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Abstract

Land fragmentation is a major problem in different parts of the world. This paper presents a new

land fragmentation index which overcomes the weaknesses of existing indices by integrating a

number of land fragmentation factors, allowing the user to select which factors are included and

to apply weights to the factors selected. When applied to a case study area in Cyprus, the new

‘global land fragmentation index’ outperforms the existing indices. The paper also introduces a

new ‘parcel shape index’ and a new transformation process known as the ‘mean standardisation

method’. Sensitivity analysis is carried out to indicate the impact of changing weights of

selected factors under particular scenarios and utilisation of the new parcel shape index versus

existing indices.

Keywords

Land fragmentation; land parcels; multi-attribute decision making; fragmentation indices; parcel
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1 Introduction

This paper reports on the development and evaluation of a new land fragmentation model called

LandFragmentS (Land Fragmentation System) that quantifies the extent of land fragmentation

using a new index whose values range from 0 (worst fragmentation) to 1 (least fragmentation).

This index measures the efficiency of the existing land tenure system and may assist planners in

policy decision making, i.e. it can help to decide whether land consolidation should be applied.

The paper begins with an outline of existing land fragmentation indices in section 2 and

a discussion of the data sets that are typically available for the measurement of fragmentation in

section 3. Section 4 sets out a methodology for developing a new index as part of an integrated

planning and decision support system for land consolidation called LACONISS (LAnd

CONsolidation Integrated Support System) whose structure is explained in detail in Demetriou

et al. (2011a). The interface to the LandFragmentS module is also introduced and then section 5

explains how two popular land fragmentation indices are calculated using the module. Section 6

explains how a ‘land fragmentation table’ is generated and outlines five of the six factors that

are used to measure fragmentation. A new ‘parcel shape index’ (PSI) is discussed separately in

the following section and a new standardisation process called the mean standardisation method

(mSM) is introduced. Section 8 shows how a ‘standardised land fragmentation table’ is

generated and Section 9 presents the new index called the ‘global land fragmentation index’

(GLFI), which is the core outcome of the module. Sensitivity analysis provided by the module is

presented in section 10 and in section 11, an application of the module is presented using a case

study in Cyprus involving the investigation of four weighting scenarios, a comparison of the

GLFI with existing indices, a sensitivity analysis focusing on changes to the weights and a

comparison of the new PSI with existing indices. Conclusions are drawn in the final section.

2 Limitations of existing land fragmentation indices

Land fragmentation is a spatial problem associated with six relevant factors: the landholding

size; the number of parcels belonging to the holding; the size of each parcel; the shape of each

parcel; the spatial distribution of parcels; and the size distribution of the parcels (King and

Burton, 1982). In Cyprus, land fragmentation has additional complexities including the lack of

road access to land parcels and problematic ownership rights (Demetriou et al., 2012). For

example, a parcel may be owned in undivided shares, i.e. it may belong to more than one

landowner; or a parcel may have dual or multiple ownership, i.e. the land is owned by one

person whilst the trees growing on the land are owned by someone else and a third party has

ownership rights to the water. In addition, a land parcel may not have a title deed. The existence

of all these different factors highlights the complexity of representing and measuring land

fragmentation.
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There appears to be no standard measurement of land fragmentation (Bentley, 1987;

Van Hung et al., 2007) and no index takes into account all of the factors mentioned above

(Monchuk et al., 2010). Most authors have utilised a simple measure such as the average

number of parcels per holding or the average holding size or the average parcel size at the

regional or national level. Indices were developed in the 1960s and 1970s that incorporate some

of the above factors (e.g. Edward, 1961; Simmons, 1964; Dovrin, 1965; Januszewski, 1968;

Igbozurike, 1974; and Schmook, 1976). However, existing indices are partial at best as they do

not take all of the relevant factors into account. Current indicators ignore non-spatial factors

such as the ownership type for each parcel and the existence or absence of road access to a

parcel, which may completely prevent parcel exploitation. Furthermore, there is no user

flexibility in the selection of the variables that could be contained in the fragmentation index,

and the factors are given the same weight or level of importance, which may not always be

realistic. For example, in the case of Cyprus, the importance of distance between the parcels of a

holding may be less than the shape of the parcels or the number of parcels. Moreover, planners,

policy makers and farmers may have different perceptions about the importance of particular

factors and would most likely assign different weights to these factors for a given project. These

limitations clearly indicate the need for a new methodology for measuring land fragmentation

(Demetriou et al., 2012).

3 Data considerations

The study area is a part of the broader region of Chlorakas village in the District of Pafos which

is located at an altitude of 70 m above mean sea level and at a distance of 3km north of the town

of Pafos (Figure 1). The village administrative boundaries cover a total area of 492 hectares of

lowland while the extent of the consolidated area is 195 hectares. The main crops cultivated in

the area are citrus, vines, vegetables and bananas. A land consolidation project began in March

1971 and was among the first applied in Cyprus that completed in June 1974. The reasons for

selecting this case study area for evaluating LACONISS are noted in Demetriou et al., (2011b).

The Land Consolidation Department (LCD) of Cyprus provided two main types of

original data regarding the study area: databases and cadastral maps. In particular, three

database files were provided that were initially cleaned and renamed for the purpose of this

research. The final structure of the collected databases is shown in Table 1.
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Figure 1: Location of the case study in the district of Pafos

Source: The Land Surveys Department of Cyprus

Table 1: The original databases

In addition, a 1:5,000 cadastral map showing the original cadastral situation before land

consolidation was provided, which was digitised and is shown in Figure 2. This digitised map

has been split into three GIS layers (shapefiles) named “OriginalParcels”, “ExistingRoads” and

“Streams”. The shapefile “OriginalParcels” has polygon geometry created to represent the

original parcels. The shapes of the original parcels were digitised on screen with the editing

functions of ArcMap using a scanned version of the original cadastral map. This shapefile is

interlinked with the noted above three databases. The shapefiles “ExistingRoads” and “Streams”

were created in the same way using the same scanned cadastral map and represented as polygon

Database Fileneme Database Fields Field Type Field Description

1 LandOwnersEN 1 Owner_ID Number Primary Key; it is a unique number for each landowner
2 Owner_Code Text It is a code for each landowner used by the Department
3 Owner-Name Text Name and Surname of an owner
4 Total_Old_Area_Owned Number The original total area (in sqm) of the property owned by an owner in the study area
5 Total_Old_Value_Owned Number The original total value (in Cyprus pounds) of the property owned by an owner in the study area
6 Total_New_Area_Owned Number The total area (in sqm) of the property received by an owner in the new plan
7 Total_New_Value_Owned Number The total value (in Cyprus pounds) of the property received by an owner in the new plan

2 OriginalParcels 1 Parcel_ID Text Primary Key;it is a unique number for each original parcel
2 Parcel_Sheet_Number Text The cadastral sheet number in which a parcel belongs
3 Parcel_Area Number The official registered area of a parcel
4 Parcel_Value Number The value (CyP) of a parcel as it has been defined by the Valuation Committee

3 OriginalParcelsOwnership 1 Owner-ID Number it is a unique number for each landowner
2 Owner_Code Text It is a code for each landowner used by the Department
3 Parcel_ID Text it is a unique number for each original parcel
4 Share_Numerator Number The numerator of the fraction of a share for a parcel
5 Share_Denominator Number The denominator of the fraction of a share for a parcel
6 Only_Trees Boolean The property includes only trees

Chlorakas village
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feature classes These data are sufficient for calculating all of the associated parameters and

hence for measuring the existing land fragmentation in the case study area as described in

section 11.

Figure 2: The digitised case study area
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4 A new methodology for measuring land fragmentation

To overcome the deficiencies in existing land fragmentation measures, a new methodology has

been developed that is comprehensive, flexible and problem specific. It is comprehensive since

it is capable of handling any land fragmentation factor for which there are available data; it is

flexible because the user may select which factors need to be taken into account for a particular

project; and it is problem-specific since the planner may decide the weighting given to each

component factor for a specific project. The method utilised is one that measures how far the

existing land fragmentation condition is from the status of being ‘perfect’, i.e. an ideal condition

which in most cases may be theoretical; or conversely how far the existing land fragmentation is

from the ‘worst’ status. The proposed process is based on the Multi-Attribute Decision Making

(MADM) and has four main steps as set out in Figure 3.

Figure 3: Outline of the LandFragmentS model (Demetriou et al., 2011a)

Although MADM is conventionally utilised for the assessment of alternative solutions

of a problem, in this context it is employed to represent the performance of an existing system

(i.e. a land tenure system) compared to the performance of an ideal system. Initially the planner

selects the land fragmentation factors to be incorporated into the model and then assigns a

relevant weight to each factor, which represents its importance in a given project. The selection

of factors is discussed in the next section. Thereafter, the scores associated with each of these

factors, e.g. the mean size of parcels and the dispersion of parcels, will be automatically

calculated by the system to create a ‘land fragmentation table’ (Figure 4). Each row represents a

holding or ownership and each column a land fragmentation factor (LFF). Each element of the

Structuring the land fragmentation
model

Calculate scores for each land
fragmentation factor

Standardise scores

Calculate the land fragmentation index

Select factors Weight factors

Ownership level Global level

Structuring the land fragmentation
model

Calculate scores for each land
fragmentation factor

Standardise scores

Calculate the land fragmentation index

Select factors Weight factors

Ownership level Global level
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0 or 1 if a parcel is owned in dual form or not, respectively; and a mean dual ownership value is

then calculated for each ownership. Shared ownership is an index estimated as the mean shared

factor (that represents the arithmetical proportion of the area possessed in a parcel by a certain

landowner/ownership) of all parcels that belong to a holding.

These six factors satisfy all the relevant requirements. In particular, each factor is

comprehensive in terms of clearly representing a part of the associated problem and each is

measurable, i.e. objectively estimated. Moreover, the whole set of factors is complete since all

of the main aspects of the problem are covered. The factors are operational because they have

clear content. The number of factors is kept as small as possible although they provide adequate

and reliable representation of the problem and they are non-redundant, i.e. independent so as to

avoid duplication.

4.2 Module interface

The LandFragmentS module is operationalised as a toolbar (Figure 5) consisting of seven icons:

‘Existing LF indicators’; ‘LF factors’; ‘LF table’; ‘LF value functions’; ‘Standardised LF table’;

‘LF indices’ and ‘Sensitivity analysis’. Each icon, which represents a stage of the MADM

process, launches a separate window with one or more functionalities. With the exception of the

‘Existing LF indicators’ and the ‘LF function’ icons, the remaining icons are in the order in

which they must be executed. The functionality of each icon will be described separately in the

sections that follow.

Figure 5: The LandFragmentS toolbar

5 Calculation of existing indices of land fragmentation

The most popular land fragmentation indices are those of Simmons (1964) and Januszewski

(1968) in which a value of 0 indicates the worst possible land fragmentation situation while a

value of 1 indicates no land fragmentation. To calculate these indices, the first icon on the

toolbar shown in Figure 3 is selected, launching the window shown in Figure 6.



14

Figure 6: The window for calculating the Simmons and Januszewski indices

The formula for calculating Simmons index can be displayed by clicking on the ‘Show

formula’ button. The remaining buttons are used to calculate the index and display its values by

ownership ID in a column called ‘Simmons’ in the LandOwnersEN table, or globally as the

mean index of all ownerships. The same options are available for calculating the Januszewski

index.

6 Generation of the land fragmentation table

6.1 Factor Selection and weighting

The user may select which factors are to be included in the model via the ‘LF Factors’ menu

item that launches a window as shown in Figure 7. Selection is made by checking the

appropriate boxes or all of the factors can be selected at once. After selection, the structure of

the LF table is created. Clicking the OK button completes the process. This window also allows

the assignment of weights to factors. In particular, weighting can be carried out by utilising the

direct ranking and the qualitative rating methods described in Demetriou et al. (2011c).
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Figure 7: The window for selecting and weighting factors

The user may then select the ‘LF table’ menu item, which appears as a button on the

dialogue box shown in Figure 8. In fact this window provides four main functions (with

corresponding buttons): the ‘Show LF table structure’ (Figure 9) with no scores (a score

represents the performance of an ownership associated with a particular factor); ‘Pre-

calculations’ regarding shape analysis factors discussed in a later section; calculation of the

scores fij via the ‘Calculate Scores’ button; and the final LF table with scores (via the ‘Show LF

Table’ button).

Figure 8: The ‘LF Table’ window
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Figure 11: The value function for the size of parcels in irrigated areas

These and the other value functions will be described later regarding the parcel shape

index and can be shown via the ‘LF function’ icon on the toolbar in Figure 3.

Shape of parcels (F3)

The shape of parcels is represented by a new parcel shape index (PSI) which takes into account

six factors that are outlined in detail in section 6.

Accessibility of parcels (F4)

The system automatically detects if a parcel has access to a road or not. This is possible by

employing the appropriate topology rule. In particular, the esriSpatialRelTouches rule of

ArcObjects is utilised to check if a parcel ‘touches’ a road or not. If this is positive, then 1 is

assigned to a special field for the relevant parcel while 0 is assigned if it is negative. The

ownership accessibility index is calculated as the average value of assigned 1s and/or 0s for the

parcels that belong to a holding. A potential weighting of the average accessibility index using

the size of a parcel, given that it is more important to have access for a large parcel than a small

parcel, is not appropriate because the size of the parcels is a separate land fragmentation factor

in the model, which would mean duplication of factors.

Dual ownership (F5)

Similar to the accessibility of parcels, dual ownership is represented by a binary function that

takes values of 1 (dual ownership) or 0 (not dual ownership). This information is included in the

original data. Thus, a dual ownership index is calculated as the average value of assigned 1s

and/or 0s for the parcels that belong to a holding. Potential weighting of the average ownership

index by the size of the parcels is prone to the same limitation as noted earlier.
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Shared ownership (F6)

Similar to the two previous factors, shared ownership is represented by a binary function that

takes values of 1 if a parcel is possessed by more than one landowner or 0 if it is not. This

information is also included in the original data. Thus, a shared ownership index is calculated as

the average value of assigned 1s and/or 0s for the parcels that belong to a holding. Similar to the

last two factors, the potential weighting of the average shared ownership index is prone to the

same limitations as noted earlier.

7 Parcel shape

7.1 Outline

Shape measurement has been one focus of geographical study for many years (Boyce and Clark,

1964). Several authors have attempted to develop generic methods for measuring shape (e.g.

Boyce and Clark, 1964; Lee and Sallee, 1970). MacEachren (1985) identifies four approaches:

perimeter area ratios; direct comparison to a standard shape; dispersion of elements of an area

around a central point; and single parameters of related circles. There are problems with each of

the methods and it is sometimes hard to explicitly understand the differences or similarities in

index values between various shapes. As a result, there is still no satisfactory method for

measuring shape in a standard and explicit manner because of the variety of factors involved for

each specific spatial context such as political geography, ecology, agriculture or urban

geography.

Therefore, efforts for developing a new method should be focused on analysing shapes

in the context of each particular problem (MacEachren, 1985) and satisfying the following

requirements pointed out by Lee and Sallee (1970): (i) each shape should be represented by a

unique number. Although this is in general reasonable, two or more different shapes may have

very similar values compared to a ‘standard shape’; (ii) no two shapes can be represented by the

same number unless they are completely the same; the remark made in the previous requirement

is also appropriate for this statement; (iii) two similar shapes should be assigned close numbers.

Two other requirements are as follows: (iv) a shape index should take values within a

predefined dimensionless range so that there is an explicit definition of what is the best and

worst shape for the problem concerned, i.e. 1 and 0, respectively; and (v) a shape index needs to

be comprehensive, i.e. take into account all possible factors (not only compactness and/or

regularity as with generic methods) that are associated with the problem concerned. Moreover,

the precision of an index should be chosen for ease of understanding and interpretation by

planners. Practice shows that the optimal number of decimal digits to satisfy these conditions is

three.
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Figure 12: Shape index (SI) for various shapes taken from the Cyprus case study

Figure 13: Fractal dimension (FD) for various shapes taken from the Cyprus case study
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agricultural purposes based on the maximum useful area (i.e. the area that can actually be

exploited) is 0.04 and corresponds to a rectangle with a length:breadth ratio of 4:1. This index

has been incorporated into a broader measure called the combined size and shape index (CSSI),

which is an estimate of tillage time per useful area based on a predefined set of 36 standard

parcel shapes.

Similar to the SI and FD noted above, the AFF only fulfils requirement (iii) as shown in

Figure 14f. In contrast, Figures 14a-e indicate that completely different shapes, which are

clearly very bad for agricultural purposes, may have very close AAF values with orthogonal

shapes (of various length:breadth ratios) and thus requirements (i) and (ii) are not fulfilled.

Figure 14: AAF values for various parcel shapes taken from the Cyprus case study
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In other words, while the AAF gives certain numbers for rectangular shapes of different

length:breadth ratios, the same numbers represent considerably irrelevant and irregular shapes.

This is also obvious in the AAF values of the 36 standard parcel shapes defined by Gonzalez et

al. (2004), which is a serious disadvantage of this methodology. Similar to the previous indices,

requirements (iv) and (v) are not satisfied.

In addition, the AAF is poor at representing shapes appropriate for agriculture because

it actually measures only the compactness of a shape (MacEachren, 1985; Amiama et al., 2008).

In particular, if the relation between the area and the perimeter of a shape is in ‘harmony’, then

the AAF takes a value of greater than 0.04; otherwise a shape with a tailed or complex form

takes a value of less than 0.04 as shown in the thematic map with AAF values for all the parcels

in the case study area (Figure 15).

To overcome the deficiencies of existing shapes indices, more factors must be taken

into account that will be capable of comprehensively representing all shape parameters, and are

able to collectively define what are good and bad shapes for a land parcel. Efforts in this

direction have been made by Amiama et al. (2008) who proposed two new indices to overcome

the deficiencies of the AAF. The first index is quadrilateral with orthogonal sides that best

circumscribe the analysed parcel and the second index is an expansion of the first one by

applying a correction factor resulting from comparing the parcel perimeter with the perimeter of

the quadrilateral that circumscribed the parcel. This correction penalises the shape index

depending on the number of vertices and the number of acute vertices. The second index is

measured on a scale between 0 and 1.

Amiama et al. (2008) argue that the two proposed indices were slightly better than

using the AAF. Thus, as they are only slightly better, both new indices will most likely present

similar weaknesses to those of the AAF noted earlier although insufficient details are provided

in the paper to carry out a proper comparison. In another recent attempt, Libecap and Lueck

(2009) utilised a variation of the area perimeter ratio ( ii ap / ) and the number of sides to

assess parcel shape. This latter index should present similar deficiencies to those of the SI, FD

and AAF since it belongs to the same family, i.e. area:perimeter ratio. Therefore, the latest

indices are not good enough for the purpose of determining land fragmentation and hence

further research is needed to produce a more comprehensive and accurate parcel shape index.


