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ARTICLE INFO ABSTRACT

Keywords: Agricultural landscapes have been shaped by gradual, partially optimized changes in farms and surrounding
Distance to farm center areas which have resulted in fragmented agricultural landownership and increased distances on farms. Since
D‘iverSi.ﬁcaﬁon Finland joined the EU in 1995, the average farm size has more than doubled which has increased the distances on
frl_rei:latsiljz farms. This may have caused trade-offs with resource use efficiency, productivity, and sustainability. The aim of
Land exchange this study was to evaluate the potential and impacts of land reallocation by integrating regional variability,
Productivity logistical factors, and emerging satellite imagery, with an emphasis on enhancing resilience in future climates.

This study estimated the theoretical potential for land reallocation between farms to reduce farmland frag-
mentation but also applied fixed land exchange rates (5 % to 40 %) with the primary aim to reduce distances
within each farm depending on the farm size and region. The aim was also to identify co-benefits and trade-offs
on the number of parcels in a farm, the production capacity of exchanged parcels, diversification potential, and
the proximity of parcels to waterways. While keeping the farm size constant, large potential was found to
optimize fragmented landscapes and reduce distances within farms especially on large farms. However, only a
moderate exchange rate of 5 % almost halved the distances in the best cases of the farms, while exchange rates
>20 % provided less additional logistic benefits. Thereby, modest, well targeted measures are not only more
acceptable to landowners but may provide the most benefits with fewer trade-offs. In unsatisfactory cases, large
parcels were replaced by higher numbers of smaller ones, productivity differences occurred, and closer parcels
became more uniform, which may reduce diversification options, which are important for resilience and sus-
tainability. Hence, merging and reshaping nearby parcels after reallocation might be needed to complete
rationalization. Estimated changes in the proximity of the parcels to waterways tended to improve the farmers’
readiness to implement irrigation as an adaptation measure to climate change. The variable outcome of parcel
reallocation emphasizes the central role of the current customer-driven consolidation system chaired by inde-
pendent land surveyors to boost the land reallocation also in the future to improve logistics, resource efficiency,
and sustainability on farms that today struggle with cost-crises.

1. Introduction

In Finland only some seven percent of the land area is agricultural
land, while 74 % is forest. Thereby Finland and Sweden are countries
with the lowest share of agricultural land in the European Union (EU),
while both Ireland and Denmark have the highest share exceeding 60 %
of their land area (Balawejder et al., 2023). In general, excessive land
fragmentation is a challenge for many EU countries (Balawejder et al.,
2023). The total agricultural land area of Finland is 2.24 million hect-
ares, of which 91 % is cultivated and the rest set-aside land (Anon.
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2024). Thereby, the Finnish agricultural landscape is often fragmented
though this varies largely depending on the region. Land fragmentation
has an impact on farm productivity and whether production is intensive
or extensive (Hiironen and Riekkinen, 2016; Lu et al., 2018; Orea et al.,
2015; Valtiala et al., 2023). The benefits gained by reducing fragmen-
tation differ depending on the degree of heterogeneity and goals set for
consolidation actions (Latruffe and Piet, 2014).

Many studies have highlighted that to fully achieve goals, the suc-
cessful implementation of land exchange calls for tailored planning,
involving reasonable numbers of farms (Teijeiro et al., 2020). Prioritized
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goals vary depending on the country and region, but in addition to the
general increase in the rationality of agricultural land use, these include:
enhanced food security, promotion of rural development and liveli-
hoods, poverty alleviation, better integration of the urban and rural
interface, the deployment of abandoned parcels for food production, and
the provision of various benefits considering farm management, the
economy, resource use efficiency, productivity, and environmental
footprint (Crecente et al., 2002; Du et al., 2018; Janus, 2018; Janus and
Ertung, 2023; Li and Song, 2023; Long, 2014; Looga et al., 2018; Lu
et al., 2018; Ramirez del Palacio et al., 2022; Zhou et al., 2022). Recent
studies have demonstrated how agricultural land rationalization —
aiming for shorter distances to the farm center — has markedly reduced
the fuel consumption of farm machinery, production costs and the car-
bon footprint, while often increasing energy and other resource use ef-
ficiencies (Balawejder et al., 2023; Ertung, 2023; Janus and Ertunc,
2023; Ramirez del Palacio et al., 2022). However, this is not necessarily
the case when considering irrigation (Kuburi¢ et al., 2022).

Landowners have often opposed consolidation procedures. At the
worst, in many focal food production regions such actions have
destroyed nature and the environment and suffocated rural livelihoods
with the emergence of large land holdings, industrial mega-farms, and
international owner-coalitions (Magnan et al., 2023). Past consolidation
procedures have today often been replaced by customer-driven, volun-
teer process that in Finland are chaired by land surveyors and supported
by subsidies, without legislative obligations (Balawejder et al., 2023).
Like elsewhere in EU, the landowners’ primary interest is in supporting
rural development, readjusting unfavorable land division, and promot-
ing the rational use of the real property — in Finland, with the main
specific objectives of increasing farm size, and improving the road and
drainage network (Balawejder et al., 2023; Vitikainen, 2004). Some post
ante analyses, however, have revealed that in the case of Estonia and the
Czech Republic, for example, the land reforms have increased the
number of parcels on a farm at the expense of parcel size (Jiirgenson,
2016; Sklenicka et al., 2017), which highlights the need for supportive
further actions to rationalize parcel use.

Traditionally Finnish farms have been small (Hietala-Koivu, 2002),
but the farm size has increased as their number has declined. When
Finland joined the EU in 1995, there were some 100,000 farms, but since
then the number has systematically decreased: it fell below 70,000 in
2005, was further halved by 2021, and was 42,427 in 2023 (Anon.
2024). The average farm size was 23 ha when Finland joined the EU,
while in 2023 it was 53 ha, i.e., the size has more than doubled. The
share of farms of < 75 ha has decreased and that of larger farms has
increased, especially farms with > 150 ha of agricultural land. Family
farms dominate (85 %) in Finland. The shift towards a higher farm size
has in general increased the distance to the farm center and between
parcels on a farm (Hiironen and Ettanen, 2012). On the other hand,
larger farms have more suitable land for the cultivation of more diver-
sified crops (Peltonen-Sainio and Jauhiainen, 2019). Furthermore, large
economic units have opportunities, but often also a necessity to merge
close parcels, reshape them, improve the transport infrastructure, and
reconstruct drainage systems to gain logistic advantages and to achieve
better resource use efficiency (Balawejder et al., 2023).

Agriculture has a central role in maintaining rural landscapes and
preserving biodiversity. Many characteristics of field parcels like their
size, distance to farm center, shape and ownership, impact how Finnish
farmers allocate crops to them (Hiironen and Niukkanen, 2014;
Peltonen-Sainio et al., 2018). Thereby, the reorganization of field par-
cels between farms may bring benefits by diversifying crops on a farm
and could enhance productivity due to better crop sequencing and land
use in Finland (Peltonen-Sainio et al., 2024; Peltonen-Sainio et al.,
2019a; Peltonen-Sainio and Jauhiainen, 2019). On the other hand, land
use rationalization may jeopardize the aim to restore biodiversity with
mosaic landscapes and open drainage systems (Herzon et al., 2018,
2011; Makelainen et al., 2019; Riho et al., 2013). The risk for lost het-
erogeneity can, however, be compensated for by e.g., buffer zones,
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ecological corridors, allocation of environmental fallows and nature
managed fields to the parcels characterized as poor quality, having
shelter belts, and maintaining patches of forest in arable land
(Kocur-Bera et al., 2023; Peltonen-Sainio et al., 2019b; Toivonen et al.,
2013).

Previous studies have shown the benefits of reducing fragmentation,
and also that the benefits vary based on the degree of heterogeneity and
the goals set for consolidation actions. However, the potential for
enhancing resilience in future climates through parcel reorganization
has been only partially explored. Furthermore, emerging remote sensing
datasets, such as open Sentinel-2 imagery, have not been fully leveraged
in these analyses. The objective of this study is to comprehensively
evaluate the potential and impacts of land reallocation in Finland by
integrating regional variability, logistical factors, and emerging satellite
imagery, with an emphasis on enhancing resilience in future climates.
This ex ante study seeks to address the following research questions. 1)
How does the theoretical potential for land reallocation between farms
vary across different regions in Finland? 2) How do fixed land exchange
rates affect the reduction of distance between field parcels and the farm
center, as well as the number of parcels per farm, considering farm size
and region? 3) How can emerging open satellite image datasets be uti-
lized to assess the production capacity of exchanged parcels? 4) How
does land reallocation affect sustainable development goals, particularly
regarding the opportunities to diversify land use as to increase resilience
in future climates, and the proximity of exchanged parcels to waterways,
thereby influencing future irrigation opportunities? The study encom-
passes five different regions in Finland to capture a wide range of
fragmentation levels, farm sizes, and environmental conditions,
ensuring that the conclusions are applicable to a broad geographic
context.

2. Materials and methods
2.1. Study area and background

Finnish agricultural landscape is fragmented though this varies
largely depending on the region. The share of agricultural land is high in
South-, South-West- and West-Finland. In East- and North-Finland as
well as in inland regions, forests dominate the landscapes, farms are
often detached, and agricultural landscapes are scattered, which may
reduce opportunities for parcel rearrangements between farms
(Balawejder et al., 2023). Fig. 1 illustrates the different regions, labeled
A-E.

Prehistoric settlement has played a significant role in determining
the basis for agriculture and land use (Zvelebil and Rowley-Conwy,
1984). In Finland likewise in Europe, lakeside settlements were com-
mon because they offered various ecosystem services for developing
agrarian societies (Pollmann, 2014). The postglacial land upheaval of
coastal areas in Finland provided fertile soil for agriculture
(Taavitsainen et al., 1998). Hence, contrary to inland regions traditional
slash-and-burn cultivation was not the dominant practice in the coastal
regions. Instead, cereals were grown in permanent fields while shore
meadows provided feed for livestock (Roeck Hansen, 1998; Wallin and
Segerstrom, 1994). However, from time-to-time settlements were relo-
cated closer to the seashore as land upheaval advanced.

From 1757 the general parceling out of land, i.e., basic land consolida-
tion took place in Finland, as part of Swedish Kingdom, to increase food
production capacity and security (Balawejder et al., 2023; Vitikainen,
2004). In 1848, when Finland was part of Russian Empire, the further
reorganization of farm boundaries, i.e., a re-arrangement of basic land
consolidation was implemented with the aim to reallocate pieces of land
to provide larger, less scattered field areas (Hiironen and Riekkinen,
2016). Since Finland’s independency in 1917, new land consolidation
actions have been implemented based on national legislation. The cur-
rent prime crop production regions in the southern and western Finland
(Fig. 1) were among the pioneering regions that implemented the large
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Fig. 1. The total agricultural land (ha) in 20 x 20 km grids in Finland (left map) with five studied subregions: A = South-, B = South-West-, C = West, D = East- and
E = North-Finland. Typical Finnish agricultural landscapes from different areas of Finland (red lines indicate cadastral boundaries).

and ambitious reforms (Balawejder et al., 2023).

2.2. Estimating maximum potential for parcel exchange and impacts on
distances

To determinate the overall potential of land exchange in different
regions of Finland, the theoretical maximum potential was first esti-
mated. The basic requirement was that both the location of the farm
center and the farm size remained unchanged. The theoretical maximum
exchange potential was estimated by redistributing parcels in each re-
gion by minimizing distances without setting any limits for exchanged
land area per farm.

The share of agricultural land associated with the number of field
parcels in Finland differs largely depending on the region being the
highest in the southern and western coastal regions and the lowest in the
inland, eastern, and northern parts of the country (Fig. 1). To estimate
the theoretical, maximum potential for parcel exchange and to under-
stand how this varied depending on region, an unlimited exchange
procedure was first carried out by minimizing the parcel distance to the
farm centers. All analyses were done for 20 x 20 km grids. A farm in
each grid was included in analyses provided that it had 1) a field area
more than 20 ha, 2) at least six field parcels, and 3) at least 75 % of the
parcels were inside the 20 x 20 km grid and the rest 25 % inside a 40 x
40 km grid. Furthermore, at least six farms in a 20 x 20 km grid needed
to fulfil these conditions to be included in the analyses.

Farm and parcel data were from the Finnish Food Authority. The
data (shp file) covered > 99 % of all field parcels in Finland (2.2 M
hectares). The coordinates of the boundary of parcels, the parcel area
(ha), and the parcels cultivated by each farm were known. The data
indicated whether parcels were owned or rented. The data was from
2020. The total agricultural area of each farm (ha) was calculated. First,
the shp-file was read and the current average distance from the farm
center to the parcels was calculated for each farm using the SAS soft-
ware. After that, the average distance over all farms in each 20 x 20 km
grid cell was calculated. The following groups of the average distance

before land exchange analyses (current) were set: 1) < 1200 m in a 20 x
20 km grid, 2) 1201-1400 m, 3) 1401-1600 m, 4) 1601-1800 m, 5)
1801-2000 m, and 6) > 2000 m. Thereafter, a full-scale exchange of
field parcels was computed to minimize the distance from farm center to
the field parcels by keeping each farm’s agricultural land area as con-
stant as possible (i.e., maximum tolerance of +1.0 ha) but allowing
unlimited number of parcels to shift between farms. All distances were
calculated as the crow flies. The actual distance along roads was 1.4-2.1
times based on a sample of 4 x 100 field parcels. After this procedure,
the average decline in distance from the current situation was calculated
and 20 x 20 km grid cells were grouped as follows: 1) < 400 m in a grid
cell, 2) 401-500 m, 3) 501-600 m, 4) 601-700 m, 5) 701-800 m, and 6)
> 800 m. The decline in the average distance was also presented in
percentages: 1) < 40 % in a 20 x 20 km grid, 2) 41-50 %, 3) 51-60 %,
4) 61-70 %, 5) 71-80 %, and 6) > 80 %. Furthermore, the share of
parcels left of a farm were calculated as a weighted average by taking
into account the parcel sizes: 1) < 35 % in a 20 x 20 km grid cell, 2)
36-45 %, 3) 46-55 %, 4) 56-65 %, 5) 66-75 %, and 6) > 75 %.

2.3. Using limited acceptance rates for land exchange between farms

After identifying the theoretical maximum potential for land ex-
change, limits were set to understand how big part of this potential is
achieved when rationalizing the magnitude of the change by limiting the
exchange rate between farms so that the farm would keep at least
60-95 % of its current field area that was closest to the farm center.
Thereby, only distant fields were included in the estimations of land
exchange. Based on these analyses it was possible to study differences
between the exchanged parcels that contribute to logistics, resource
efficiency, resilience, and sustainability.

After estimating the theoretical potential for parcel exchange in
Finland, five sub-regions, 80 x 80 km in size (the square-shaped areas
labeled with letters A-E in Fig. 1), were selected for more detailed an-
alyses to identify regional differences in capacity and outcomes of land
exchange. Furthermore, sub-regions were expected to have overall
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potential for parcel exchange. The capacity to reduce the distance be-
tween parcels and the farm center were estimated for each farm in each
of the sub-regions by using eight acceptance rates to control the scale of
changes: from a 5 % acceptance rate up to 40 % at 5 %-unit intervals,
while 0 % represented the current situation. Thereby, in these eight
calculations, a maximum of 5 % (to 40 %) of the farm’s arable area was
allowed to come from other farms (maximum tolerance 41.0 ha shift).
Correspondingly, the furthermost parcels of the farm (5 % of the arable
land; maximum tolerance +1.0 ha) were allocated to some other farm
(s). The percentage was allowed to be lower if the farm’s own parcels
were closer to the farm center than the parcels of the other nearby farms.

The average distance increased the larger the farm. In this case, the
benefit of the theoretical potential for parcel exchange, measured in
meters, increased with increase in the farm size. Therefore, all the sta-
tistical indicators described above were calculated for farms differing in
size. It was also tested whether the sub-region-by-indicator interaction
was significant by using a standard two-way ANOVA using the SAS/GLM
software.

The distribution was presented for the following statistical in-
dicators: the 10th and 90th percentiles, lower and upper quartiles and
median. These were used to indicate the impacts of an increase in the
land exchange rate in different sub-regions on the decline in the average
distance to the parcels on a farm (% and meters) and the share of original
parcels that remained on a farm (%). Similarly, the impacts of the
applied land exchange rate on the distances and share of original parcels
left on a farm were calculated for all farms in a region and for different
farm sizes: < 50 ha (small), 51-100 ha (medium), 101-200 ha (large)
and >200 ha (very large).

2.4. Estimating impacts of fixed parcel exchange rates on field parcel
characteristics

The potential impacts of parcel exchange between farms on oppor-
tunities to diversify land use with alternative crops was estimated with a
case study. West-Finland (Area C in Fig. 1) was selected as the case area
because diversifying crop species can be cultivated there but spring
cereals, barley (Hordeum vulgare L.), oats (Avena sativa L.) and wheat
(Triticum aestivum L.) are very common in land use. Only farms
exceeding 50 ha field area were included as potential for diverse land
use, i.e., to have more suitable parcels and thereby, sufficient lot sizes of
special crops (Peltonen-Sainio et al., 2020). A total of 394 field parcels
were used as data, and the changes in the potential to use more diverse
crops was estimated after land exchange in a comparison to the current
situation. Farms were first grouped according to the share of hectares
suitable for spring cereals in current situation: > 90 %, ~70 %, ~50 %,
~30 %, and ~20 %. After using the 30 % land exchange rate, the
changes in suitability of the parcels on each farm were estimated again
farm by farm by acknowledging farmer preferences in the allocation of
parcels for different crops depending on the parcel characteristics
(Peltonen-Sainio et al., 2020, 2018).

A productivity gap is a Normalized Difference Vegetation Index
(NDVI value from Sentinel 2) -based an estimate of the biomass pro-
duction capacity of a field parcel in a region when compared to the
regional mean of NDVI-values in the same year and for the same crop
species (Peltonen-Sainio et al., 2019b). NDVI time series were extracted
using the EODIE tool (Wittke et al., 2023). The productivity gap cannot
be assumed to vary randomly from parcel to parcel, and the productivity
gap of adjacent parcels can be assumed to be more similar than parcels
further apart. Therefore, in the case of a parcel exchange, one farm may
get several high-quality parcels, while another farm may receive several
poor parcels. The spatial dependence of the productivity gap was
measured using a variogram. The variogram measures dissimilarity as a
function of the distance of observations (Oliver and Webster, 2015).
Variograms were calculated for the data of a case region, West-Finland,
in two years, 2018 and 2019. The variograms were modeled with a
double-exponential model (including short- and long-range
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component). The spatial dependency of the short-range component
ranged up to 300 m, while the long-range component ranged up to
6-10 km, depending on the year. The productivity gap of two field
parcels is spatially independent if the distance between parcels is greater
than the range of the long-range component. The fitted model was:

¢, ,ifh=0
v(h) =

h )] + Gng [1 —exp(—

short

Cn + 5o {1 —exp(— h )} ifh>0

along

in which h is the distance between any two field parcels, ¢, is the nugget

variance, 82,

and 5§mg are sill parameters for short- and long-range
components, and dge; and apne are range parameters of short- and
long-range components. The model for the variogram was fitted using
the SAS/VARIOGRAM and SAS/NLIN procedures.

Considering the irrigation potential, such field parcels were defined
that were next to or < 100 m apart from any waterway (WW: river, lake,
pond, stream). The distribution of the proportion of parcels thereby
having some form of irrigation potential was studied as in the case for all
the other statistical indicators. In addition, the average distance between
parcels with opportunities for irrigation was calculated. Organizing
irrigation was considered more feasible the closer the parcels were to
each other. The change in irrigation potential following land exchange
was examined by dividing the farms into four groups according to the
current situation: 1) 0-25 %, 2) 26-50 %, 3) 51-75 % and 4) >75 % of
the parcels on a farm with irrigation opportunities. Such a comparison
was made for the West-Finland sub-region, which is characterized as the
most drought-prone region in Finland (Peltonen-Sainio et al., 2021). The
calculations of the 30 % land exchange rate were compared to baseline
calculations (1.00 = no change) using three variables: a) the average
change in proportion of WW parcels, b) the average mutual distances
between WW parcels, and c) the variation of the average distance be-
tween WW parcels from one farm to another.

3. Results

3.1. Theoretical potential for land exchange to reduce distance between
farm center and parcels

The share of agricultural land and the number of field parcels differs
depending on region — being highest in southern and western coastal
regions and lowest in the inland, eastern, and northern Finland (Fig. 1).
Hence, especially in the western coastal primary production regions the
current distance to a farm’s field parcels was high averaging in some 20
x 20 km grids as > 2000 m and being most often at least 1600 m
(Fig. 2). However, distances were also high in northern coastal regions
and to some extent in the inland and eastern part of the country, where
the averages varied largely even in the nearby grids depending on forest
cover. In the southern regions the agricultural landscapes are in general
less fragmented and the average distance to the parcels exceeds 1400 m
only in a few cases. When estimating the theoretical, maximum potential
for parcel exchange to minimize the distances to the farm centers, it was
found that the distances would reduce quite dramatically everywhere
(Figs. 2 and 3). The potential was, however, highest in all coastal regions
from south to north (that have a high share of agricultural land), where
the distances could be reduced even to < 400 m in many grids, and only
occasionally to exceed 500 m (Fig. 2). Distances declined also in the
other regions though were scattered on the map and remained system-
atically higher than in the coastal regions (Figs. 2 and 3). Hence, in
coastal regions the average distance between a farm center and field
parcels could often be reduced by > 70 %, in some grids even >80 %.
The only exceptions were found in some southernmost areas and in the
archipelago where the decline was sometimes < 60 %, and in some grids
even < 40 % (Fig. 3). High potential reductions in the distance to the
farm center were associated with a low share of remaining original
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Average distance to field parcels

Before land exchange

M >2000m
M 1801-2000m
¥ 1601-1800m

1401-1600m
™ 1201-1400m
M <1200m
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Average distance to field parcels

After land exchange

W >800m
W 701-800m
M 601-700m

501-600m
™ 401-500m
W <400m

Fig. 2. Average distance to field parcels in meters before (left) and after an unlimited parcel exchange (right) in 20 x 20 km grids in Finland. This extreme case
indicates the theoretical potential to reach harmonized farmlands, when the number of exchanged parcels between farms were not limited, but only the field area on

a farm was maintained unchanged.

Decline in the average distance

W >380%
M 71-80%
W 61-70%
51-60%
W 41-50%
M <40%

The share of original parcels left on the farm

After land exchange

W >75%
M 66-75%
M s56-65%
46-55%
I 36-45%
M <35%

Fig. 3. Decline (%) in the average distance of field parcels to the farm center (left) and share of the original parcels (%) remaining on a farm (right) in 20 x 20 km
grids in Finland. These maps indicate the theoretical potential, when the number of exchanged parcels between farms were not limited, but only the field area on a

farm was maintained unchanged.
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parcels on a farm. In western coastal regions the share was at most 55 %
of original parcels, in some grids < 35 %, while in the southern, inland,
eastern, and northern regions it was usually > 55 %, and hardly ever
lower than 45 % (Fig. 3).

3.2. Fixed land exchange rates and shifts in distances depending on sub-
region and farm size

Only the farm size and region explained the variation in the average
distance from the field parcels to the farm center: farm size by 37 %
(p<0.001) and region by 3 % (p<0.001). The farm type explained
<0.1 % (p<0.31), the rest none. The average distances were: 1735 m (s.
e.=55 m) for the south sub-region, 1805 m (s.e.=51 m) for the south-
west, 2340 m (s.e.=53 m) for the west, 1967 m (s.e.=62 m) for the
east, and 1995 m (s.e.=63 m) for the north. The average distances were:
1029 m (s.e.=48 m) for < 50 ha farms, 1626 m (s.e.=50m) for
50-100 ha farms, 2258 m (s.e.=55m) for 100-200 ha farms, and
2959 m (s.e.=81 m) for > 200 ha farms.

The significance of the interaction effects was tested using the vari-
ance component model. Based on the model, of course, the land ex-
change rates (from 5 % to 40 %) was the one that had a big effect on the
average distance to parcels (explained 87.7 % of the variation), the re-
gion explained 4.1 % and the size of the farm 0.5 % only. The largest of
the interaction effects was region-by-farm size, which explained 4.1 %
of the variation, i.e. as much as the main effect of the region and more
than farm size. The land exchange rates-by-farm size interaction (1.9 %)
also had a greater effect than farm size alone. This means that a large
part of the effect of the region and farm size comes out with the inter-
action effects rather than the main effects.

The current distance between the farm center and parcels varied a lot
between and within regions (Fig. 4). The ascending order of the median
distance (from 1030 to 1342 m) was: south — south-west — west — east
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— north. When 5 %, 20 % and 40 % land exchange rates were used, the
median distances were 768-1167 m, 551-761 m and 436-538 m
depending on the sub-region. In the best case (the 10th percentile) the
distance ranged from only < 363 m in the south to < 609 m in the west,
while in the worst case (the 90th percentile of farms) from > 2902 m in
the east to > 3578 m in the west.

When applying the 5 % land exchange rate, the distance was in the
best case only 55-61 % and in the worst case 89-93 % of the original
distance. For the 20 % exchange rate the comparable ranges were
30-37 % and 72-87 %, respectively, and for the 40 % exchange rate
18-25 % and 59-84 %, respectively (Fig. 4). The share of original par-
cels that remained on a farm declined with a higher land exchange rate
quite consistently in all sub-regions. When 5 %, 20 % and 40 % land
exchange rules were used, 95 %, 78 % and 55-57 % of the original
parcels, respectively, were left in the 10th percentile farms, while this
was 100 %, 86-89 % and 65-81 %, respectively in the 90th percentile
farms.

The sub-region x farm size interaction was significant (p<0.001).
Differences between farm size groups and regions were negligible when
5-10 % land exchange rates were used, but when the rate was > 30 %,
the average distance to parcels was often < 50 % from the original, and
this was true especially in the case of the large and very large farms
(Fig. 5). Contrary to elsewhere, farms in the west hardly differed
depending on farm size. As expected, the average distance from the
parcels to the farm center was systematically higher on larger farms,
though this varied depending on the regions. Nonetheless, they were
substantially shortened in meters much more in the larger farms, and
halved when a 25 % land exchange rate was used. The share of original
parcels that were left on a farm did not often differ greatly depending on
the farm size and region.
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Fig. 4. The average distance to parcels on a farm when compared to the original (%) and shown in meters as well as the share of original parcels which remained on
the farm depending on how high a share of the agricultural land on the farm was accepted for exchange (i.e., from 5 % to 40 % at 5 % intervals; 0 % indicates the
current situation). Regional outcomes are shown for 10th and 90th percentiles, lower and upper quartile and median.



P. Peltonen-Sainio et al.

Average dista rce compared
to the origiral (%)

ina farm(meters)

Average distance to parcels

Land Use Policy 147 (2024) 107380

Region A (South) Region B (South-West) Region C (West) Region D (East) Region E (North)
E
I3 3 ] ] 3 =
3 £ 3 £ 3 £ 3 £ 5 £ 3
# £ , 8 "R £ E , 8 &8 £ E , 8 R £ E ., 8 R £ E ; 8 R £
B 2 ] T ! 8 S 8 T ! 8 8 8 T ‘L 8 E ] T ! 8 S 8 T ! 8
9 = = ~N = = ~N = o~ = =2 o~ = b= I
fiii = w 5] = A = v S A = v 5] =1 A =z w 2] S A = v 2] S A
0% 100 100 100 100 100 {100 100 100 100 100
5% 079 Q79 078 079 082 076 075 077 079 08 075 072 076 079 0.82 079 079 078 030 0.81 Q77 078 079 0381
10% 072 073 071 070 071 069 069 069 06 068 065 064 066 069 072 071 072 069 072 070 063 08 085 083
15% 066 069 066 063 064 063 064 062 06 06 058 05 059 061 064 065 067 062 064 06 064 061 062 061
20% 062 066 061 058 059 058 061 057 056 0.56 051 058 061 064 057 059 059 060 055 057 055
25%
30%
35%
40%
0% 1729
5% 1332 18
10% 740 2041
15% 1801
20% 1591
25% 1435
30% 1319
35% 1222

1120

40%

0.86 088 086 086 0.86 088 086

15% 088 087 0.85 087 088 85 0. .
20% 082 08 081 080 080 082 083 081 08 08 081 08 081 080 080 082 083 081 080 08 082 083 08 080 080
25% 077 07 077 075 075 076 078 075 075 075 076 077 075 075 077 079 076 075 075 076 Q77 076 075 075

074 071
) 0.

073 071 0%

35%
40%

Original parcals mrmained in
a farm (%)

Fig. 5. The average distance to the parcels on a farm when compared to the original (%) and shown in meters, as well as share of original parcels remaining on a farm
depending on the region, farm size and how high a share of the agricultural land on the farm was accepted for exchange (i.e., from 5-40 % at 5 % intervals; 0 %
indicates the current situation).

by ca. 5%, meaning that the average parcel size increased corre-
spondingly (because the land area was kept constant on each farm).
Shifts in the land exchange rate did not change this outcome largely.
However, in the case of the upper quartile farms, the number of parcels
increased steadily from 5 % to 25 % with the land exchange rates of
5-40 %, respectively.

3.3. Shifts in parcel characteristics when fixed land exchange rates were
applied

The change in the number of parcels on a farm did not differ
depending on the sub-region (Fig. 6). When the 5 % land exchange rule
was used, the number of parcels in the lower quartile of farms decreased
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Fig. 6. Lower and upper quartiles for a change in the number of parcels on a farm in different regions depending on how high a share of the original field parcels was
left on the farm, i.e., corresponding to land exchange rules of 5-40 % at 5 % intervals.
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The potential impacts of land exchange on parcel suitability to
diverse crop rotations were estimated only as a case study in the west
sub-region with 394 farms that had > 50 ha field area, i.e., with a
generally sufficient land area to enable diversified rotations and land
use. When spring cereals (barley, oats, and wheat) dominated the cur-
rent land use by > 90 %, the 30 % land exchange rule increased the
potential to diversify crop choices for 10 % of the parcels (Table 1). If the
current spring cereal area was < 70 %, the opportunities to diversify
land use decreased rather than increased.

The parcels’ distance to waterways is critical for the irrigation ca-
pacity. When a 30 % land exchange rate was applied in the west case
region, it was apparent that the share of parcels that were close to a
waterway increased for farms with a low original share of parcels <
100 m from a waterway, which was in contrast to farms with a high
original share (Table 2). Only rarely — and in such case most frequently
on farms with a high share of parcels next to a waterway — did the share
of such parcels remain unchanged. On average the share of parcels next
to a waterway on a farm declined by 5 %, 3 % and increased by 6 % and
20 % in the case that the share of field parcels on a farm located nearby a
waterway was > 75 %, 50-70 %, 25-50 % and < 25 %, respectively.
Thereby, the change was modest: e.g., a 3 % decline on a farm with 80 %
of parcels close to a waterway had a 0.24 percentage unit decline, while
a 40 % increase on a farm with only 10 % of the parcels close to a
waterway had a 4.0 percentage unit increase. However, on average the
distance between parcels close to a waterway decreased on a farm: by
some 27 %, 15 %, 4 % and 18 % in the case of belonging to the original
farm group of < 25 %, 25-50 %, 50-75 % and > 75 % of field parcels
close to waterways (Table 2). Farms differed in how scattered the parcels
next to waterways were within the farm groups, but such a fragmenta-
tion diminished for all farm groups, though most in the case of < 25 % of
fields close to a waterway.

In the west case region, the spatial dependency for a parcel pro-
ductivity gap was found up to 15 km, but a steep angle already occurred
for around 800 m, meaning that the closer parcels had high probability
that their productivity gaps were alike (Fig. 7). The steep angle at 800 m
distance implies that in the case of theoretical potential land exchange
parcels on each farm tend to be very alike considering their productivity
opposite to the current situation (Fig. 2). However, when comparing this
to the outcomes when different land exchange rates were applied for
farms differing in size, the average distance to parcels on the medium
sized farms (51-100 ha) turned out to be below 800 m in the case of a >
20 % exchange rate in the south and south-west, while elsewhere this
distance was reached with a 25-35 % exchange rate (Fig. 5). On the
other hand, the average distance was > 1000 m even in the case of a

Table 1

An example of changes in the opportunities for crop choices for parcels in South-
West Finland in the case that 30 % of parcels were exchanged between farms.
The suitability of the crops is based on large data on how farmers allocate parcels
for different crops in Finland (Peltonen-Sainio et al., 2018). Spring cereals are
the most common field crops and hence, are shown as a reference, while the
alternative crops are shown if their share was >4 % (SP, special crops: rapeseed,
field peas and faba beans; WC, winter cereals: rye and wheat; PO, potatoes; these
crops most commonly). The test region in South-West Finland has most alter-
natives for diverse land use (Peltonen-Sainio and Jauhiainen, 2020, 2019).

Land use before parcel exchange N Potential to change crops after parcel
exchange

Share of Other most Increased  Unchanged  Decreased

spring common Crops % % %

cereals

> 90 % SP 256 10 90 0

~ 70 % SP, WC 86 6 67 27

~ 50 % SP, WC, PO 28 7 39 54

~ 30% SP, WC, PO 16 12 44 44

~ 20 % SP, WC, PO 8 0 38 62

All farms 394 9 78 13
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40 % land exchange rate on the very large farms (> 200 ha).
4. Discussion
4.1. Impact of regional variations in the potential for land reallocation

Land exchange may have strong potential to correct fragmented
landscapes caused by long-term evolutionary changes in land use —
although the outcomes differ largely depending on the region and local
conditions (Balawejder et al., 2023; Hiironen and Riekkinen, 2016; Jin
et al., 2018). In Finland only the farm size (37 %) and region (7 %)
explained variations in the current distance from the field parcels to the
farm center. The distance and potential to reduce it were particularly
high where agriculture dominated landscapes and farms tended to be
larger (Fig. 4). Thereby, farms in the southern and western coastal re-
gions of Finland had much higher potential to benefit from parcel ex-
change than those in the inland, East, and North (Fig. 2), where farms
are usually more fragmented and distant (Fig. 1) due to forestry — but
also because of the large lake district especially in the East
(Peltonen-Sainio et al., 2015). This result is in agreement with earlier
studies where land exchange potential in Finland has been assessed
(Hentunen, 2022; Hiironen and Ettanen, 2012). In the coastal regions
the average distance between the farm center and parcels could be
reduced even by > 70 %, while markedly less elsewhere (Fig. 3). This
indicates high potential for logistic advantages especially for large farms
where the distances in kilometers were originally very high. Better lo-
gistics are often associated with reductions in working hours, fuel con-
sumption, production costs, and environmental footprint (Balawejder
et al., 2023; Ertunc, 2023; Janus and Ertung, 2023; Ramirez del Palacio
et al., 2022). The overall high potential to reduce the average distance
means a lower share of original parcels left on a farm: even < 55 % in the
western regions of Finland, while this was more elsewhere. These figures
highlight the current fragmentation of the agricultural land between
farms in Finland and thereby indicates the theoretical potential for land
exchange. Today the exchanged land areas between farms are, however,
modest (Balawejder et al., 2023) but from the negotiated lands even
some 25-60 % is changed between farms. This indicates cautiousness, i.
e., the participating farmers intend to find feasible solutions for the
logistically most critical shortcomings in their farms.

In general, the benefits gained from land exchange differ depending
on existing land fragmentation, although these are also affected by the
type and exactness of desired changes (Latruffe and Piet, 2014). In this
study, in the best case of the farms (the 10th percentile), a 5 % land
exchange rate already almost halved the distance to parcels on a farm,
while for the other extreme end of the farms (the 90th percentile) re-
ductions were marginal (Fig. 4). Furthermore, at 5-10 % land exchange
rates differences between farm size groups and regions were negligible
(Fig. 5). Land exchange rates exceeding 20 % provided fewer additional
logistic benefits, which underlines that relatively speaking modest, well
targeted measures are likely to provide the most benefits.

4.2. Impacts of reallocation on logistical aspects

Even though logistic advantages are primarily sought with land ex-
change between farms (Balawejder et al., 2023; Janus, 2018), many
compromises may occur. Critical trade-offs for Finnish farmers
(Peltonen-Sainio et al., 2018, 2015; Peltonen-Sainio et al., 2019b) to be
considered include unfavorable changes in parcel number and size,
productivity differences between exchanged parcels, the suitability of
parcels for diverse crop choices, as well as their proximity to waterways.
The parcel size varies a lot in Finland and is critical to crop choices,
management, and logistics (Peltonen-Sainio et al., 2018). For example,
in Estonia and the Czech Republic land reform has increased the number
of parcels on farms at the expense of parcel size (Jiirgenson, 2016;
Sklenicka et al., 2017). When the land area was kept constant per farm,
in the best case for farms (the lower quartile), the number of parcels
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Table 2
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Four groups of farms differing in the share of the parcels < 100 m apart from a waterway (WW) in South-West Finland and estimated shifts in the proximity to a WW of
the four groups in the case that a 30 % land exchange rate was applied, average change as well as change in distance between parcels and fragmentation of parcels

between farms close to WW.

Groups of farms with different shares of

Changes after 30 % land exchange between farms

parcels close to WW

Increased  Unchanged  Decreased  Average Average distance between Fragmentation of parcels close to WW
% % % change parcels close to WW between farms
(1.00 = no (1.00 = original distance) (1.00 = original standard deviation
change) between farms)
0-25% 70.0 0.4 29.6 1.40 0.74 0.72
26 50 % 61.9 0.9 37.2 1.06 0.85 0.89
51-75% 41.3 1.1 57.6 0.97 0.96 0.94
>75 % 18.5 8.6 72.8 0.95 0.82 0.88
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Fig. 7. A semi-variogram indicating the spatial dependence on median of the productivity gap of field parcels in South-West Finland in two years.

declined and thereby, the average parcel size increased by some 5 %
independently of the parcel exchange rate (Fig. 6). However, in the case
of the upper quartile farms, the number of parcels increased steadily
with increasing land exchange rate: a 5 % exchange rate increased the
parcel number by 5 % and in the extreme case of a 40 % exchange rate
even by 25 %. Thereby, on some farms, reductions in distance might be
unsatisfyingly compromised by the higher number of small parcels,
which goes against the intended financial benefits of land exchange - if
not compensated for by merging nearby parcels into larger units. In
Finland, farming costs decrease by 15 % on average according to typical
Finnish land consolidation activity (Hiironen and Riekkinen, 2016).
According to (Lu et al., 2018), one unit increase in parcel size reduced
the average management costs by 8 % when the total farm agricultural
area remained constant.

4.3. Using remote sensing for optimization and analysis

To safeguard parcel exchange from compromising yields is critical
for farmers. According to a French study based on data from the Farm
Accountancy Data Network (FADN), current agricultural land frag-
mentation was found to increase production costs while decrease yields,
revenues, profitability, and resource efficiency (Latruffe and Piet, 2014).
When modelling ex ante the attainable improvements in productivity
following consolidation activities in Shenyang, China, the results indi-
cated the potential of a 20 % increase in the total yield of the region
(Guanghui et al., 2017). Today remote sensing opens opportunities for
farmers to be better proactively aware of possible differences in the
yielding capacity of exchanged parcels (Hong et al., 2020; Nasi et al.,
2023). Ex post analyses where productivity changes were estimated
based on NDVI-values, indicated that ~60 % of the consolidation

projects improved and ~ 55 % stabilized yields (Du et al., 2018). In this
study, NDVI-values were used as a time series over the growing season to
estimate productivity gaps at the field parcel scale (i.e., by comparing
each parcel to the best 10 % of parcels in the region). It was found that
the spatial dependence of the productivity gap lasted until some 15 km,
but already around 800 m the productivity of the nearby parcels was
more likely to be similar (Fig. 7). This is likely to be attributable to
similarities in soil types and conditions as well as the microclimate.
Hence, when aiming to reduce the distance between parcels and the
farm center, the productivity of the exchanged parcels does not neces-
sarily differ on small farms (< 50 ha). However, parcels may become
more uniform, especially on large farms located in the agriculture
dominated regions, because such farms have the highest capacity to
(sometimes dramatically) reduce the distance to the parcels via land
exchange (Fig. 5). Thereby, it depends on the region and general farming
prerequisites of each farm whether it loses or wins considering shifts in
parcel productivity. To overcome the loss of productivity for a farm, in
the practical implementation of land exchange in Finland, the shifts are
done based on the market value of the field parcel, not only based on
coverage. When defining the market value different parcel characteris-
tics that affect productivity such as the soil type and quality of drainage
system are considered (Luotamo et al., 2022; Yli-Heikkila et al., 2022).

Satellite image-based productivity gap data could support parcel
exchange negotiations. Firstly, it provides information for farmers on
the performance potential of exchanged parcels in relation to their own
parcels, which could provide additional certainty regarding the profit-
ability of the changes. Secondly, this information provides farmers with
essential basic information about the performance of their new parcels
with different crops in various weather conditions, supporting their
decision-making, including improving soil and drainage systems,
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cultivation methods, and crop varieties. Since open satellites provide
annual datasets over a long time scale, information on field performance
is becoming comprehensive and increasing over time. However, the
resolution of the most used open satellite image datasets is 10 m
(Sentinel-2), which does not allow for very detailed analysis. Therefore,
higher resolution drone image datasets could provide detailed infor-
mation about field parcel characteristics, supporting land exchange as
well as the planning of efficient cultivation of the new parcels (Nasi
et al., 2023).

4.4. Impacts of reallocation in climate resilience

The suitability of parcels for cultivation of different crop species is in
general higher on larger farms but varies depending on parcel charac-
teristics, especially size (Peltonen-Sainio et al., 2018). In Finland, large
zonal shifts in the use of diversifying crops have taken place with the
highest potential on large farms (Peltonen-Sainio and Jauhiainen,
2020). The support of further diversification actions is an important
measure to improve climate resilience (Chittapur et al., 2017; Elmqvist
et al., 2022; Gaudin et al., 2015), because extreme weather events
(Ruosteenoja and Jylha, 2023) may further increase crop production
risks in the future. In our case study, only farms with a sufficient land
area (> 50 ha) to enable the diverse use of crops were considered in a
sub-region where growing conditions in general enable the cultivation
of a high number of alternative species (Peltonen-Sainio and Jauhiainen,
2020, 2019). Spring cereals, however, often dominate current land use.
In the case that cereals were grown on > 90 % of the farm area, land
exchange increased the potential to diversify crop choices for 10 % of
the parcels (Table 1). On the other hand, in the case of more diverse land
use (< 70 % spring cereal area on a farm), land exchange reduced rather
than increased the opportunities to diversify land use if it affected at all.
The reduction in diversification potential following land exchange was
probably attributable to more uniform parcel characteristics on farms,
while farms with enough parcels that differed in their characteristics
enabled the use of various crops in a logistically feasible way
(Peltonen-Sainio and Jauhiainen, 2019). On the other hand, merging
and reshaping nearby parcels might be a measure that to some extent
could improve the opportunities for use of special crops instead of
monotonous cereal sequencing. Not least, because special crops such as
grain legumes and oil crops closer to the farm center may support early
identification of emerging invasion of pests and diseases.

The parcels’ distance to a waterway is a critical measure to indicate
the capacity of a farm to irrigate, which might be compromised when
aiming to reduce driving distances on a farm using land exchange
measures (Kuburic et al., 2022). Finland is an exceptionally water rich
country. One third of the field parcels (in total ca. 1.1 million) are next to
a waterway and half are less than 100 m away, but currently field crop
production is rainfed (Peltonen-Sainio et al., 2015). Early summer
drought causes an average of a 20 % yield reduction in the most drought
prone western crop production regions of Finland, and thereby the
irrigation potential should be reserved as a future opportunity to adapt
to climate change and increase resilience against weather variability,
extreme events, and especially more severe drought episodes
(Peltonen-Sainio et al., 2021). A 30 % land exchange rate was used in
impact assessments to determine a sufficiently high number of
exchanged parcels between farms (Table 2). Only rarely the share of
parcels that were < 100 m away from a waterway remained unchanged,
but the changes were modest — especially when compared to the bene-
fits: the distance between parcels close to waterways decreased on farms
as did the fragmentation of parcels close to waterways between farms.
This indicates likely improvements in logistics and resource efficiency of
irrigation without significant disservice for adaptation to climate
change.
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5. Conclusions

Large potential to harmonize fragmented landscapes was found
especially on large farms in the primary crop production regions with
high share of agricultural land. In general, modest, well targeted mea-
sures provided most benefits with fewer trade-offs. [dentified drawbacks
for logistics and farm economy were that large parcels might be replaced
by higher numbers of smaller ones when keeping the farm size constant
and exchanged parcels might differ in productivity. Furthermore, when
parcels are closer to each other they are often more uniform, which
again may reduce capacity to diversify land use. This can hinder the shift
towards more resilient and sustainable farming. Distortions caused by
land reallocation might be partly fixed by merging and reshaping nearby
parcels. On the other hand, land exchange did not unequal farmers’
opportunities to implement irrigation as an adaptation measure to
climate change. High potential for land exchange, risk of some critical
trade-offs, and their impacts on farms’ logistics, resource efficiency,
resilience, and sustainability highlight the importance to further
strengthen the current customer-driven, volunteer farmland consolida-
tion system and to provide sufficient incentives to empower change
towards farmland rationalization. Not least, to fix the logistic distortions
driven e.g., by fast-paced structural changes on Finnish farms since EU-
membership. Our study also demonstrated that the present open satellite
image databases improve productivity gap data assessments. Systematic
satellite image use supports parcel exchange negotiations and manage-
ment decisions by providing farmers improved insight into the perfor-
mance potential of exchanged parcels, aiding in decisions related to
profitability, crop performance, and improvements in soil, drainage, and
cultivation practices. This study proposed new elements for the land
consolidation evaluation process, specifically climate resilience and
productivity analysis using free satellite image time series. These en-
hancements have the potential to improve the sustainability, resilience,
and acceptability of activities, are cost-effective to implement, and are
therefore recommended for inclusion in farmland consolidation
processes.
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