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Natural  and  semi-natural  landscape  cover  is  heterogeneous.  Ideally,  mapping  land  cover  requires  an
approach  that  represents  both  gradients  and  land  covers  spatiotemporal  variability.  These  aspects  can
be  visualized  and  depicted  by applying  a  new  spatio-temporal  analysis  based  Landscape  Heterogeneity
Mapping  (LaHMa)  method  to natural  and  semi-natural  landscapes.  Using  MODIS  NDVI  16-day  imagery
(February  2000–July  2009)  for Crete,  a 65-cluster  image  was  selected  from  ISODATA  classification  results
using  the  separability  values  of  the  divergence  statistics.  The  65  clusters  appropriately  generalize  the
spatial  and temporal  variability  in land  cover.  Using  classified  outputs  from  10  to  65  clusters,  the  fre-
quency  of pixels  identified  as  boundaries  of  homogeneous  land  cover classes  was  translated  into  the
DVI
ODIS

form  of  a landscape  heterogeneity  map,  which  was then  validated  using  field  data.  The  results  show  that
the  heterogeneity  map  had  moderate  correlation  (R2 = 0.60  and  0.63  in  two  transects)  with  the sum  of
differences  between  neighbouring  transect  pixels  in all  land  cover  components.  In general,  the study
found  this  new  approach  (LaHMa)  to  be suitable  for  mapping  landscape  heterogeneity  in the  natural  and
semi-natural  landscape  of  Crete,  Greece.  The  new  method  appears  to  be  of  potential  use  for  informing
gradient  analyses  in landscape  ecological  studies.

©  2013  Elsevier  B.V.  All  rights  reserved.
. Introduction

The degree of heterogeneity in a landscape is dictated primar-
ly by interactions amongst natural and anthropogenic processes,
nd disturbance in landscape (Turner and Gardner, 1991). Quan-
ification of landscape heterogeneity is necessary to understand
nd study interactions and relationships between ecological pro-
esses and spatial patterns (Turner et al., 2003; Peters et al., 2006).
urthermore, management of dynamic landscapes requires maps
nd monitoring tools that portray the nature of the landscapes spa-
iotemporal heterogeneity (Gustafson, 1998) at selected spatial and
emporal scales (Kent et al., 1997; Gustafson, 1998).

Quantifying the natural and semi natural landscape heterogene-
ty using continuous values is appropriate because natural and semi
atural landscape exhibit spatially continuous variations in veg-

tation communities (Austin, 1990; Begon et al., 1990; Couteron
t al., 2006). Spatially, different species (flora) in a natural and semi-
atural landscape show considerable overlap, creating gradients
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569-8432/$
that represents gradual changes in space of vegetation density
and/or in species composition (Kent et al., 1997; Müller, 1998).
Presenting such a landscape in gradient form is important for eco-
logical studies to understand the basic structure of landscape (Gosz,
1992).

Landscape heterogeneity is considered to be a dynamic phe-
nomenon, as it fluctuates over time (Dunn et al., 1991; Fahrig,
1992; Gustafson, 1998). Underlying factors that determine land
cover heterogeneity are spatiotemporally varied at different scale,
and include soil, geology, climate and topography (Foody and Boyd,
1999). The spatial pattern and the intra-annual (temporal) changes
should be considered to quantify landscape heterogeneity (de Bie
et al., 2012). Therefore at a landscape level, the continuously chang-
ing environment and the dynamic nature of land cover necessitate
an understanding of both the spatial and temporal processes of land
cover (Fortin et al., 2000; Fagan et al., 2003).

Efforts to quantify the landscape heterogeneity began in the
early 1980s (Romme, 1982; Baker and Cai, 1992); However; to-
date, the approaches depicting land cover heterogeneity in a map
format poorly represent spatiotemporal variability and gradient

representation. One approach to quantifying landscape hetero-
geneity is the Patch Mosaic approach (Goodchild and Quattrochi,
1997; Gustafson, 1998), which builds on information contained
in categorical or thematic maps. Information is presented on

dx.doi.org/10.1016/j.jag.2013.06.007
https://www.sciencedirect.com/science/journal/15698432
http://www.elsevier.com/locate/jag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jag.2013.06.007&domain=pdf
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Fig. 1. The Greek island of Crete. Natural and semi-natural areas (extracted fro

patial aspects such as the area, shape, patch density and frac-
al dimensions of the landscape, while the non-spatial aspects
re represented in the form of a matrix containing information
n a category’s proportions, evenness, richness and diversity (Li
nd Reynolds, 1995; Gustafson, 1998). The discrete representation
f landscape is an incorrect form of representation and prone to
rrors in land cover class definitions (Gosz, 1992; Southworth et al.,
004; Boyd and Foody, 2011). They are not based on spatiotempo-
al explicit data which are important for accurate characterization
f land cover (Sakamoto et al., 2006; Nguyen et al., 2011). A second
pproach involves the application of statistical analyses to point
ata collected through surveys, uses semi-variograms and cor-
elograms amongst other statistical tools (Li and Reynolds, 1995;
ustafson, 1998), and attempts to place a relative value on a land-
cape’s heterogeneity. The point data are always limited, both in
pace and time, and so cannot accurately represent the spatiotem-
oral explicit landscape heterogeneity. Thus, all the approaches
hat claim to capture landscape heterogeneity ignore the likely
resence of gradients. In addition to this, research concerning the
ccurate mapping of landscape heterogeneity has not specifically
ocused on the high-frequency temporal dimension of land cover,
ven though this has already been found to be very helpful in land
over mapping and monitoring (Xiao et al., 2006; Sakamoto et al.,
007; Nguyen et al., 2011).

Although  techniques such as auto-correlation, semi-variogram
nalysis, fourier spectral analysis and fractals analysis (Perry et al.,
002; Couteron et al., 2006) do consider gradients in representa-
ion, these assume land cover to be aperiodic and always repeating
tself within a certain time period (Bradshaw and Spies, 1992). In
eality land cover is highly dynamic, and isolating a genuine peri-
dicity is difficult to achieve (Couteron et al., 2006). Therefore, the
bility of these techniques to quantify the spatiotemporal aspects
f landscape heterogeneity is also limited.

Natural and semi-natural landscapes show more spatially con-
inuous changes than landscapes dominated by the boundary
eatures common to human landscape administration (Puech,
994; Couteron et al., 2006). To be accurately characterized, any
ethod must ensure the presence of gradients in land cover as
ell as spatiotemporal variability is adequately accounted for in
he mapping process. Therefore, an approach used for agricultural
andscapes by de Bie et al. (2012) called the Landscape Heterogene-
ty Mapping (LaHMa) approach, which was originally applied in
gricultural and man-made landscape, is selected to map  landscape
RINE map) are displayed with general relief. Field data points are also shown.

heterogeneity  in the natural and semi-natural landscapes of island
of Crete, Greece. This method was not validated with field data
therefore a thorough validation was  undertaken using field data
composed of the fractional complexity of the area’s land cover
components.

LaHMa involves calculating the relative heterogeneity of each
pixel area, using the long-term spatiotemporal variability in land
cover. Differences in spectro-temporal characteristics of land cover
present in a particular pixel is considered here as landscape het-
erogeneity. The technique exhibits spatial heterogeneity at various
strengths of boundaries (ecotones and ecoclines) at any selected
scale therefore it can be useful for understanding landscape struc-
tures and functions (Wu and Archer, 2005; Peters et al., 2006). It is
also robust for locating vegetation assemblages which are impor-
tant characteristics of the natural and semi-natural landscape.
The heterogeneity determined may  be arising by soil, vegetation
discontinuities, changes in species composition and its distribu-
tion.

2. Study area

Crete  (Fig. 1) is characterized by high mountains and plateaus
(Chartzoulakis and Psarras, 2005). The geology also varies from
mountainous areas to lowlands having calcareous rocks to lime-
stone, sandstone and marls respectively (Sarris et al., 2005). The
island has a sub-humid climate, with dry summers and mild
wet winters (Sluiter, 1998; Chartzoulakis et al., 2001). An aver-
age of about 900 mm  of precipitation falls on the island annually.
This varies locally, with approximately 300 mm  falling at lower
altitudes, and up to 2000 mm falling in the mountain areas
(Chartzoulakis et al., 2001; Chartzoulakis and Psarras, 2005). The
landscape is dominated by both natural and semi-natural land
cover, intermixed across the island with herbaceous and woody
plant species that form varying proportions of local plant com-
munities (Turland et al., 1993; Montmollin and Iatrou, 1995;
Chartzoulakis et al., 2001; Chartzoulakis and Psarras, 2005). The
high variability in topography, weather, geology results in high
variability in vegetation compositions and structure in Crete, hence

creates a heterogeneous landscape. The complex landscape and
intermixed vegetation with variable climatic conditions could only
be detected if both the spatial and temporal aspects of land cover
are considered.
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. Method

.1. Remote sensing data and maps used

Hyper-temporal time-series Normalized Difference Vegetation
ndex (NDVI) imagery is freely available at different spatial and
emporal resolutions from sensors such as SPOT (1 km), MODIS
1000 m,  500 m,  250 m),  MERIS (300 m,  1200 m)  and MSG  (1 km).
DVI is a well-recognized indicator of green vegetation biomass

Tucker and Sellers, 1986; Henebry, 1993). Sixteen-day maximum
alue composite (MVC) NDVI image data at a spatial resolution of
50 m,  collected by the MODIS Terra sensor between February 2000
nd July 2009, was obtained using NASA’s Warehouse Inventory
earch Tool (WIST) facility. The associated vegetation index quality
VIQ) layers of the data product package were used to identify and
emove all pixels affected by haze, cloud and other atmospheric
onditions. The per-image pixel NDVI values were rescaled to a
igital Number format (0–255) (de Bie et al., 2012) to facilitate
ata processing without degrading essential information (Roderick
t al., 1996). The dataset was then processed using an Adaptive Sav-
tzky Golay filter (ASAVGOL) to accommodate poor quality data that
ad been removed by the initial screening, and account for outlying
purious data values (Jönsson and Eklundh, 2004; Beltran-Abaunza,
009). This method is based on Savitzky–Golay and logistics fitting
unction (Jönsson and Eklundh, 2004). This is found useful for noisy
nd non-uniform NDVI time series datasets (Jönsson and Eklundh,
004; Feng et al., 2008; Beltran-Abaunza, 2009; Boschetti et al.,
009).

Fine-resolution 10 m ALOS AVNIR-2 multispectral images
cquired on 9 July 2009, 14 July 2009, 26 July 2009, 9 May 2008
nd 4 November 2008 were used to support field data collection.
hese images were acquired from the Remote Sensing Technology
entre (RESTEC) (http://www.alos-restec.jp/products e.html).

The  Coordination of Information on the Environment (CORINE)
and cover map  for the year 2000 was obtained from the European
nvironmental Agency (EEA), and used to facilitate the gathering
f field data.

.2. Landscape heterogeneity mapping

The time-series image dataset, composed of 293 sequential
mage layers, was classified using the Iterative Self-Organizing
ata Analysis (ISODATA) algorithm (Ball and Hall, 1965; Tou and
onzalez, 1974). ISODATA unsupervised classifications were run

o generate maps with outputs containing 10–100 clusters (Khan
t al., 2010; de Bie et al., 2011; Nguyen et al., 2011; de Bie et al.,
012). For each run, the maximum number of iterations was set
o 50 and the convergence threshold was set to 1, which were
roved useful for optimal classification results in studies for exam-
le’s (Khan et al., 2010; de Bie et al., 2011; Nguyen et al., 2011;
e Bie et al., 2012). The maximum iterations control the ISODATA
o that it stops at a certain threshold. The convergence threshold
revents the ISODATA utility from running indefinitely. After classi-
cation, both average and minimum separability values, expressed

n the form of divergence statistics, were derived for each run
utput (Swain and Davis, 1978). Average divergence denotes the
ean similarity between temporal signatures amongst all possi-

le pairwise combinations of output clusters, while the minimum
ivergence value expresses the similarity between the temporal
ignatures of the two most similar clusters. The divergence statis-
ics were used to aid the selection of the number of clusters to
eneralize the variability in the time-series NDVI dataset (Singh,

984; Khan et al., 2010). The number of clusters present in the
ata is based on highest value of divergence statistics used as a
alidation index (Davies and Bouldin, 1979; Bezdek and Pal, 1998;
alkidi et al., 2001).
rvation and Geoinformation 26 (2014) 176–183

All output cluster maps (10 clusters up to selected generalized
cluster map) were used to derive the landscape heterogeneity map
using the process presented by de Bie et al. (2012). Each cluster
output map  was converted from raster to vector polygon format,
merely maintaining the pixel outlines and therefore the locations
of boundaries. The vector polygon file was then converted into a
vector polyline format, following which the polylines were subse-
quently converted into a raster format, with a pixel resolution of
125 m (compared to the original 250 m pixel resolution). Each out-
put cluster file was  processed in this manner. Following this, the
sum product of the boundary processed raster files was obtained.
This sum product was processed further, initially being converted
from a raster to a vector polyline format, and subsequently being
converted back into a raster format. Finally, a majority filter of eight
cells was run over the modified sum product image to ensure that
no non-value raster cells remained. This produced the output land-
scape heterogeneity map, in which the heterogeneity value at a
particular location was  essentially determined by the number of
times the pixel boundaries represented the boundary line between
homogenous units of vegetation. A landscape heterogeneity map
shows the strength (within a maximum range of y minus x) with
which two adjacent pixels are classified differently.

3.3. Validation

The landscape heterogeneity map  was  evaluated using a tran-
sect sampling scheme (Skidmore and Turner, 1992; Fortin et al.,
2000; Hennenberg et al., 2005) with two  linear transects composed
of 65 pixels of 250 m × 250 m in two different locations randomly
selected. The high resolution ALOS AVNIR-2 image datasets (10 m)
were used to analyze pixels within the transects, assisted by data
gathered from ground observations. The length of the two transects
were based on availability of field data collected to define image
objects based on ALOS AVNIR-2 imagery.

Ground observation data were collected between 22 September
and 11 October 2009, using a stratified clustered random sampling
scheme. NDVI clusters based on a selected NDVI cluster map  were
considered as strata, which were randomly selected based on areas
that did not coincide with the urban and agricultural land cover
as designated by the CORINE 2000 land cover dataset. 29 NDVI
clusters were visited in the field. Within each selected NDVI clus-
ter, samples were collected based on image objects identified on
the ALOS AVNIR-2 images. Different image objects were identified
using features such as tone, pattern, shape, texture and association
(Feranec, 1999). In total, 230 locations (image objects) were sam-
pled and appraised concerning their land cover characteristics. At
each sample location, estimates of the proportions of trees, shrubs,
grass, bare soil, stone and litter cover were made. In all the layers
of land cover estimates, only vertical projection to the ground was
considered, and the sum of all the cover estimates equal to 100%.

To  upscale the field data to transect pixel resolution (250 m),  an
image legend was  derived using snapshots of ALOS image objects,
along with a field description in terms of percentage cover of land
cover components. On the basis of this image legend, the ALOS
image transect area was digitized and described. The digitized
image objects, known as “ALOS map  units”, were then combined
with transect pixels to calculate percent contribution of ALOS map
unit within each pixel (Eq. (1)).

Area fraction = Area of map  unit × 100
Area of MODIS pixel

(1)
where,  “Area fraction” represents fraction of the area covered by
each map  unit within a MODIS pixel, “Area of unit” shows sum of
map  unit area in MODIS pixel and “Area of MODIS pixel” presents
total area of the MODIS pixel.

http://www.alos-restec.jp/products_e.html


h Observation and Geoinformation 26 (2014) 176–183 179

t
c

W

w
w
e

l
i

b
a
t
c
l
g
b

4

4

f
c
e
a
6
d
i
s
1
m

o
r
h
p
p
l

F
o

A. Ali et al. / International Journal of Applied Eart

After calculation of area fraction, through weighted up-scaling
he cover fraction of tree, shrub, grass, bare soil, stone and litter
over were derived using the formula given in Eq. (2).

eighted land cover = Area fraction × Mean land cover
100

(2)

here  weighted land cover is the sum of fraction of ALOS units
ithin each pixel and mean land cover (%) is the mean value for

ach ALOS classes based on field calculated percent cover.
Finally  fraction cover of each component was added up to calcu-

ate the total fraction cover of land cover components individually
n each pixel.

Regression analysis was then used to appraise the relationship
etween landscape heterogeneity (in terms of boundary strength)
nd the proportional difference in land cover components (from
he adjacent transect pixels). The absolute difference in percentage
over between two neighbouring pixels of the transect was calcu-
ated for each land cover component, and was also summarized as
reen cover (trees, shrubs and grass cover), non-green cover (litter,
are and stone cover), and the sum of all components.

. Results

.1. The landscape heterogeneity map

Ninety-one cluster maps were initially produced as outputs
rom ISODATA unsupervised classifications, and the cluster map
ontaining 65 clusters was deemed to represent the optimal gen-
ralization of the hyper-temporal NDVI dataset. As shown in Fig. 2,

 coincident peak occurred in both sets of divergence values at
5 clusters. Sixty and 99 cluster outputs show peaks in average
ivergence; however, these are not coincident with peaks in min-

mum divergence value. The selection of the optimal cluster map
erved to outline the number of clusters output maps (output of
0–65 clusters) used for generating the landscape heterogeneity
ap.
The landscape heterogeneity map  was prepared using the 56

utput cluster maps (i.e. the maps produced from 10 to 65 clusters,
espectively), and is presented in Fig. 3. The map  details landscape

eterogeneity in the form of spatial gradients. Visually complex
atterns are located in areas where high variability in local topogra-
hy and complex vegetation cover is present. Some parts in the map

ook less heterogeneous with plain yellow colour, they represent

ig. 3. The output landscape heterogeneity map  of Crete, Greece, depicting spatial hetero
ver the area. The locations of the two sampling transects, Transect 1 (T1) and Transect 2
Fig. 2. Selection of the optimal number of clusters (65-cluster map) with which to
generalize the hyper-temporal dataset.

high mountains with hardly any vegetation and also valley’s having
less diversity in land cover and land use.

The two  transects used for validation are also displayed in Fig. 3.
They were located in two  different areas exhibiting high local vari-
ations in land cover along a topographical gradient.

4.2. Validation

Fig.  4(i) details transect 1 overlaid on the ALOS AVNIR-2 image
and image legend (homogenized snap shots of ALOS image objects
surveyed); Fig. 4(ii) displays the digitized polygons used for up-
scaling; and Fig. 4(iii) shows part of the landscape heterogeneity
map represented in the form of graduated boundary strengths.

The  result obtained from the transect analysis with regard to
the fractions of land cover components in each transect area is
illustrated in Fig. 5, which indicates the variations in the cover
fractions of trees, shrubs, grass, bare soil, stone and litter cover in
relation to variations in boundary strength. In both transects, vari-
ations in spatial aggregations of green land cover components such
as tree, shrub and grass cover closely correspond to the variations
in boundary strength.
In  the case of transect 1, from the results showing the correlation
between boundary strength and the differences in fractional land
cover components between neighbouring pixels, the sum of dif-
ferences with respect to all land cover components (trees, shrubs,

geneity patterns resulting from analysis of spatiotemporal vegetation fluctuations
 (T2), are also outlined.
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Fig. 4. Sample Transect 1, composed of 250 m × 250 m areas, overlaid on (i) the ALOS AVNIR-2 10 m resolution RGB (4, 3, 2) image, with the legend used for interpretation
( th ma

g
f
b
R
c
p
r
c
(

b
(
(
c
(

e
g
l
b
S
i
p

be characterized and presented in continuous units using this
technique. Such a continuous spatial representation of landscape
heterogeneity is consistent with the concept of landscapes being

Table 1
Results showing correlation between boundary strength and differences in all indi-
vidual land cover components as well as the sum of these differences between
neighbouring  pixels of transect 1 (n = 65).

Fraction land cover components (%) R2 Standard
error (SE)

p-Value

Sum of land cover difference
between  pixels

0.60 10.06 0.00

Green cover (trees, shrubs, grass) 0.50 11.26 0.00
Non-green cover (bare soil, stone,

litter)
0.20 14.20 0.00

Trees 0.40 12.33 0.00
snapshots of ALOS image objects); (ii) digitized polygons; (iii) the boundary streng

rass, bare soil, stone and litter) was found to be higher than those
or green and non-green components, having an R2 value of 0.60 and
eing associated with the lowest standard error (SE = 10.06). The
2 values indicate that 49% of the variation in boundary strength is
orrelated with differences in the fraction of green land cover com-
onents, with a standard error of 11.26. The sum of differences with
espect to non-green (bare soil, stone, litter) land cover has a lower
oefficient of determination (R2 = 0.20), and a higher standard error
SE = 14.20).

The results for individual components (i.e. trees, shrubs, grass,
are soil, stone and litter cover) show significant correlation
p < 0.05) while stone cover has R2 of 0.4 and is non-significant
p > 0.05). However, the coefficient of determination is low in all
ases, with the exception of trees (R2 = 0.40) and shrubs (R2 = 0.46)
Table 1).

Furthermore, transect 2 gives R2 of 0.63 for the sum of differ-
nces with respect to all land cover components (trees, shrubs,
rass, bare soil, stone and litter); also have low SE (11.03). Simi-
arly as in transect 1, green cover (R2 = 0.59, SE = 11.61) was found to

e more closely correlated than non-green components (R2 = 0.26,
E = 15.56). The results with individual components are low which
s summarized in Table 2. All the results were found significant at

 < 0.05 except grass cover (p > 0.05).
p.

5. Discussion

The heterogeneity of natural and semi-natural landscapes can
Shrubs 0.46 11.70 0.00
Grass 0.20 14.07 0.00
Bare soil 0.29 13.34 0.00
Stone 0.04 15.26 0.15
Litter 0.07 15.23 0.04



A. Ali et al. / International Journal of Applied Earth Obse

0

10

20

30

40

50

60

0

10

20

30

40

50

60

70

80

90

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Transect 1

Bound ary  str ength tre es shrubs gr ass bare sto ne litter

B
o

u
n

d
a

ry
 s

tr
en

g
th

F
ra

ct
io

n
 l

a
n

d
 c

o
v

er
 (

%
) 

Distance (km)

0

10

20

30

40

50

60

0

10

20

30

40

50

60

70

80

90

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

B
o

u
n

d
a

ry
 s

tr
en

g
th

F
ra

ct
io

n
 l

a
n

d
 c

o
v

er
 (

%
)

Distance  (km)
Boundary st rength trees shrubs grass ba re stone litter

Transect 2 

F
f
l

c
t
(
(
t
i
n
v

o
e

T
R
v
n

ig. 5. Associations between variations in boundary strength and variations in the
ractional cover of different land cover (trees, shrubs, grass, bare soil, stone and
itter) from A to B in transects 1 and 2.

haracterized by land cover gradients, and incorporates a realis-
ic approach to summarizing and presenting ground conditions
Whittaker, 1967; Cushman et al., 2010). Legendre and Legendre
1998) and Legendre et al. (2002) noted that in nature spatial pat-
erns are found as gradients that are due to the continuous changes
n the physical environment. Continuous spatial fluctuations in
atural and semi-natural land cover result in spatially continuous

ariations in vegetation communities (Puech, 1994).

Further to advocation by de Bie et al. (2012); the rapid follow up
f imagery is found to be effective when mapping landscape het-
rogeneity in natural and semi natural landscapes as well. The high

able 2
esults showing correlation between boundary strength and differences in all indi-
idual land cover components as well as the sum of these differences between
eighbouring  pixels of transect 2 (n = 65).

Fraction land cover components (%) R2 Standard
error (SE)

p-Value

Sum of land cover difference
between  pixels

0.63 11.03 0.00

Green cover (trees, shrubs, grass) 0.59 11.61 0.00
Non-green cover (bare soil, stone,

litter)
0.26 15.56 0.00

Trees 0.46 13.33 0.00
Shrubs 0.34 14.72 0.00
Grass 0.05 17.63 0.07
Bare soil 0.10 17.07 0.00
Stone 0.19 16.25 0.00
Litter 0.11 17.05 0.00
rvation and Geoinformation 26 (2014) 176–183 181

frequency imagery is important for accurate characterization and
mapping of land cover due to its ability to closely track seasonal
profiles and changes (Lunetta et al., 2004; Xiao et al., 2006; Lu and
Weng, 2007; Sakamoto et al., 2007; Alexandridis et al., 2008; Zhang
et al., 2009; Khan et al., 2011). Hyper-temporal imagery is also
found effective at mapping the spatial patterns in vegetation cover
that represent gradual changes in the form of gradients, which
originated due to the local vegetation seasonal trends (Ali et al.,
2013). These seasonal variations are specific to different species,
its density and composition, which can help in land cover type
and state identification (Justice et al., 1985; Neeti et al., 2011; Ali
et al., 2013). The spatiotemporal imagery projects the influence of
different biotic and abiotic environmental factors such as soil, tem-
perature, solar illumination, photoperiod and moisture over time
which is responsible for landscape heterogeneity.

The heterogeneity output maps were shown to be relatable to
spatial variation in land cover heterogeneity. Results from the eval-
uation element of the study revealed that differences in land cover
could be related (R2 of 0.60 and 0.63 in two  transects used for vali-
dation, p < 0.05) to the variation in heterogeneity values expressed
in the output map. This moderate level of explained variability
could be attributed to the duration of field data collection and
single date ALOS imagery used for validation, whereas the out-
put heterogeneity map  incorporates seasonal variations spanning
a long period of time (February 2000–July 2009). Hyper-temporal
datasets are essentially an automated record that captures the
effects of landscape dynamics (seasonality), while the field data,
being limited in space and time, do not account for these dynamics.

The output landscape heterogeneity map of Crete represents
landscape as advocated by many scientists (Gosz, 1992; Kent
et al., 1997; Martín et al., 2006). The inherent mosaic structure
originates from small spatial and temporal scale changes (e.g. cli-
mate change/fire disturbances, growing season length, moisture
availability, species compositions, local patterns in soils or micro-
topography), as well as the effects of grazing management or other
anthropogenic activities (Gosz, 1991, 1992). However, those sea-
sonal changes which occur in a certain homogenous area without
change across space, may  not contribute to heterogeneity of the
area. The spatial and temporal scale of the imagery used proved
sufficient for this diverse and complex landscape. This is evident
from results shown in Fig. 5, in which there are no such anthro-
pogenic factors such roads, gardens etc. can be seen as pointed out
by de Bie et al. (2012) in case of MODIS imagery.

6. Conclusion

To be accurately characterized, any mapping method must
ensure the presence of gradients in land cover, as well as the
landscape’s spatiotemporal variability, are sufficiently represented.
Currently, approaches attempting to capture landscape hetero-
geneity do not sufficiently account for the likely presence of
gradients, and do not account for the high-frequency temporal
dimension of land cover. To address these issues, a Landscape
Heterogeneity Mapping (LaHMa) approach which considers both
the presence of gradient and the long-term spatiotemporal char-
acteristics of land cover is applied and tested in the natural and
semi-natural landscapes of island of Crete, Greece. The output is
a landscape heterogeneity map  showing the strength with which
two adjacent pixels are classified differently, calculating the rela-
tive heterogeneity of each pixel’s area on the basis of differences
in long term spatio-temporal characteristics. The method is found

to be appropriate for the task of characterizing the heterogeneity
of natural and semi-natural landscapes. It was successfully vali-
dated using field data composed of the fractional complexity of the
area’s land cover components and found relatable to the spatial
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ariation on ground. The heterogeneity determined may  be arising
y soil, vegetation discontinuities, changes in species composition
nd its distribution. As such, the method may  be helpful for ecol-
gists to further strengthen their analysis and sampling strategies
ith respect to long-term spatiotemporal variability and landscape

tructure in natural and semi natural landscape. Future studies
hould involve more rigorous evaluation of the methodology with
he incorporation of more study sites into ground sampling and
ver a greater variety of land cover. It is recommended that the
erformance and informative abilities of the LaHMa technique
hould be compared to other landscape heterogeneity mapping
echniques.
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