conversion data (Table 5). Among

those variables, quaternary Holocene deposits, first change

of patch, and 5th order proximal stream showed largest

significant conditional effects and correlations with the first

three ordination axes (Table 5).

Discussion

At the rural Kalloni gulf, landscape composition related

primarily to the physical attributes of the landscape

examined, namely slope, stream order and geological

substrate. On the other hand, the combined effect of the

human attributes examined, namely human population

density and road network, appeared negligible. The great-

est changes in the geographical distribution and the total

area occupied by the various types of land use on Lesvos

Island have already occurred during the first half of the last

century (Marathianou and others 2000). Olive groves sig-

nificantly expanded and were redistributed covering more

fertile and productive land on hilly areas by clearing

mainly pine forests. Oak forests increased on previous

pasture areas. Today, pasture is the main type of land use in

hilly areas. In naturally derived landscapes, land use pat-

terns are expected to be closely related to the physical

attributes of the landscape (Pan and others 1999; Walsh

and others 2003). The relative importance of physical

versus human attributes in shaping landscape composition

has been found to reduce, however, even in rural settings

due to human interference (Paquette and Domon 1997;

Bürgi and Turner 2002; Jobin and others 2003) or be poor

in human manipulated landscapes such as urban settings

(Iverson 1988). Fucamachi and others (2001) found that

drastic social, economic, and technological developments

occurring after the 1970s were responsible for changes in

patterns of land use in a Japanese traditional rural land-

scape, comprised of an integral social and ecological net-

work of a village and its surroundings, such as agricultural

lands, open forestlands and forests. Black and others (2003)

found that broad-scale social systems encompassing land

ownership systems, economic market structures, and cul-

tural value systems to be significant correlates of change in

forested landscapes of the interior Columbia basin, USA

while biophysical parameters describing growing site

conditions moderated or exacerbated changes.

In our study, increase in population density and road

network were found to increase heterogeneity of the

landscape mosaic (patchiness), complexity of patch shape

(fractal dimension), and patch disaggregation (contagion).

Table 3 Spearman rank correlations between landscape metrics of

composition and configuration (PD: patch density; FRAC: fractal

dimension; CONTAG: contagion; SHDI: Shannon diversity) and

natural (SLOP: slope; GEOL10: volcanic, GEOL15: Holocene qua-

ternary deposits, GEOL20: schist, phyllite, kaolin; GEOL30: peri-

dotites; HYDRO: stream order 1,2,3,4, and 5) and human variables

(POPDENS: population density; FRAG: road fragmentation)

PD

(n = 25)

FRAC

(n = 20)

CONTAG

(n = 25)

SHDI

(n = 25)

SLOP -0.57** -0.62** 0.88** -0.34

GEOL10 0.05 -0.54* 0.00 -0.65**

GEOL15 0.76** 0.62** -0.98** 0.44*

GEOL20 -0.31 -0.75** 0.35 -0.69**

GEOL30 -0.57** -0.05 0.69** 0.15

HYDRO1 -0.30 -0.27 0.10 0.30

HYDRO2 0.31 0.62** -0.69** 0.48*

HYDRO3 -0.18 -0.62** 0.59** -0.92**

HYDRO4 -0.73** -0.51* 0.88** -0.29

HYDRO5 -0.57** -0.05 0.70** 0.15

POPDENS 0.53** 0.55** -0.62** 0.22

FRAG 0.70** 0.85** -0.77** 0.69**

* Significant at P \ 0.05, ** Significant at P \ 0.01
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An increase in road network was also found to increase

landscape diversity probably due to the creation of new

patches. Consequently, Vouvaris exhibited the largest

increase in patchiness and diversity (probably due to

summer fires and the new anti-fire road network) while

Polichnitos showed the greatest decrease in contagion.

Increase in human population density was positively

associated with urbanization and deforestation in devel-

oping nations (Dewan and Yamaguchi 2009; Ruiz-Luna

and Berlanga-Robles 2003) albeit with forest increase in

Southern Appalachian Mountains, USA (Turner and others

2003) reflecting differences in natural resource use. In the

Mediterranean region, agricultural abandonment was pos-

itively associated with human population decline, frag-

mentation of agricultural land and homogenization of the

landscape (Bielsa and others 2005; Zomeni and others

2008). Roads have been recognized as primary causes of

human-induced changes in land use (Wear and Bollstad

1998; McGarigal and others 2001), landscape structure

(Forman and Alexander 1998; McGarigal and others 2001;

Hawbaker and others 2005, 2006), and ecosystem function

(Miller and others 1996; Hawbaker and Radeloff 2004;

Table 5 Summary of RDA performed on land type conversions.

Conditional effects were obtained from the summary of forward

selection in order to select significant explanatory variables.

GEOL30: peridotites; CHANG1: first time change of a patch;

PROXHYDRO5: distance from 5th order stream; DPROXHYDRO:

distance from most proximal stream; SLOP: slope; PROXHYDRO4:

distance from 4th order stream; PROXHYDRO3: distance from 3rd

order stream; PROXR4: distance from asphalt road; ELEV: elevation;

PROXR1: distance from dirt road 6–8 m diameter; CHANG3: third

time change of patch; DPROXR: distance from most proximal road;

PROXHYDRO1: distance from 1st order stream; PROXR5: distance

from dirt road [8 m diameter; AREA: area of a changed patch;

POS1: location of changed patch at the edge of a land cover type;

GEOL15: Holocene quaternary deposits; PROXR2: distance from dirt

road dirt road 4–6 m diameter; PROXR6: distance from fire road;

CHANG2: second time change of a patch

Explanatory variables Conditional effects Correlations of environmental factors with

ordination axes

Lambda A P F Axis 1 Axis 2 Axis 3 Axis 4

GEOL30 0.07 0.002 21.49 -0.49 0.18 0.21 -0.02

CHANG1 0.06 0.002 19.88 -0.33 -0.50 0.20 0.01

PROXHYDRO5 0.03 0.002 11.38 0.05 0.08 0.50 -0.19

DPROXHYDRO 0.03 0.002 7.70 -0.06 0.04 0.32 0.10

SLOP 0.02 0.002 7.54 0.40 -0.19 -0.17 -0.08

PROXHYDRO4 0.01 0.002 5.59 0.17 0.21 -0.10 0.03

PROXHYDRO3 0.02 0.002 4.84 -0.10 0.07 0.09 0.21

PROXR4 0.01 0.004 3.88 -0.12 0.02 -0.03 -0.09

ELEV 0.01 0.008 3.63 0.30 -0.07 -0.29 -0.10

PROXR1 0.00 0.012 3.25 -0.02 0.18 -0.13 -0.00

CHANG3 0.01 0.008 3.39 0.07 0.21 -0.05 -0.06

DPROXR 0.01 0.008 2.91 0.16 -0.09 0.10 -0.01

PROXHYDRO1 0.01 0.026 2.77 0.19 -0.24 -0.13 -0.03

PROXR5 0.00 0.018 2.60 -0.10 0.11 0.27 -0.05

AREA 0.01 0.032 2.48 0.11 0.08 0.04 0.09

POS1 0.00 0.268 1.20

GEOL15 0.01 0.384 1.00

PROXR2 0.00 0.896 0.22

PROXR6 0.00 0.886 0.36

CHANG2 0.00 0.826 0.41

Summary statistics for ordination axes

Eigenvalues 0.122 0.070 0.042 0.025

Land type conversions-explanatory variables correlations 0.70 0.69 0.68 0.38

Sum of unconstrained eigenvalues 1.000

Sum of canonical eigenvalues 0.309

Cumulative percentage variance of land type conversions data 25.9

Probability associated with Monte Carlo tests 0.002

534 Environmental Management (2011) 48:523–538

123



Hawbaker and others 2006) through habitat fragmentation,

destruction of natural vegetation, soil erosion and invasion

of exotic species.

Distributions of land cover types have not changed

significantly during the last 50 years at the five watersheds

of Kalloni gulf studied because the largest cumulative

changes did not take place at dominant land cover types of

the five coastal watersheds studied. Thus, cumulative land

cover change during 1945–2002/2003 corresponded to

0.15, 0.30, 1.27, 0.14, and 0.15% of the watershed of

Apothika, Parakoila, Kalloni, Vouvaris and Polichnitos,

respectively. Land cover change was mainly attributed to

increase in abandoned plough-land, decrease in plough

land, increase in salt pan, increase in phrygana and increase

in abandoned plough-land at Apothika, Parakoila, Kalloni,

Vouvaris and Polichnitos, respectively. Agricultural aban-

donment and a general decline in farming intensity were

also the most important processes of land cover change

among the processes considered between 1938 and 1992 in

the cultural landscape along the Wisconsin River, USA

(Bürgi and Turner 2002).

The group of explanatory variables employed at the

patch level explained only a quarter of the variance in land

cover type conversions indicating that there are other

physical and human factors responsible for the types of

patch conversions at the studied watersheds. These factors

may operate at the same or higher spatial scales (Turner

and others 2003).

The current study quantified change in landscape com-

position and configuration of five coastal watersheds within

a Natura 2000 site in 1945, 1960, 1971, 1990 and

2002/2003, evaluated the relative importance of physical

and human variables on landscape composition and con-

figuration, and characterized the major processes that led to

land cover changes through land cover transitions between

these five successive periods in time. Our methodology

provided better knowledge of land cover change processes

and dynamics. Landscape dynamics during the last

50 years corroborate the ecotouristic-agrotouristic model

for regional development in order to reverse trends in

agricultural land abandonment and human population

decline. Historical land cover dynamics combined with

hypothetical regulatory approaches to the proposed agro-

touristic development model could better predict how this

landscape could develop in the future, thus, providing a

valuable tool to regional planning. For example, Wear and

others (1996) simulated the development of landscape for a

study site in the southern Appalachian highlands, USA,

under a number of different scenarios designed to reflect

historical land cover dynamics as well as hypothetical

regulatory approaches to forest management and concluded

that public land management may have only limited

influence on overall landscape pattern and that spatially

targeted approaches on public and private lands may be

more efficient than blanket regulation for achieving land-

scape-level goals. Also, Zomeni and others (2008) when

analysed the impacts of agricultural change on landscape

structure at Ipiros, Greece, between 1945 and 1995 found

that the directionality of the observed landscape changes

did not comply with the anticipated transformations that

the Common Agricultural Policy instruments of the Euro-

pean Union should have caused; the post-productivist

rationale of current policy change was not followed by a

transition towards post-productivist agricultural regimes.

Finally, Walz (2008) evaluated the impact of structural

changes of land use on recreational value of the rural

area within the national park region Saxon-Bohemian,

Switzerland based on attributes such as degree of natural-

ness of land use, proportion of open space, edge effect,

shape of land use elements, relief diversity, and panorama

and pointed to overlays of maps from different time periods

giving exact spatial information regarding the persistence

of biotopes and ecosystems over long time periods of time,

which, in turn, could be useful for nature conservation and

in the allocation of limited financial resources for land-

scape conservation and development.
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Table 6 Grouping of land

cover type transitions into

processes involved. NEGSUC:

negative (backward) succession

or degeneration, POSSUC:

positive (forward) succession or

regeneration; ABAND: plough-

land and olive groves

abandonment; CHCULT:

change in cultivation; CULT:

cultural intensification;

DECWET: decrease in wetland

area; INCWET: increase in

wetland; URBAN: urbanization;

REGEN: regeneration; AQEXP:

aquatic expansion

Land cover type conversions

From To Process

Quercus macrolepis forest Phrygana NEGSUC

Phrygana Quercus macrolepis forest POSSUC

Olive groves Plough land (abandoned) ABAND

Olive groves Phrygana ABAND

Plough land Olive groves CHCULT

Wetland vegetation Olive groves CULT

Water Plough land CULT

Wetland Plough land CULT

Wetland water DECWET

Wetland vegetation water DECWET

Water Salt pan INCWET

Wetland Salt pan INCWET

Water Wetland vegetation DECWET

Wetland Wetland vegetation DECWET

Phrygana Maquis POSSUC

Wetland vegetation Salt pan INCWET

Plough land Urban URBAN

Pine forest Plough land CULT

Plough land Phrygana POSSUC

Maquis Phrygana NEGSUC

Phrygana Pine forest POSSUC

Pine forest Interchangeable land use

(agriculture-pasture)

CULT

Pine forest Maquis NEGSUC

Interchangeable land use

(agriculture-pasture)

Maquis POSSUC

Pine forest Phrygana NEGSUC

Interchangeable land use

(agriculture-pasture)

Phrygana POSSUC

Plough land Pine forest REGEN

Interchangeable land use

(agriculture-pasture)

Pine forest REGEN

Maquis Pine forest REGEN

Phrygana Interchangeable land use

(agriculture-pasture)

CULT

Maquis Interchangeable land use

(agriculture-pasture)

CULT

Phrygana Water AQEXP

Pine forest Water AQEXP

Interchangeable land use

(agriculture-pasture)

Water AQEXP

Olive groves Plough land CHCULT

Wetland vegetation Plough land CULT

Plough land Plough land (abandonded) ABAND

Wetland vegetation Urban URBAN

Plough land Wetland vegetation INCWET

Plough land abandoned Olive groves CULT

Plough land Plough land (abandoned) ABAND
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Lepš J, Šmilauer P (2003) Multivariate analysis of ecological data

using CANOCO. Cambridge University Press, Cambridge, UK

Li H, Wu J (2004) Use and misuse of landscape indices. Landscape

Ecology 19:389–399

Lin Y-P, Chang T-K, Wu C-F, Chiang T-C, Lin S-H (2006) Assessing

impacts of Typhoons and the Chi-Chi Earthquake on Chenyulan

watershed landscape pattern in Central Taiwan using landscape

metrics. Environmental Management 38(1):108–125

Mandylas C, Kardakari N (1998) Special environmental study:

conservation and appreciation of wetlands of Kalloni gulf,

Lesvos Island. Ministry of Planning, Public Works and Envi-

ronment, Athens, Greece (in Greek)

Marathianou M, Kosmas C, Detsis V (2000) Land-use evolution and

degradation in Lesvos (Greece): a historical approach. Land

Degradation and Development 11:63–73

McGarical K, Cushman SA, Neel MC, Ene E (2002) FRAGSTATS:

spatial pattern analysis program for categorical maps. Computer

software program produced by the authors at the University of

Massachusetts, Amherst. Accessed online October 01 2008:

www.umass.edu/landeco/research/fragstats/fragstats.html

McGarigal K, Romme WH, Crist M, Roworth E (2001) Cumulative

effects of roads and logging on landscape structure in the San

Juan Mountains, Colorado (USA). Landscape Ecology 16:327–

349

McKonnell WJ, Keys E (2005) Meta-analysis of agricultural change.

In: Moran EF, Ostrom E (eds) Seeing the forest and the trees:

human-environment interactions in forest ecosystems. MIT

Press, Cambridge London, pp 325–353

Miller JR, Joyce LA, Knight RL, King RM (1996) Forest roads and

landscape structure in the southern Rocky Mountains. Landscape

Ecology 11:15–127

Nelson SAC, Soranno PA, Qi J (2002) Land-cover change in Upper

Barataria Basin Estuary, Louisiana, 1972–1992: increases in

wetland area. Environmental Management 29(5):716–727

Pan D, Domon G, de Blois S, Bouchard A (1999) Temporal

(1958–1993) and spatial patterns of land use changes in Haut-

Saint-Laurent (Quebec, Canada) and their relation to landscape

physical attributes. Landscape Ecology 14:35–52

Papastergiadou ES, Retalis A, Apostolakis A, Georgiadis Th (2008)

Environmental monitoring of spatio-temporal changes using

remote sensing and GIS in a Mediterranean wetland of Northern

Greece. Water Resources Management 22:579–594

Paquette S, Domon G (1997) The transformation of the agroforestry

landscape in the nineteenth century: a case study in Southern

Quebec (Canada). Landscape and Urban Planning 37:197–209

Environmental Management (2011) 48:523–538 537

123

http://www.umass.edu/landeco/research/fragstats/fragstats.html


Pfaff R, Booth B, Shaner J, Crosier S, Sanchez P, MacDonald A

(2004) ArcGIS 9: editing in ArcMap. Environmental Systems

Research Institute, Inc, Redlands, CA

Remmel TK, Csillag F (2003) When are two landscape pattern indices

significantly different? Journal of Geographical Systems

5:331–351

Riitters KH, O’Neill RV, Hunsaker CT, Wickham JD, Yankee DH,

Timmins SP, Jones KB, Jackson BL (1995) A factor analysis of

landscape pattern and structure metrics. Landscape Ecology

10(1):23–39

Ruiz-Luna A, Berlanga-Robles CA (2003) Land use, land cover

changes and coastal lagoon surface reduction associated with

urban growth in northwest Mexico. Landscape Ecology

18:159–171

Smeets E, Weterings R (1999) Environmental indicators: typology

and overview. Technical Report No. 25. European Environment

Agency, Copenhagen

Troumbis AY, Dimitrakopoulos PG (1998) Geographic coincidence

of diversity threat spots for three taxa and conservation planning

in Greece. Biological Conservation 84(1):1–6

Turner MG (2005) Landscape ecology: what is the state of the

science? Annual Review of Ecology, Evolution, and Systematics

36:319–344

Turner MG, Pearson SM, Bolstad P, Wear DN (2003) Effects of land-

cover change on spatial pattern of forest communities in the

Southern Appalachian Mountains (USA). Landscape Ecology

18:449–464

Valenzuela Montes LM, Ruiz AM (2008) Environmental indicators to

evaluate spatial and water planning in the coast of Granada

(Spain). Land Use Policy 25:95–105

Walsh SE, Soranno PA, Rutledge DT (2003) Lakes, wetlands, and

streams as predictors of land use/cover distribution. Environ-

mental Management 31:198–214

Walz U (2008) Monitoring of landscape change and functions in

Saxony (Eastern Germany)-Methods and indicators. Ecological

Indicators 8:807–817

Wear DN, Bollstad P (1998) Land-use changes in Southern Appa-

lachian landscapes: spatial analysis and forecast evaluation.

Ecosystems 1:575–594

Wear DN, Turner MG, Flamm RO (1996) Ecosystem management

with multiple owners: landscape dynamics in a Southern Appa-

lachian watershed. Ecological Applications 6(4):1173–1188

Wu J, Shen W, Sun W, Tueller PT (2002) Empirical patterns of the

effects of changing scale on landscape metrics. Landscape

Ecology 17:761–782

Yang X (2005) Remote sensing and GIS applications for estuarine

ecosystem analysis: an overview. International Journal of

Remote Sensing 26(23):5347–5356

Yang X, Liu Z (2005) Quantifying landscape pattern and its change in an

estuarine watershed using satellite imagery and landscape metrics.

International Journal of Remote Sensing 26(23):5297–5323

Yang X, Lo CP (2002) Using a time series of satellite imagery to

detect land use and land cover changes in the Atlanta, Georgia

metropolitan area. International Journal of Remote Sensing

23(9):1775–1798

Yu X, Ng C (2006) An integrated evaluation of landscape change

using remote sensing and landscape metrics: a case study of

Panyu, Guangzhou. International Journal of Remote Sensing

27(6):1075–1092

Zomeni M, Tzanopoulos J, Pantis JD (2008) Historical analysis of

landscape change using remote sensing techniques: an explan-

atory tool for agricultural transformation in Greek rural areas.

Landscape and Urban Planning 86:38–46

538 Environmental Management (2011) 48:523–538

123


	Integrating Landscape Ecology and Geoinformatics to Decipher Landscape Dynamics for Regional Planning
	Abstract
	Introduction
	Methods
	Landscape- and Patch-Level Indices
	Processing of Remote Sensing Images
	Primary Sources of Data
	Data Pre-Processing
	Data Extraction by Photo-Interpretation

	Production of Landscape Metrics
	Statistical Analysis

	Results
	Patterns of Landscape Composition and Configuration and Their Change
	Patterns of Natural and Human Variables
	Major Types of Land Cover Change

	Discussion
	Acknowledgments
	Appendix A
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


