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Abstract

The problem of optimising the location of crops/plots in protected areas, national parks,
farmland or forests involves trying to reconcile their proper functioning with nature
conservation, the preservation of unique ecosystems or sustainable development. Such areas
are crucial for the preservation of biodiversity and wildlife. This paper examines and discusses
the impact of land consolidation in rural areas using GIS (Geographic Information System)
tools. It performs a series of network analyses to determine the real distances (following the
road network) and linear distances (rectilinear distances) between habitats and farmland. 4
tool was also developed to automate this process. The results obtained were visualised using
map compositions, tables and graphs. The implemented project had a significant beneficial
effect on the change in the land structure in the analysed village. The number of registered plots
decreased by 40% (from 1,189 to 711) due to the consolidation process.

Keywords: GIS; Ecology, Ecological indicator; Preservation; Sustainability: Geography
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Introduction

In any field of work, one of the most important factors is time and the ability to use it to
get the best results and profits [1]. It is a particularly important aspect in the department of rapid
movement and transport in both rural, urban and non-urbanised areas. For rural areas, an action
has been carried out for many years to improve the shape and distribution of land cultivated by
farmers, which is called land consolidation [2]. Unfortunately, this measure is very complicated
and time-consuming, but very effective [3]. Land consolidation is the alteration of fragmented
properties (of varying shape and area, located at a considerable distance from each other) or
properties of incorrect configuration, which belong to different owners and are located in a given
area, in order to create better conditions for agriculture [4]. In the case of cities, its design is
already optimised at the planning stage to make the best use of the land, taking into account
sustainability in terms of population needs, tourism, ecology, transport economics etc [5, 6]. Such
measures are also being introduced in ecological sites, national parks, forests (Fig. 1) or protected
reserves [7, 8].

Each of the above processes has a number of benefits: they reduce transport time and cost,
optimise accessibility or use of individual properties. Additional advantages are: reduction of the
number of plots of land (admistrative aspect); elimination of inaccessible (e.g. dead-end or no-
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entry) or unusable (e.g. uncultivated land) sites; reduction of the time it takes to reach a site (e.g.
cultivation in protected areas); better access of sites to public roads or drainage areas [9, 10]. All
of that should lead to main goal of land conslidation - effective and economical use of rural space

[11].

Fig. 1. Pahkakoski forest land consolidation project before and after land consolidation
(Map ©National Land Survey of Finland, permission 051/MML/15) [10]

During land consolidation, the legal status of the property is also sorted out [12]. In
addition, a properly conducted land consolidation process should demonstrate a positive or
neutral impact on the environment. This ecological aspect is also taken into account when the
environmental study or environmental impact assessment of the land consolidation project is
drawn up at the outset [13]. Often tourist plots in national parks are located far from the main
entrances. This may require a long and time-consuming trek or the use of additional means of
transport, such as bicycles or parking buses. In the case of protected areas, improper management
can lead to the degradation of natural habitats that are home to many plant and animal species.
Changes to the landscape and simplification of the environment can affect the disappearance of
rare species.

In the case of agricultural land, the following factors can be distinguished that influence
the distribution and shape of the land [14, 15]:

—  size of the land;

— number of parcels belonging to one owner;
— size of each parcel;

— shape of each parcel;

—  spatial distribution of parcels;

—  size distribution of parcels.

Unfortunately, there is no one-size-fits-all way to determine a favourable land distribution,
as no measurement or indicator will take into account all of the above parameters. Many authors
attempting to address this problem have taken into account the average number of plots per
owner, the average size of the farm and the average size of the plot (fragmentation of parcels) in
their research and analysis. A. Simmons [16] took into account the number of plots on the farm
and the size of each plot. F. Dovrin [17] made calculations based on the distance a farmer would
have to travel to reach each of his plots, including the return routea. J. Januszewski [18] Like
Simmons, he related the number of plots and their size per owner. However, he did not take into
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account the size of the holding, the distance of the plot and its shape. M.U. Igbozurike [19] unlike
previous methods, he based his coefficient on the average size of the plots and the distance
travelled by the farmer to visit all the plots. G.J. Schmook [20] determined the ratio between the
area of the polygon that surrounds all the parcels of a farm and the area of that farm. The values
of this ratio are always greater than 1 (high values indicate intensive land fragmentation). This
method has the advantage that it takes into account both the size of the farm and the distance.
Unfortunately, however, the number of plots per owner is ignored. Schmook also suggested
another quotient presented as the ratio of the average distance of the plots to their average size.

Each method has greater or lesser limitations. The coefficients proposed above ignore non-
spatial parameters such as the type of ownership, the lack of access of a land parcel or a property
parcel with a dwelling house to a road. Therefore, new methods and formulas for calculating land
distribution are emerging, increasingly sophisticated and accurate and based on large data sets.
D. Demetriou et al. [14, 21] proposed a very complex algorithm to type highly fragmented areas.
Nevertheless, distance should be considered as a key element for an accurate assessment of land
distribution. The method of determining distance can have a impact on its value [22-24].

Parcel fragmentation, like dispersal, is an important factor in land distribution and
therefore forms the basis for analysing the effects of land consolidation. This paper presents a
comparison of the state before and after land consolidation, using a GIS (Geographic Information
System). There are many elements and parameters that can be collated, compared with each other
[25]. Especially as the availability of digital data increases [26]. The focus was mainly on linear
and network analyses, comparing distances from the owner's place of residence to the parcels on
the farm, and on changes related to the area for the owners concerned.

Methods

As a representative example, the village of Mecina Wielka was selected. It is located in
the Lesser Poland Voivodeship, in the south of Poland, and consists of more than 95% forest and
agricultural land. (Fig. 2). The entire administrative precinct of the village was subject to the land
consolidation process, the total area of land that was subjected to this process amounted to 938
ha, including: 390ha of agricultural land (41.6%) and 510ha of forest land (54.4%). In total, it
consisted of 1,189 land parcels belonging to 190 farms (owners). After land consolidation, the
number of plots was 711.

This type of site was chosen because of its relatively regular shape, the large dispersion in
size and shape of the plots and the very high proportion of land without human infrastructure, i.e.
agricultural fields and forests, but containing access roads. As a result of the procedure, the
number of plots was reduced by almost 40%, the co-ownership of plots was abolished and the
distribution of plots in relation to the place of residence of the owners was significantly improved,
and the area structure of the farms was improved.

For the analysis, vector data containing parcel and land use boundaries for the state before
and after land consolidation and numerical data containing a list of parcels and owners were used.
A selection of farms with at least two plots of land before and after land consolidation was made
and it was verified whether there was a residential building on one of the plots. Final, taking into
account the above assumptions, 73 owners containing 304 plots before land consolidation and 73
owners and 255 plots after land consolidation were accepted for the analysis (Fig. 3).

On the basis of these data, the:

i) polygon layers of land parcels before and after land consolidation containing
information on parcel number, owner number, area of the parcel and information on
whether and what building is on the parcel,
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ii) a linear layer containing the location of roads before and after land consolidation (Fig.
4);

iii) a point layer of the centroids of the land parcels.

D boundaries of the village
’:l boundaries of land parcels
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Fig. 2. Presentation of parcels included in the land consolidation process
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Fig. 3. Location of parcels included in the analysis
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before land consolidation after land consclidation N

road network
| land parcels

Fig. 4. Presentation of vectorised roads before and after land consolidation

On the basis of the prepared data, the distribution of agricultural land was calculated using
network analysis functions by two methods (Fig. 5):
i) determination of the shortest distance from the geometric centre of the parcel of the
holder's residence to the remaining land of the holding in a straight line;
ii) determination of the average distance along the road networks between the parcel and
the remaining land of the holding, using network analyses.

— route ’ — route
= habhitat centroid | | * habitatcentroid
+ parcel centroid Z ; ::;zt(;;t,g,d

=3 habitat parcel = land parcel

=3 land parcel

— route ) — route
= habitat centroid z - = habitat centroid
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Fig. 5. Map composite showing linear and network analyses before and after land consolidation
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To automate the land distribution calculations, a model was created using the Model
Builder tool (Fig. 6). In order to carry out the analyses with the model, two input layers are
required: the centroids of the parcels of land and the network data set created for the topologically
correct road layer. From the centroids of all plots of land, those which are the owner's residence
plots and the owner's other land plots are selected. The selected centroids and the road network
are the input data for the network analysis. Here, the user specifies the type of analysis, i.c.
whether the distribution calculation is to take place along a straight line or along a road network
(actual road). The model is marked in blue for the input data, green for the output data and yellow
for the analyses performed on the data. The letter "P" denotes the data that the user enters.

P P

create
nearest
ohject layer

selection of
centroids
for analysis

network
analysis:
data upload

selection of
hakitat
centroids

solution

successful

-
—

selected

centroids

P P P
result layer tabl_e result layer save results result selection intermediate
bt creation = to shapefile layer of results result

Fig. 6. Automated land distribution analysis created in Model Builder

The model was prepared in such a way as to be universal for both types of network analysis
methods and to give the possibility of using it for other sites. Consequently, the distribution
analyses were performed using a single model. The model allows the results to be saved at the
designated location in shapefile format and to a table in *.dbf format. In addition, for the state
before and after land consolidation, basic statistics were calculated for the area and number of
owner plots. The area of the parcels in area ranges is also presented. Land distribution was
calculated using the method proposed by G.J. Schmook [20]:

Zk ?:1 di
Er YA (1)

where: S - Schmook’s index, n - number of plots of holding j, k£ - number of holdings, d - the
actual distance from habitat to parcel of the holding, a - area of the plot.

This indicator is the quotient of the average distance from the owner's residence plot to
the plots on the farm and the average plot area on the farm. The distance in this case was
calculated along the road network (actual distance). The closer the value of the indicator is to
zero, the more favourable the distribution for the unit.
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Results

Based on the attribute tables of the parcel layers, an analysis of the area and abundance of
parcels was carried out. Basic statistics were calculated. By reviewing the maximum and
minimum values, very large discrepancies can be observed in the area of holdings from 0.1 up to
9ha (Fig. 7).
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Fig. 7. Histogram of plot area distribution before and after land consolidation process

Table 1 it can be seen that the average area of the farm increased from 2.3630 to 2.4342ha.
This is also true for the average area of plots in the individual units, where an increase was
recorded from 0.5870 to 0.7355ha.

Table 1. Summary of owners' unit areas and parcel counts before and after the land consolidation process

g’ Before land consolidation After land consolidation
o
3 o =] ] =)
& £ E£§F ¥F § 8% &%
g g g & s 5 g o 8 g 8
2 § = S o = £ 5 e o
a S g —a = 2 g -z
S =] SR o 3 g =
— ~2 2 e — IS8 2o
= I} = = e} =
B, = = & = =
o S =i 15}
= S ag =
E s, g s
g e, g e,
©w o ©w =}
o s =3 &
Mean 2.3630 4 0.5870 2.4342 3 0.7355
Maximum 8.7851 10 2.1963 9.2095 7 3.0698
Minimum 0.0899 2 0.0450 0.1089 2 0.0363
Standard deviation 1.6485 2 0.41921  1.6638 2 0.5295

Table 2 shows the change in the area of holdings before and after the land consolidation
process, using absolute values for the differences. The area of more than half of the owners
(60.27%) changed slightly to 0.1ha. For six units, there was a significant increase or decrease in
the area of the holding (above 0.5ha). This is mainly due to the removal of co-ownership for other
owners. Large deviations affect the average values obtained and compared during the analyses.
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The largest increase in area was recorded for unit No. 278 (0.7948ha), due to the additional
equivalent from the abolition of co-ownership. The largest decrease in area occurred for holding
no. 192 (-0.4078ha).

Table 2. Differences in owners' areas before and after land consolidation.

. 0-0.1 0.1-0.2 0.2-0.3 03-04 0.4-0.5 powyzej
Area difference ranges [ha] [ha] [ha] [ha] [ha] 0.5 [ha]
Number of owners 44 14 4 3 2 6
Share [%] 60.27 19.18 5.48 4.11 2.74 8.22

During the land consolidation process carried out, the number of plots in the whole area
decreased from 1189 to 711. As a result of the criteria assumed and described earlier, 73 units
before land consolidation and 73 units after land consolidation were selected for the distribution
analysis. For those owners selected for analysis, the number of plots before and after land
consolidation is 304 and 255 respectively. The average number of plots per farm decreased from
4 to 3 (Tablel). The overall area structure in the analysed village has improved. The land division
is more organised and the plots themselves have more regular shapes (Fig. 8)

~

i
=

Fig. 8. Presentation of the area structure before and after the land consolidation process

parcels before consolidation

parcels after consolidation

A visual analysis of the whole area reveals that the land consolidation process has had the
greatest impact on sorting out the stucture of parcels containing roads and forests, the number of
parcels for these units has decreased by approximately tenfold (Fig. 9.)

W forest parcels
land parcels

Fig. 9. Presentation of the impact of the land consolidation process on the structuring of forest parcels

Analysing results showed in Table 3, it can be observed that the average actual distance
from the owner's residence plot to his other plots, contrary to the general assumptions of the land
consolidation process, has increased by 152.22m. The average rectilinear distance has also
increased, but its value is relatively low at 28.37m. However, considering the spread of the
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maximum and minimum values for the state before and after land consolidation, it can be
concluded that these changes, as in the case of the analyses of the owners' areas, are not
significant. The maximum reduction in average actual distance was 1802.74 and 664.21m for
straight-line distances. The largest increases in linear distances and following the road network
(actual) were 1220.93 and 2154.54m respectively.

Table 3. Differences in average distances of owners to parcels before and after land consolidation.

Average distance to road 3 Average distance to road 3
- P . g
Parameter %EH F%:—g_ 'E"E_% g—é:H gé_ 'Eﬁ%
@388 S § [SI-°] @88 <388 O &8
Mean 562.87 715.09 152.22 366.42 394.79 28.37
Maximum 2,231.89 2,398.67 -1,802.74  2,140.65 1,476.45 -664.21
Minimum 0.23 0.48 2,154.54 2432 14.96 1,220.93
Standard deviation ~ 251.22 331.44 261.78 168.15 174.58 126.70

Table 4 and Figure 10 shows ranges of differences between the actual and linear distances
are shown. The mean differences are 196.45m for the condition before land consolidation and
320.30m for the condition after land consolidation, respectively. This means that in general the
distances measured along the road network (actual distances) are longer than the rectilinear
distances. Only in the case of 15 register units (both before and after consolidation) the opposite
situation occurred, i.e. rectilinear distances were longer than actual distances. However, these
were small differences not exceeding 50m. Cases where the actual distance is smaller than the
linear distance ooccurs for example, when the owner's plots are located on opposite sides of the
road.

Table 4. Summary of network analyses - actual and linear distances

Before land consolidation After land consolidation
Rgg%z;;fgfftéiisggsliﬁf T Number of owners Share [%] Number of owners Share [%]

-50-0 15 20.55 15 20.55

0-200 35 47.95 22 30.14

200 - 400 14 19.18 15 20.55

400 - 600 6 8.22 7 9.59

600 - 1000 1 1.37 9 12.33

Above 1000 2 2.74 5 6.85

Then the distances between the centroids are a few to several metres, while the distances
measured along the road network are or are close to zero. The other cases show that the methods
of measuring the linear distances between the plots of the owner's residence and the other plots
are a simplified method of the actual distance measurements (following the road network). This
is due to the different approach to the analyses performed. In the case of the network analyses,
the actual distance between the plots routed along the road network is taken into account, while
the values from the linear analyses are the result of determining the rectilinear distances between
the centroids of the two plots.

Table 5 presents how the distances in the analysed owners have changed due to the land
consolidation process. The largest number of holdings is in the range (-100) - 100m and is 33 for actual
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distances and 42 for linear distances respectively. Significant increases in actual distance (above 100m)
occurred for almost 40% of the owners included in the analyses, for linear distances it is 26%.

Table 5. Distance interval analysis

. . Real distances Linear distance
Ranges of distance differences

before and after land consolidation Number of Share Number of Share

owners [%] owners [%]

Less than -1000 m E] 4 5.48 1 1.37

(-1000) - (-500) m & § 9 12.33 1 1.37

(-500) - (-250) m z 8 7 9.59 5 6.85
(-250) - (-100) m £3 9 12.33 12 16.44
(-100) - 0 m k= 18 24.66 12 16.44
0-100m o 8 15 20.55 30 41.10
100 - 250 m £ g 4 5.48 8 10.96

250 - 500 m 2 2 2.74 3 4.11

500 - 1000 m 3 o 4 5.48 1 1.37

More than 1000 m /s 1 1.37 0 0.00

A significant improvement (more than 100m) was recorded for 15% of holdings, analysing
distances along the road network, and for 16% considering distances between plot centroids.
Analysing the results obtained, it can be concluded that for a large proportion of holdings the
location of plots in relation to the owner's residence plot has deteriorated (Fig. 10).

30 30 Increasing the distance  Reducing the distance
mroad route m rectilinear route
25 W road route rectilinear route
@
c
=
® 20 | 18
2
2 -
- 12 12
=)
2 9 9
2 10 g
s 7
5
4 4 4
5 h :
1 1 11
0
0 t t t t
0-100m 100 - 250 m 250 - 500 m 500 - 1000 m >1000 m

Fig. 10. Presentation of distance difference intervals before and after the land consolidation

In situations where, after land consolidation and exchange, the distances between the land
in question and the owner's residence plots are greater compared to the state before land
consolidation, it is possible to clarify in cases:

i) to increase the number of plots of land for the purpose of their later use and the access
of the owner's residence plot to the road (Fig. 11)

ii) conducting land consolidation of roads (Fig. 12)

iii) improving the area structure of the farm after consolidation at the expense of extending
the access distance to the land parcel (Fig.13.)

The value of the land distribution index according to Schmook [20] was calculated for
each of 73 land registry units. The closer the value of the index is to zero, the more favourable
the distribution is for the unit in question. In general, an improvement in the mean index value
occurred - from 0.16 to 0.14, where 35 improved index value, 36 decreased and 2 did not change.
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Fig. 13. Sample land distribution before and after land consolidation
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Discussion

The developed and implemented consolidation project significantly changed the land
structure in Mgcina Wielka. The number of plots decreased by 40% from 1,189 before
consolidation to 711 after this process. By verifying the geometry of the plots, one can observe a
significant improvement in their shapes. The road network was also modified to provide each
plot with access to a public road.

The GIS tools used made it possible to analyse the effects of the land consolidation
process. The analyses carried out indicated that the average distance between the owner's
residence plots and the other land in the owners' data increased by 152.22m when distances along
the road network were taken into account and by 28.37m when linear distances were taken into
account. Unfortunately, it is difficult to consider these results as significant and conclude that
there has been a significant increase in distance, due to the very large standard deviations for the
mean distances of the owner's residence plots to the plots of the respective farm. Network
analyses showed a significant increase in mean actual distance for almost 40% of the farms. This
contradicts the premise of the land consolidation process, which is to reduce distances. However,
when comparing wider land consolidation properties for farms where distances from the owner's
residence plot have lengthened, other positive aspects have emerged. The overall area structure
of the village has improved. Plots have a more regular shape and access to a public road. The
fragmentation of plots, the largest for owners, which was not taken into account in the analyses
(for example, due to the absence of the owner's residence plot in the land consolidation area) has
been largely eliminated. The average number of plots, for farms considered for analysis,
decreased from 4.18 to 3.49. When analysing the change in area, it can be seen that for more than
half of the farms (60.27%) the change in area was very small (at the level of 0.0-0.1ha).

Conclusion

This work aimed to present the results of land consolidation using GIS tools to optimise
the location of crops in rural areas, tree nurseries in forests or protected areas in national parks.
Therefore, a number of steps were carried out, from data verification, through data preparation
and processing, to performing network analyses - following the road network and along straight
lines, calculating statistics and indicators. GIS software made it possible to visualise each of the
data processing steps carried out and to present the results of the calculations. Using selection
and symbolisation tools and through the creation of map compositions, it was possible to present
the data in such a way that they were readable and reflected the problem under analysis in the
best possible way. On this basis, the Fig. s attached in this thesis were created. The software also
allows the creation of graphs, which are often the best method to illustrate certain relationships
or differences.

The network analyses carried out made it possible to determine the linear distances
between the centroids of the plots and the actual distances routed through the prepared road
networks. The analyses were carried out between the owner's residence plots and the other plots
owned by the landlord in question before and after the land consolidation process. Calculating
these distances manually would have been very time-consuming. The work also made use of the
Model Builder tool, in which a model was created that was responsible for automating the course
of the analyses and calculations. The creation of the model parameters made it possible to prepare
a versatile tool for performing network analyses for both the pre- and post-land consolidation
states. Once built, the model can be subjected to numerous edits, depending on the user's needs
and preferences. In this way, it is possible to implement one tool for analogous work performed
in the future on other land consolidation sites.
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From the obtained results, it can be concluded that for the analysed owners there is a slight
improvement in the distribution and fragmentation of the land. This is mainly due to the analysed
data sample. Selected farms that had their plots of owner residence in the land consolidation area
were surveyed. Which was a necessary condition for calculating the distribution. Among other
things, this condition eliminated forest plots and plots occupied by roads. The number of these
plots in the land consolidation process was reduced by about ten times. This example clearly
shows that the effects of land consolidation should be presented in the widest possible aspect.
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