nature communications

Article

https://doi.org/10.1038/s41467-026-68594-y

Homogenization of Northern Belgian
landscapes through centuries of
reclamation, agricultural transition, and

urbanization

Received: 27 November 2024

Accepted: 8 January 2026

Luc De Keersmaeker ®'
Frederik Priem ®>3, Stijn Taillir?, Toon Petermans* & Jo Van Valckenborgh*

, Pieter Roggemans ®2, Lien Poelmans ®3,

Published online: 21 January 2026

M Check for updates

We quantify historical land-use with deep learning image segmentation
(GeoAl), applied to tiled historical maps, and identify 3 successive drivers of

long-term (1774-2022) landscape transformation in northern Belgium
(13,800 km?). Between 1774 and 1873, reclamation halved the area of long-

established forests, heathland, marshland, and the intertidal zone, i.e. natural
and semi-natural land-use. Agricultural transition by globalization was the

main driver in the next time interval (1873-1969), as the area of grassland and
orchard doubled at the expense of arable land. Urbanization marked the last
time interval (1969-2022) and reduced agricultural land-use. The reclamation
of fertile soils first increased the association of land-use with soil, but after 1873
this association progressively weakened and land-use interspersed. Here, we
demonstrate that GeoAl can generate high-resolution area-wide historical

land-use maps to study the extent and rate of landscape transformation, which
in our case resulted in the homogenization of previously distinct landscapes.

Historical land-use and consecutive land-use changes through time,
along with the spatial context in which these occurred, determine to a
high degree the characteristics and functioning of present-day land-
scapes. For instance, the decline and fragmentation of previously
extensive land-use patches explain biodiversity hosted by present-day
landscapes'. By identifying and quantifying the legacy effects of past
land-use, landscape managers can develop strategies for biodiversity
conservation and ecosystem restoration®. Similarly, threatened cul-
tural landscapes with heritage values can be identified to set priorities
for conservation®. Past land-use can also explain the quality and the
evolution over time of the ecosystem services landscapes can provide*.

Mapping of historical land-use and its changes is highly relevant
for research at the interfaces of ecology, geography, and history®
However, the availability and quality of historical sources often restrict

data collection and analyses’. Land-use changes over the past decades
can be quantified and evaluated using remote sensing data, even on a
global scale®. For studies that cover a longer time span, e.g., centuries,
reconstructions of historical land-use rely on databases of historical
documents (e.g., census data), historical maps or pictures, natural
archives (e.g., pollen or charcoal), or multiple-source data that can
feed reconstruction models>*’.

Historical topographic maps represent invaluable archives offer-
ing detailed insights into landscape configurations and land-use
dynamics of past centuries'®. Until recently, manual digitizing to
some extent was necessary to create area-wide maps of historical land-
use. Studies that applied this labor-intensive methodology focused on
relatively small areas”. Machine learning and deep learning image
classification techniques developed for remote sensing, also named
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GeoAl, opened up new possibilities for the automated or semi-
automated extraction of digital spatial information from historical
maps, which are analog by origin®.

For this work, it is a prerequisite to use high-quality scans of his-
torical maps that are accurately georeferenced. The assemblage of
map tiles expands the spatial extent of the area to which GeoAl can be
applied (see e.g., ref. 13). But even then, the study of land-use changes
based on historical maps is conditioned by map qualities, i.e., the
native scale, the map extent, the geometric accuracy, and the quality of
the drawing and the legend™. Furthermore, shifting semantics of his-
torical maps over time can complicate the analysis of land-use
changes".

Recent studies of land-use changes that applied GeoAl to histor-
ical maps demonstrate a tradeoff between the spatial extent, the native
scale, and the number of discerned land-use classes (Table 1). Studies
that cover an area of at least 10,000 km? in France®, Great Britain'® and
Sweden”, included only 1 historical map with a native scale less than
1:50,000 and extracted no more than 5 land-use classes. By contrast,
similar studies in Denmark’®, Finland"” and Ireland® used maps with
higher native scales of at least 1:20,000 and extracted up to 10 land-use
classes, but covered a much smaller area (Table 1).

In this work, we apply deep learning GeoAl to 3 tiled historical
maps for area-wide semantic segmentation of land-use in northern
Belgium, on the west side of the North European Plain (Fig. 1a, b). The
quality of the 3 selected map series enables us to discern 9 common
land-use classes with a high spatial resolution, using a 10 x 10 m grid,
and for a relatively large area of 13,800 km? (Table 1). The selected
maps were drawn at pivotal times in the history of Western Europe.
The oldest map series, finished in 1774, is a baseline depicting the
landscape at the end of the Ancien Régime, just before it was impacted
by industrialization and the French rule”. The second map series was
finished in 1873, when globalization triggered an agricultural
transition’”?, The third map series, published in 1969, depicts north-
ern Belgium in the first decades after World War II, an era of fast
modernization and increasing prosperity. The resulting high-
resolution and area-wide historical land-use maps, complemented
with a present-day land-use map, provide 4 time slices that span almost
250 years. Given these characteristics, our study functions as a proof of
concept for applying GeoAl to historical maps, to quantify long-term
landscape transformation. We hypothesize that in our study area—
characterized by a soil zonation typical of the North European Plain
(Fig. 1c, d)—the association between land use and soil has weakened
over time*, leading to a homogenization of landscapes®.

Results

Land-use change

Land-use on the 1774, 1873, and 1969 maps was detected with overall
accuracies of 94%, 91% and 93%, respectively (Supplementary
Tables S1-3). High values for both the user’s and producer’s accuracies
of land-use classes with high area proportions (Table 2), attribute to
the high overall accuracies. Whereas user’s accuracies are consistently
high, producer’s accuracies are relatively low, indicating area under-
estimations by the maps, for orchard (1774, 1873), water (1774), built-
up & garden (1873), the intertidal zone (1969) and freshwater marsh
(1969) (Supplementary Tables S1-3). The 1774 and 1873 maps,
respectively, manual drawings and color lithographs, do not have a
uniform display. In particular small land-use patches resembling the
surroundings, e.g., orchard adjacent to forest, are affected by seg-
mentations errors. The 1969 map has a uniform coloring and symbol
palette, but the complex symbology of the intertidal zone and marshes
explains the misclassifications.

Whereas the area of surface water was always between 2% and 3% of
northern Belgium, area proportions of all other land-use classes chan-
ged between 1774 and 2022 (Table 2). The area of heathland & dune
occupied an estimated 11.8% of the study area in 1774, mostly in the

Northeast (Fig. 2), but was reduced by half in 1873. This land-use con-
tinued to decline after 1873, to 1.4% in 2022. Freshwater marsh (0.8%)
and the intertidal zone (0.5%) covered much smaller areas in 1774, but
were also prone to a strong decline between 1774 and 1873. The
grassland area was stable (11.5-12.4%) in the first century and marked
river valleys and polders on the 1774 and 1873 maps (Fig. 2). It doubled
in the next time interval, up to 26.9% in 1969, but this strong increase
was followed by a decline to 21.8% in 2022. Arable land had the highest
area proportion until 1969, but was surpassed by built-up & garden in
2022. Whereas more than 50% of northern Belgium was used as arable
land in the eighteenth and nineteenth centuries, this proportion
declined to 36.4% in 1969 and 27.3% in 2022. The total forest area did
not change much between 1774 and 1969 (9.3-10.2%) and slightly
increased to 12.7% in 2022. The area used for orchards amounted to
4.7% in 1969, but declined to 1.8% in 2022. Built-up & garden continued
to increase from 6.4% in 1774 to 29.3% in 2022 (Table 2 and Fig. 2).

Association of land-use with soil

The V-score that represents the overall association of nine land-use
classes with seven soil groups, including not specified soils, first
increased (1774-1873), but declined after 1873 to values below that of
1774 (Fig. 3). This trend was mostly explained by the homogeneity of
land-use in soil, whereas the completeness only declined in the last
time interval (Fig. 3).

The increase of the homogeneity of land-use in soil in the first time
interval indicates that soil groups were more composed of the same
land-use class in 1873 than a century before. In 1774, arable land
occupied more than 50% of sandy loam, silt loam, and polder soils that
cover 46% of northern Belgium (Fig. 1), and this dominance further
increased between 1774 and 1873 (Fig. 4a2-a4). The increase of arable
land (Fig. 4a6) and grassland (Fig. 4e6) on alluvial soil, and the increase
of grassland on wet & organic soil (Fig. 4e5) also contributed to the
homogeneity increase, but both soils only cover 12% of northern Bel-
gium (Fig. 1). On sand soil, covering 27% of northern Belgium (Fig. 1),
there are antagonistic effects of shifting land-use proportions on the
homogeneity (Fig. 4al-f1).

The decline of homogeneity in the second time interval
(1873-1969) is explained by the decline of arable land on sand, sandy
loam, silt loam, and polder soils (Fig. 4al-a4), which cover together
73% of northern Belgium. This decline of arable land is primarily
counterbalanced by the increase of grassland (Fig. 4el-e4). The
increase of orchard on silt loam soil (Fig. 4h3) and the increase of forest
on wet & organic soil (Fig. 4c5), where grassland decreased (Fig. 4e5),
also contributed to the homogeneity decline.

The increase of built-up & garden on all except not specified soils
(Fig. 4b1-b6) explains the further decline of homogeneity in the last
time interval (1969-2022). The increase of built-up & garden is

Table 1| Comparison of recent land-use change studies that
applied GeoAl (machine and deep learning) techniques to
historical maps, for the covered area, the native scale of the
oldest map, the studied time span, the included number of
time slices, and the extracted number of land-use (LU) classes
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Country Area Native Time Time LU Reference
(km?) Scale span (years) slices classes
Belgium 13,800 1:11,520 248 4 9 This study
Denmark 595 1:20,000 138 2 10 =
Finland 900 1:20,000 57 4 5 ©
France 100,000 1:86,400 238 2 4 "
Great 209,331 1:63,360 75 2 5 i
Britain
Ireland 3025 1:10,565 172 2 2 20
Sweden 170,763 1:100,000 100 1 v
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Fig. 1| Northern Belgium is a densely populated region located at the west side
of the North European Plain with a characteristic silt loam to sand soil zona-

tion. Northern Belgium is a flat or undulating region with an altitude below 300 m
above North sealevel (a), located within the red box depicted at the west side of the
North European Plain, as shown by the EuroDEM digital elevation model” (b). Soils
of northern Belgium, classified in seven groups®’, display a north-south zonation

from sand over sandy loam to silt loam soils, intersected by river valleys marked by
alluvial and wet & organic soils and with polder soil along the coast and the Scheldt
estuary (c). Names of the provincial and country capitals are labeled (a) and sym-
bols (a, ¢) mark municipalities with a population of at least 50,000 inhabitants®.
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The area of the black box (c) is displayed enlarged (d). The EuroDEM dataset used in
(a) and (b) includes Intellectual Property from European National Mapping and
Cadastral Authorities and is licensed on behalf of these by EuroGeographics. The
original dataset is available for free at https://www.mapsforeurope.org. Terms of
the licence available at https://www.mapsforeurope.org/licence. All attribution
statements can be found here. ¢ and d are adapted from: De Keersmaeker, L. et al.
Application of the Ancient Forest Concept to Potential Natural Vegetation Mapping
in Flanders, A Strongly Altered Landscape in Northern Belgium. Folia Geobotanica
48, 137-162 (2013), Springer Nature, reproduced with permission from SNCSC.

Table 2 | Area proportions (%) of nine land-use classes at four time slices in northern Belgium

Land-use class 1774 1873 1969 2022
Area (%) Cl (%) Area (%) Cl (%) Area (%) Cl (%) Area (%)

Arable land 51.3 1.9 55.2 3.2 36.4 1.4 27.3
Built-up & garden 6.4 1.2 15 2.8 16.6 12 29.3
Forest 10.2 0.5 9.3 0.4 9.5 0.2 12.7
Freshwater marsh 0.8 0.1 0.3 0.1 0.2 01 0.3
Grassland 1.5 0.9 12.4 0.7 26.9 1.0 21.8
Heathland & dune 1.8 0.3 6.4 1.2 3.1 0.3 1.4
Intertidal zone 0.5 0.1 0.3 0.0 0.4 0.3 0.1
Orchard 3.6 1.6 21 1.2 4.7 0.9 1.8
Water 2.8 0.7 2.4 0.4 2.2 0.6 2.4
Mapped area 99.0 99.9 100.0 97.1
Not specified 1.0 0.1 0.0 2.9

The 1774, 1873, and 1969 area proportions are estimates with 95% confidence intervals Cl (%) based on the validation of the GeoAl segmentation (Supplementary Tables S1-S3, respectively).

counterbalanced by the decline of arable land on sand, sandy loam, silt
loam, and polder soil (Fig. 4al-a4). Grassland declined where it was
dominant in 1969 (Fig. 4e5, e6), by contrast forest increased on these
wet & organic and alluvial soils (Fig. 4c5, c6).

Not specified soils contain areas that were disturbed or not
mapped at the time the soil map was drawn (1947-1971). Inherently,

the proportion of not specified soils occupied by built-up & garden

increased over time (Fig. 4b7), counteracting the decline of
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Fig. 2 | Land-use change in northern Belgium between 1774 and 2022. Land-use in northern Belgium (red box in Fig. 1a) is mapped in nine classes and not specified land-
use, using a grid with 10 x 10 m resolution for spatial analyses. The area of the black box at the transition of silt loam to sand soils (Fig. 1d) is enlarged at the right side.

homogeneity. Conversely, the proportion of not specified soil in built-
up & garden declined after 1969 (Fig. 4b7). As the soil map was mostly
completed at that time, built-up & garden increased on other than not
specified soils in the last time interval (Fig. 4b1-b6). This contributed
to the decline of completeness, indicating that land-use became less
concentrated in a single soil group.

Autocorrelation and interspersion

An increase or decline of spatial autocorrelation, expressed by global
Moran’s I, indicates that a land-use class respectively became less or
more fragmented over time. The increased fragmentation of arable
land (Fig. 5a), heathland & dune (Fig. 5e), the intertidal zone (Fig. 5f),
and marshes (Fig. 5g) accompanied the area decline of these land-use
classes. Conversely, fragmentation of built-up & garden was reduced
(Fig. 5b) as the area increased. Fragmentation and area of grassland
and orchard altered in a deviant way from the aforementioned land-

use classes. Although the grassland area doubled between 1774 and
2022 (Table 2), its dispersed increase on soils where it was previously
scarce in the second time interval (Fig. 4e1-e3), followed by a decline
where it was dominant in the last interval (Fig. 4e5, e6), increased
fragmentation over time. The fragmentation of orchard was lower in
2022 than before (Fig. 5h), although the area declined in the last time
interval (Table 2). The contraction of this land-use to silt loam soils
(Fig. 4h3) in the Southeast (Fig. 2) is explanatory.

A complementary metric to evaluate the change of the landscape
texture is the interspersion level, which refers to the spatial intermix-
ing of different patch types, land-use classes in this case, without
explicit reference to the fragmentation level that we quantify by means
of global Moran’s /. In 1774 and 1873, the interspersion level was less
than 50% for approximately two thirds of northern Belgium (Fig. 6).
River valleys, where several land-use classes converged, were accen-
tuated by high interspersion levels, whereas vast areas of arable land,
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Fig. 3 | The change of the association between nine land-use (LU) classes and
seven soil groups (soils) in northern Belgium, from 1774 to 2022. The homo-

geneity of land-use in soils measures how much of a soil group is composed of the
same land-use class. The completeness measures how much of a land-use class is

T f
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located within the same soil group. The V-score or global association simulta-
neously assesses homogeneity and completeness. The measures are calculated on
10 x 10 m grids of the soil map (Fig. 1c) and land-use maps at four time slices (Fig. 2).

heathland & dune, and forest displayed the lowest interspersion levels
(compare Fig. 2 and Fig. 7). Interspersion increased between 1774 and
1873 in the Northeast (Fig. 7), as a result of forest and arable land
intruding the heathland & dune area (Fig. 7). Between 1873 and 1969
the interspersion of land-use classes increased sharply (Fig. 6) and
masked the hydrological structure (Fig. 7), as a result of the dispersed
increase of grassland and built-up & garden (compare Fig. 2 and Fig. 7).
Expanding cities, e.g. Brussels, Antwerp, Ghent and Bruges (Fig. 1a), are
islands of homogeneous land-use with little interspersion in 1969 and
2022 (compare Fig. 2 and Fig. 7).

Discussion

The 1774 map was finished before socioeconomic changes, following
the French invasion in 1795, and industrialization transformed the
landscape?. But already in the second half of the eighteenth century,
there was a strong population growth in northern Belgium?. At that
time, agricultural reclamation was the primary response to population
growth, causing the cropland area in European countries to peak
around 19007. The land-use changes in northern Belgium in the first
time interval support this assumption, as heathland & dune, marshes,
long-established forests, and the intertidal zone, i.e., natural and semi-
natural land-use, declined and arable land and grassland expanded.

Heathland & dune and marshes, mostly located on sand soil,
covered more than 12% of northern Belgium in 1774. These were used
as common land for pasturing, cutting of peat, digging of loam, and
wood gathering. In Northwestern Europe, the degradation of common
land-use geared up in the last decades of the eighteenth century®.
Within a century, the area of heathland & dune in northern Belgium
was approximately reduced by half, and the decline continued up to
2022. The changes of land-use proportions on sand soil (Fig. 4al, cl, f1)
suggest that reclamation to arable land and forest plantation, respec-
tively, accounted for one-third and two-thirds of this area loss. In
northern Belgium, marshes and the intertidal area were already
reduced by 50% between 1774 and 1873, whereas the worldwide loss of
wetlands is assumed to have largely taken place in the twentieth
century”. Our findings could confirm that the conversion of marshes
to wet grasslands, also classified as wetlands, preceded the desiccation
and conversion of the latter™.

Although fossil pit coal fueled the early industrialization of Bel-
gium from 1750 onward®”, forests remained important for energy
supply at least until the first decades of the nineteenth century®.
However, in the aftermath of the French Revolution, forests of the
clergy and aristocracy were confiscated, privatized, and converted to

farmland®. In many parts of Europe, the forest area was at a minimum
in the nineteenth century as a result of agricultural expansion®. The
already low total forest area in northern Belgium did not change much
between 1774 and 1873, as the conversion of heathland & dune and
marshes to plantation forests with coniferous trees*? compensated for
the loss of 50% of the forests on sandy loam, silt loam, and alluvial soils.
These low net forest area changes thus conceal the erosion of long-
established ancient forests with a high naturalness®.

European agriculture was challenged by globalization after 1870,
in particular by the cheap import of overseas cereals*>?, This triggered
a strong increase in livestock production at the end of the nineteenth
century and even more in the twentieth century*. In England® and
the Netherlands** globalization caused a shifted from cropland to
pasture, and our study quantifies that the grassland area in northern
Belgium doubled between 1873 and 1969, as a result of this agricultural
transition. By contrast, the increased focus on livestock production did
not inflict such land-use change in Germany*, Spain*°, Denmark*' and
Czech Republic*’. Belgian agriculture not only shifted to livestock
production, but also to horticulture and fruit production®. The area of
orchards increased between 1873 and 1969, and concentrated on silt
loam soils in the Southeast of our study area, whereas dispersed farm-
based orchards disappeared".

The built-up & garden area increased from 6.4% in 1774 to 29.3% in
2022, which is more or less proportional to the population growth in
that time interval. Population growth exceeded the area increase of
built-up & garden between 1774 and 1969, first by rural proto-
industrialization”, later by urban transition, i.e., the transformation
from a rural to an urban society during industrialization®’. If we only
consider the last time period (1969-2022), the area increase of built-up
& garden (+76%) far exceeded population growth (+23%). A decline of
population density in built-up areas, e.g., as a result of low-density
residential housing, is an indicator of urban sprawl**. Our area-wide
results confirm previous assessments of urban sprawl based on indir-
ect population data at the level of municipalities* and case studies*’. In
northern Belgium, which is densely populated and urbanized since the
Middle Ages*, urban sprawl manifests itself as ribbon development
guided by the historical pattern of villages, roads, and dikes*:. As a
result, this region is a hotspot of urbanization in recent decades*. The
increase of built-up & garden after 1969 was proportional on all soil
groups, so polder, wet & organic, and alluvial soils were not avoided.
This is a confirmation of case studies of river valleys" and the assess-
ment that newly established settlements in Belgium (1985-2015) are
evenly distributed over flooding risk categories™.
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Fig. 4 | The change of proportions (%) of land-use classes in soil groups and soil
groups in land-use classes in northern Belgium, between 1774 and 2022. Land-
use classes are ordered in rows: arable land (al-a7), built-up & garden (b1-b7),
forest (c1-¢7), freshwater marsh (d1-d7), grassland (el-e7), heathland & dune
(f1-£7), intertidal zone (g1-g7), orchard (h1-h7), and water (il-i7). Soil groups are

ordered in columns: sand (al-il), sandy loam (a2-i2), silt loam (a3-i3), polder
(a4-i4), wet & organic (a5-i5), alluvial (a6-i6), and not specified soil (a7-i7). The
sum of nine land-use classes in a soil group (LU in soil), as well as the sum of seven
soil groups in a land-use class (Soil in LU), both equal 100% (y-axis).

The three drivers of land-use change, being land reclamation,
agricultural transition, and urbanization followed each other in
time. As a result of land reclamation, the overall association
between land-use and soil patterns in northern Belgium first
increased. In a similar way, by conversion of forest to arable land,
the natural potential of fertile sites was further unleashed in nine-
teenth century Germany®' and Poland®. As opposed to these areas in
Germany and Poland that are still rural, the association between site

conditions and land-use progressively weakened in northern Bel-
gium after 1873. A similar trend occurred in the Netherlands
between 1900 and 1990, also with an increase of grassland on a wide
range of soil groups favoring this trend and a concentration of
forest on sand soil opposing it**. A comparison of regional differ-
ences in Estonia revealed that the increase of high-intensity land-
use weakened the association with soil patterns and homogenized
landscapes®.
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Fig. 5 | Change of spatial autocorrelation of nine land-use classes in northern
Belgium, between 1774 and 2022. Global Moran’s / value (y-axis) is calculated as a
measure of spatial autocorrelation on 10 x 10 m binary grids of nine land-use clas-
ses (a-i), using an annular kernel with a variable radius or spatial lag (x-axis). A value

of 1 (y-axis) indicates perfect clustering of a land-use class over the evaluated dis-
tance (x-axis), and declining values indicate decreasing consistency. Negative
Moran’s / values down to -1, which would indicate self-repulsion, were not
observed.

The sharp rise of the land-use interspersion level between 1873
and 1969 indicates that landscape transformation culminated in the
second time interval. Up to 1873, land-use reflected the soil zonation
and delineated distinct landscapes: grasslands in valleys and polders,
arable land on sandy loam and silt loam plateaus, heathland & dune
and marshland on sand soil. From 1969 onwards, land-use is inter-
spersed to a high degree, in particular by the grassland area that
expanded beyond polders and valleys and by progressive urbanization
that manifested itself as urban sprawl. As a result, northern Belgium
transformed from a mostly rural region with distinct landscapes, to a
homogenized peri-urban region. This trajectory could be illustrative
for other regions of Europe that show similar growth rates of the urban
and peri-urban area (+78%) and the population (+33%) since the mid
-1950's™.

Historical land-use maps, created with GeoAl, are prone to errors
and uncertainties that limit the application in research, management
and policy™. The overall segmentation errors are low in our study, but
6 out of 36 land-usextime combinations have low producer’s
accuracies. Whereas area estimates are corrected for the bias™, his-
torical land-use maps subject to spatial analyses are not. Since area
proportions of all except one of the aforementioned combinations
(built-up & garden in 1874; Table 2) are low, we assume that metrics
calculated on all land-use classes are not severely affected. The impact
can be higher on autocorrelation, and therefore, the change of frag-
mentation is evaluated over the whole timespan, including less affec-
ted combinations. Another concern are shifting map semantics,
meaning that land-use is not depicted in a consistent way by different
map series'*'®. To avoid semantic confusion, classification schemes are
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Fig. 6 | The change of the cumulative distribution of the interspersion level in
northern Belgium, between 1774 and 2022. The interspersion level, with values
from 1 to 101, is the percentage plus one of cells with land-use different from the
focal raster cell with 10 x 10 m dimensions, within a circular kernel with a radius of
500 m. The cumulative distribution (y-axis) represents the proportion (%) of the
total study area with an interspersion level less than or equal to a certain value
(x-axis).

a prerequisite'. We aggregated for this purpose segmentation classes
to high-level land-use classes (Supplementary Table S5). However,
qualitative changes of land-use over time, e.g., orchards®, can con-
strain specific applications of the historical land-use maps. Up to the
mid-twentieth century orchards were composed of high-stem trees
and also used as grassland®. This type of orchard was replaced by
plantations of low-stem trees, not suitable for dual use, after World
War II. The 1969 map displays both with the same symbol, which
complicates the identification of landscapes with heritage values®, that
still contain orchards with high-stem trees.

Here, we demonstrate that GeoAl applied to historical maps can
generate high-resolution, area-wide historical land-use maps that open
up new opportunities for landscape policy, management, and
research. In spite of the high quality of the segmentations, we do not
study land-use conversions using an overlay of the consecutive land-
use maps, as it would be affected by false land-use change generated
by positional errors of the separately created maps*. The validation of
land-use change classes of the overlay in our case is complicated by the
high number of combinations that result from 9 land-use classes on 4
time slices. Furthermore, time intervals up to a century can miss short-
lived land-use conversions, e.g., from forest to arable land”. In con-
clusion, the application of GeoAl-generated historical land-use maps is
limited less by segmentation accuracy than by changing map seman-
tics, spatial errors, and the interval between consecutive map series.

Methods

Study area and soil typology

Northern Belgium, composed of the administrative Flemish and
Brussels capital regions, is a flat or undulating region with an altitude
below 290 m above the North Sea level (Fig. 1a), at the southwest side
of the North European Plain (Fig. 1b). Topsoils of the North European
Plain mainly consist of varying fractions of periglacial Pleistocene
eolian sand and silt deposits®™. As a result, there is a north-south
zonation of sand soil, sandy loam soil, and silt loam soil, also present in
northern Belgium (Fig. 1c). To determine the association between land-
use and soil, the Belgian soil map is reclassified to seven soil groups.
This reclassification is based on soil texture and drainage class, which
are robust soil properties, shaped by long-term pedogenic processes,
that can discern the potential natural vegetation®’. The potential

natural vegetation synthesis map® is complemented with polder soils
and sand soils of coastal dunes. The Belgian soil map (1:20,000)
resulted from the National Soil Survey®, carried out between 1947 and
1971. Sites classified as disturbed soil, built-up, water, or not surveyed
areas, such as military zones, were grouped into a ‘not specified’
soil group.

The climate of northern Belgium is temperate oceanic, as indi-
cated by averages calculated for 1991-2020%. The annual mean tem-
perature was 11.0 °C, and the average daily maximum and minimum
temperatures equaled 14.7 °C and 7.3 °C, respectively. On 189.8 days
with precipitation per year, an average total precipitation of 837.1 mm
was measured. From the North Sea shore in the West towards the
eastern border, there is a slight increase in continentality.

At the end of the eighteenth century, the population of northern
Belgium was estimated between 1,500,000 and 2,000,000
inhabitants®>. Census data® indicate a population of 3,000,000 in
1873, increasing to 6,500,000 in 1969, and to 8,000,000 in 2022.

Historical and present-day maps

We use the maps of Ferraris that cover the Austrian Netherlands, which
belonged to the Habsburg Empire, the first edition of topographical
maps of Belgium by Dépot de la Guerre and the topographical maps of
Belgium by the Military Geographical Institute (Supplementary
Table S4) for the segmentation of historical land-use. These three
historical maps were drawn for military purposes at native scales of
1:11,520, 1:20,000 and 1:25,000, respectively, and are available online
as high-quality tiled maps in the Belgian coordinate system
(EPSG:31370). The present-day land-use map is composed of the map
of land-use in 2022 of the region of Flanders®*, complemented with the
capital region of Brussels using the same methodology. The land-use
classes of the present-day map of northern Belgium are compiled
using 4 database levels, by combination and aggregation of categories
from different data levels, to achieve an optimal thematic agreement
with the historical maps. The final year of the observations is used to
refer to the maps, i.e., 1774, 1873, 1969, and 2022, respectively.

The 1774 map does not completely cover the present-day territory
of Belgium and not mapped communities along the present-day bor-
der (1.0% of the study area) are excluded from spatial analyses. Areas of
the land-use 2022 map assigned to sports and recreation (2.9% of the
study area) are also excluded, as they are not discerned on historical
maps and presently consist of an unknown mixture of land-use, such as
forest, grassland, water, buildings and infrastructure.

The 1774 maps can locally display large distortions, while the
surroundings are far less affected”. The distortion correction, geor-
eferencing and map tiling for this reason used a high number of
30,000 control points?, equaling 2.2 control points per km?. The 1873
and 1969 topographical maps did not need distortion corrections to
create tiled maps. At these times, triangulation and leveling techniques
were used, based on geodetic bases and reference points marked in
the field®. Rubbersheeting of the 1774 maps and first-order transfor-
mations of the 1873 and 1969 maps, using 2.5 control points per km*on
a 40 km? test area, generated residual Root Mean Square Error (RMSE)
values of 34 m, 14 m, and 8 m, respectively. An RMSE below 30 m is a
prerequisite to study forest cover changes between 1774 and 2000 in
our region®. An overlay of 4 instead of 2 maps would require lower
RMSE values, as the thematic error increases with the number of
included maps*. Since the RMSE of the 1774 map exceeds 30 m, we do
not analyze land-use conversions using an overlay, but calculate for
each time slice proportions of land-use classes in soil groups and vice
versa, to quantify the shift of land-use over time in relation to soils.

Land-use segmentation and validation

We use the open source GeoAl software package OrthoSeg version
0.5.0%” for image segmentation applied to historical maps. The specific
legend and drawing of each historical map series require a specific
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different from the focal raster cell with 10 x 10 m dimensions, within a circular
kernel with a radius of 500 m. The area of the black box at the transition of silt loam
to sand soils (Figs. 1d and 2) is enlarged at the right side.

number of segmentation classes (Supplementary Table S4). The
training is based on area-wide manual digitization of segmentation
class polygons, in square boxes that measured 256 x 256 m for the 1774
and 1873 maps, and 128 x 128 m for the 1969 map. The prediction runs
on downloaded 2048 x 2048 pixel map tiles, with a pixel resolution of
1mfor the 1774 and 1873 maps and 0.5 m for the 1969 map, and with an
overlap of 128 pixels for the 1774 and 1873 maps, and 256 pixels for the
1969 map. A first run based on a few and simple training data for the
initially discerned segmentation classes is followed by a desktop eva-
luation of the outcome. Next, additional training boxes are digitized to
correct segmentation errors or remove gaps and thus improve the
result of the following run. If necessary, additional segmentation
classes are discerned and training data of the previous run are adjusted
accordingly. This process is repeated until the desktop evaluation was
favorable, and comprised 12,13, and 6 iterations for the 1774, 1873, and
1969 maps, respectively (Supplementary Table S4).

The output of the segmentation is polygon layers for each his-
torical time slice, with 17 (1774), 19 (1873), and 30 (1969) segmentation
classes (Supplementary Table S5). These segmentation classes are
clustered to 9 common land-use classes and a class with not specified
land-use (Supplementary Table S5), which also includes areas of the
2022 map assigned to sports and recreation.

The validation uses area-based error matrices that take into
account the selection bias introduced by the stratified sampling of
validation points, to calculate the estimated areas and confidence
intervals (CI), and the producer’s, consumer’s and overall accuracies™
(Supplementary Tables S1-3).

For the validation of the historical land-use maps we select
50-100 points per segmentation class with randomly generated
coordinates. The validation points are assigned to the discerned seg-
mentation classes by visual interpretation of the historical map scans,
in a QGIS environment. Next, the validation points are clustered to the
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9 land-use classes in a similar way as the outcome of the segmentation
(Supplementary Table S5).

Spatial analyses

Next, we convert the polygon layers of historical land-use to grids with
the same extent and 10 x 10 m cell size as the land-use 2022 map for
spatial analyses on land-use classes: the association of land-use classes
with soil groups, the spatial autocorrelation of land-use classes, and
the interspersion of land-use classes.

We apply the global V-measure, composed of the homogeneity
and completeness measures, to assess the degree of spatial association
between classes from two categorical maps covering the same area®®, a
land-use map with nine classes and a soil map with seven groups in our
study. The calculations are performed in Python, using the GDAL and
Scikit-Learn packages.

Homogeneity of land-use in soil evaluates the extent to which
pixels of a soil group are composed of a single land-use class, with
values from O to 1. If for each of the seven soil groups the corre-
sponding pixels are composed of only one land-use class, homo-
geneity of land-use in soil equals 1. If the pixels of the nine land-use
classes occur at equal relative frequencies within each of the seven soil
groups, homogeneity of land-use in soil equals 0. Completeness of
land-use in soil, also with values from O to 1, evaluates the extent to
which pixels of a land-use class are contained within a single soil group.
Completeness of land-use in soil equals 1, if for each of the nine land-
use classes all the corresponding pixels are contained within a single
soil group. If the pixels of each land-use class are equally divided over
the different soil groups, completeness of land-use in soil equals 0. The
homogeneity and completeness measures are area-weighted, meaning
that more frequently occurring land-use classes or soil groups can
have a stronger impact than less frequently occurring ones.

The V-measure V, also comprised between 0 and 1, calculates the
harmonic average between the homogeneity h and completeness ¢
measures as follows:

h*c

V=2 hic

The four land-use grid layers are also used to evaluate the spatial
autocorrelation of land-use classes, i.e., the degree of fragmentation or
clustering of land-use. For this purpose, the grid layers are converted
to binary maps for each land-use class at each time slice. We calculate
the corresponding Moran’s / values® in Python using the GDAL,
Numpy and SciPy packages. Incremental spatial lags, which result in
annuli of pixels with a distance between 10 m and 10,000 m from the
focal pixel, are used to assess spatial autocorrelation over various
distances.

We calculate the interspersion level with the r.neighbors package
of grass in QGIS on a focal area with a 500 m radius. The interspersion
of a cell is the percentage of cells containing values different from the
center cell value, in the circular neighborhood with 500 m radius, plus
1. We select a radius of 500 m since there is a clear change over time of
autocorrelation within this distance, for most land-use classes.

Data availability

The tiled historical maps of 1774 can be viewed and accessed at the
Geopunt regional geodata portal of Flanders: https://www.vlaanderen.
be/datavindplaats/catalogus/ferraris-kaart-kabinetskaart-der-
oostenrijkse-nederlanden-en-het-prinsbisdom-luik-1771-1778.  Tiled
historical topographical maps are online available at the Belgian fed-
eral Cartesius geodata portal:Topographical map of 1873: http://www.
cartesius.be/arcgis/home/webmap/viewer.html?url=https://wmts.ngi.
be/arcgis/rest/services/seamless_carto_default_3857_ 140/
MapServer&lang=en. Topographical map of 1969: http://www.
cartesius.be/arcgis/home/webmap/viewer.html?url=https://wmts.ngi.

be/arcgis/rest/services/seamless_carto_default_3857 1100/
MapServer&lang=en. The maps of segmented historical land-use gen-
erated in this study can be viewed and accessed at: https://www.
vlaanderen.be/datavindplaats/catalogus/digitalisatie-historisch-
landgebruik-en-landgebruiksveranderingen-in-vlaanderen-1778-2022.
The land-use map of Flanders in 2022 can be accessed at: https://data.
europa.eu/data/datasets/97d565fa-476¢c-5eal-8790-b4f88591d611?
locale=en.

Code availability

The OrthoSeg open source software package is developed for the
segmentation of remote sensing images and maps shared by
geoportals®” and can be accessed at: https://github.com/orthoseg/
orthoseg/wiki.
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