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subsidence in the vegetable belt of the Three
Lakes Region, Switzerland
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Abstract

The 'Grosses Moos'in the Three Lakes Region (Berner Seeland) was formed by the Wallis glacier resulting in a peat
bog-dominated landscape. During the last two centuries this area was drained by a complex channel system

to enable highly fertile agricultural activity. As such, the region is the vegetable belt of Switzerland. However,

as the peat has degraded due to overexploitation, the situation for agriculture production has become critical. Con-
sequently, measures are needed to prevent soil degradation and water accumulation. The extent of surface changes
for the last ~ 100 years is, however, not precisely known and is assumed to have varied spatially. To understand

the historical evolution of this area, we used a unique map from 1920 to compare the surface height with the new-
est digital terrain models (DTM) in order to estimate surface subsidence, and thus soil degradation, for the last

100 years. More than 44,000 single measurement points drawn on the historical map were digitized to derive the DTM
that served as a basis for further analysis. The in-depth investigation of the observation methods and the accuracy
assessment allows us to conclude that differences in the DTMs of up to 2.4 m (i.e, averaged rate of 2.4 cm yr”) can be
attributed to large-scale soil subsidence and that degradation was heterogeneously distributed over the investigated
area. The data provide the basis for further soil restoration efforts in the area.
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Zusammenfassung

Das Grosse Moos in der Drei-Seen-Region (Berner Seeland) wurde vom Wallisgletscher geformt und ist eine von Torf-
mooren gepragte Landschaft. In den letzten zwei Jahrhunderten wurde dieses Gebiet durch ein komplexes Kanal-
system entwassert, um die Landwirtschaft auf diesem dusserst fruchtbaren Boden zu erméglichen. Die Region wurde
daher zum Gemusegtirtel der Schweiz. Da sich der Torf jedoch durch eine landwirtschaftliche Ubernutzung abgebaut
hat, ist die Situation fur die landwirtschaftliche Produktion kritisch geworden. Daher sind Massnahmen erforderlich,
um Bodendegradation und erneute Verwasserung zu verhindern. Das Ausmass der Oberflachenverdnderungen

in den letzten ~100 Jahren ist nicht genau bekannt und es wird angenommen, dass sie raumlich variabel ist. Um die
historische Entwicklung dieses Gebiets zu verstehen, haben wir eine einzigartige Karte aus dem Jahr 1920 ver-
wendet, um die Oberfldchenhdéhe mit den neuesten digitalen Geldandemodellen (DTM) zu vergleichen und so die
Oberflachenabsenkungen fir die letzten 100 Jahre abzuschatzen. Mehr als 44000 einzelne Messpunkte, die auf der
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historischen Karte eingezeichnet waren, wurden digitalisiert, um das DTM zu erstellen, das als Grundlage fiir die wei-
tere Analyse diente. Die Untersuchungen der Beobachtungsmethoden und die Genauigkeitsbewertung lassen den
Schluss zu, dass Unterschiede in den DTMs von bis zu 2.4 m (d.h. durchschnittlich 2.4 cm pro Jahr) auf grofrdumige
Bodenabsenkungen zurickzufiihren sind und dass die Degradation heterogen Uber das Untersuchungsgebiet verteilt
ist. Diese Daten bilden die Grundlage fir weitere Bodensanierungsmassnahmen in diesem Gebiet.

Résumé

Le "Grosses Moos" dans la région des Trois Lacs (Berner Seeland) a été formé par le glacier Wallis, ce quia mené a la
formation d'un paysage dominé par les tourbiéres. Au cours des deux derniers siecles, cette région a été drainée par
un systéme complexe de canaux afin de permettre une activité agricole trés fertile. A ce titre, la région est la ceinture
végétale de la Suisse. Cependant, I'affaissement de la surface du sol dd a la dégradation de la tourbe résultant de la
surexploitation a rendu la situation critique pour la production agricole. Par conséquent, des mesures sontnécessaires
pour prévenir la dégradation des sols et I'accumulation d'eau. lampleur des changements de surface au cours des
100 derniéeres années n'est toutefois pas connue avec précision et on suppose quelle varie spatialement.Pour com-
prendre I'évolution historique de cette région, nous avons utilisé une carte unique datant de 1920 pour comparer la
hauteur de la surface avec les modeles numériques de terrain (DTM) les plus récents afin d'estimer I'affaissement de
la surface, et donc la dégradation du sol, au cours des 100 dernieres années. Plus de 44000 points de mesure indivi-
duels dessinés sur la carte historique ont été numérisés pour obtenir le DTM qui a servi de base a la suite de l'analyse.
L'étude approfondie des méthodes d'observation et I'évaluation de la précision nous permettent de conclure que des
différences dans les DTM allant jusqu’a 2.4 m (un taux moyen de 2.4 cm par an) peuvent étre attribuées a un affaisse-

ment du sol a grande échelle et que la dégradation sest répartie de maniere hétérogéne sur la zone étudiée. Les
résultats fournissent une base pour de nouveaux efforts de restauration des sols dans la région.

1 Introduction
Areas around rivers and lakes were historically difficult
to populate, as well as cultivate, due to frequent flood-
ing and uncontrolled river systems. Moreover, they were
often dominated by peat bogs and swamps, which are also
a source of potential diseases. During industrialization,
empowered by technological developments, such lake-
dominated landscapes became the focus of new drainage
systems and water correction efforts (Nast, 2006). One of
these areas is the “Grosses Moos” in the western part of
Switzerland between the lakes of Murten, Biel, and Neu-
chatel. This “Three Lakes Region” was made accessible to
agricultural use in the late nineteenth century. Drained
through a complex channel system and complemented by
the optimization of the Swiss Jura water levels, it became
the primary vegetable-producing area in Switzerland and
is commonly called “the vegetable belt” (Nast, 2006).
Peatlands, which are the characteristics of this area, are
highly fertile for agriculture but are also highly sensitive
to soil degradation and peat decomposition, especially
when the water table decreases (Egli et al., 2021; Hutchin-
son, 1980). The degradation of peatlands, resulting from
the loss of organic matter (i.e., biochemical degradation),
shrinkage, and consolidation when drained, as well as the
intensive use of mires for agriculture, contributes signifi-
cantly to soil degradation. The estimated average C-losses
in drained agricultural land often totals several tons per

hectare (e.g., 4.9 t ha™! in Egli et al., 2021) and can cause
significant soil subsidence that is important to monitor.
The calculation of such soil subsidence when it occurs to
a few meters maximum is usually done using single pro-
files, monitoring plots (e.g., Evans et al,, 2022), or tran-
sects and either by observing them over a given time or
by retrospectively deriving the occurred soil losses (van
Asselen et al., 2018). Using this approach, van Asselen
et al. (2018) were even able to derive time-dependent
subsidence rates in the Rhine-Meuse delta over the last
1000 years. The indirect and qualitative derivation of
ground subsidence caused by more intrusive activities
(e.g., mining), has also been studied using remote sens-
ing techniques (Landsat monitoring; Yi et al., 2021), and
Ikkala et al., (2021) quantified subsidence and corre-
sponding rates using historical maps and LiDAR (Light
Detection And Ranging) measurements. Furthermore,
Hoogland et al. (2012) modeled degradation rates based
on 1923 historical point locations (for an area of about
12 km?) combined with recent LiIDAR measurements of
a polder in the Netherlands. Soil subsidence due to peat
degradation is also relevant and observed in subtropical
regions and has been modeled using historical input data
(water table, biomass input, peat thickness, etc.) from
over ~ 100 years (1914-2018) by Rodriguez et al. (2020)
in the Florida Everglades.
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In the case of the “Grosses Moos’, agricultural overex-
ploitation gave rise to a very thin soil layer in the lower
decimeter range (Zihlmann et al., 2019) that endangers
future agricultural use. To allow continued sustainable
use for agriculture, as well as to support the restoration
of critical areas, data about the initial state, historical
degradation, and related subsidence rates are needed.
With this paper we present an analysis of soil subsidence
since the early twentieth century. A historical map from
1920 was available for analysis and was compared with
modern surface terrain models, the digital terrain models
(DTM), based on different observation techniques. The
paper includes an in-depth analysis of expected measure-
ment accuracy and the various error sources alongside a
quality assessment of the different data sets. We interpret
the differences between the historical and recent DTMs
to provide insights into the heterogeneously distributed
rates of degradation over a time span of approximately
100 years in the Grosses Moos area.
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2 History and overview of the study area

The study focuses on the Grosses Moos (the great
marsh), which is the most important agricultural area
for Swiss vegetables (Nast, 2006). The region lies in the
Western part of Switzerland as part of the Swiss plateau
and borders the Jura mountains to the northwest. The
area is surrounded by the three lakes of Murten, Biel, and
Neuchatel and lies between the cities of Ins, Kerzers, and
Aarberg (Fig. 1). The area of interest is very flat, having
only 15-20 m difference in altitude over 15 km of hori-
zontal distance, and it is cultivated with different crop
types and vegetables.

The topographic characteristics were shaped by the
Wallis glacier system and experienced regular coverage
by glaciers during the Pleistocene (e.g., Egli et al.,, 2021;
Wohlfarth-Meyer, 1987a). Owing to several ice ages
and advances of the glaciers, the bedrock was eroded
and filled again with sediments before finally becoming
covered by mires. The three lakes have a predominantly
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Fig. 1 Overview of the study area Grosses Moos in the western part of Switzerland near Ins (inlet with location within Switzerland). The military
coordinate system of Switzerland is shown with a north-oriented grid with 1 km spacing. The study area, surrounded by a red line, is located
between the three lakes of Murten (south of the study area), Neuchatel (west of the study area), and Biel (north of the study area) and with Aarberg
located in the northeast corner of the map. (background maps: swisstopo)
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glacial origin (via moraines), and the landscape of
Grosses Moos was further shaped by the Aare River until
about 5000 years ago (Wohlfarth-Meyer, 1987a).

Between 1868 and 1897, the first infrastructural inter-
vention to regulate the level of the three lakes and the
Aare River was performed resulting in better living con-
ditions for the local population as productive agriculture
was made possible (Vischer & Feldmann, 2005). Never-
theless, the area continued to experience flooding and
strong surface subsidence that impacted agricultural
activities. Thus, a second optimization was necessary
between 1962 and 1973 (Nast, 2006), which helped lower
the flood risk. Nevertheless, the degradation of the mires,
and in particular the compression and the mineralization
of organic matter, has resulted in large-scale subsidence
that puts the Swiss vegetable belt under severe risk.

3 Underlying data and methods

3.1 Historical topographical maps

This analysis is based on historical maps found in an
archive that was made accessible for digitization and
investigation. The original maps from 1920 were avail-
able on paper and drawn using the plane table technology
(Wainwright, 1915). With this technique, the surround-
ing surface of the surveyor was observed by measuring
angles using a ruler with a telescopic sight mounted on
a horizontal table for drawing the map. The height dif-
ference from the surveyor’s position to all visible points
around the table was measured in relation to a known
reference point, resulting in a very detailed map (Wain-
wright, 1915). The topography of the Grosses Moos was
mapped using a grid of around 20-30 m between the
measurement points spacing with additional measure-
ment where needed (e.g., along rivers or roads). After-
wards, these measurements were interpolated with
contour lines and complemented with topographical
information. Terrain information (i.e., contour lines and
escarpment) is drawn in brown, while water bodies are
represented in blue and paths in black. Figure 2 shows
a section of the available map. Each of the observation
points is marked with a dot and a corresponding num-
ber between 0.0 m and 9.9 m. Two digits are included per
dot to reduce the writing effort and for a better arrange-
ment. The number is calculated as the positive difference
to a local height in decimeters. The heights of the region
shown in Fig. 2 are thus relative to 430.0 m rounded
down to the decimeter from the reference point (i.e., the
triangle marked with “431.62” m). The triangle indicates
the connection to the higher-order Swiss observation
network. Due to the given digits of the reference height
and the individual measurement points in combination
with the very flat terrain, we can expect a measurement
accuracy in the lowest decimeter range.
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Fig. 2 Section of the historical map with each measurement point
labeled with the relative difference to 430.0, measured in relation

to the reference point labeled with a triangle and 431.62 m

from a higher-ranking Swiss height network. Contour lines and other
topographic details such as water channels are drawn in color.

An overview of available maps for the region Berner
Seeland is shown in Fig. 3 covering the agricultural area
from the Lake of Neuchatel in direction to Ins until Ker-
zers and Finsterhennen. The background map used in
Fig. 3 is based on a swisstopo (Federal Office of Topog-
raphy, Switzerland) topographic map from 2019 and does
not show the historical landscape from 1920. The map
areas that are considered within the presented work are
labeled with 4, 5, 6, 7, 8, 9, 11 and were digitized for the
analysis of the area of the Grosses Moos.

The historical maps were scanned with a dedicated
map scanner and imported into Quantum GIS (QGIS)
for georeferencing (plugin Georeferencer GDAL, QGIS
3.2.2). Georeferencing was performed using the coor-
dinate system frame at the edge of the maps and trans-
formed using a Helmert transformation accounting for
translation, rotation, and scale into the Swiss coordinate
system. Thanks to the high-quality scans, a single scale
was sufficient to account for the distortion. The coordi-
nate grid used for the historical maps is based on the land
survey of 1903 (LVO03); however, it still uses non-military
coordinates. The maps were, thus, labeled with the coor-
dinates relative to the coordinate system origin in Berne
(ON/OE). After 1920, all coordinates changed to the mili-
tary system adding an offset of 200,000 m and 600,000 m
for north and east coordinates, respectively. By adding
these offsets, interchange latitude and longitude can be
avoided (Swisstopo, 2016).

After georeferencing, the maps were digitized by point
registration and by manually entering the related height
(Fig. 2). A total of 44,319 points were digitized covering
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Fig. 3 Overview of available area covered by the historical maps. Tiles 4, 6, 7, 8,9, and 11 were digitized and used for investigation of the area

of Grosses Moos. (background map: swisstopo)

an area of ~56 km?% The number of points distributed
within the different tiles can be found in Table 1. The
table also shows that maps were generated by different
surveyors in the same year. Looking at the total number
of more than 44,000 recorded points, creating these high-
resolution maps with such high quality, must have been
an enormous work. We highly acknowledge the work of
the surveyors as well as the persons digitizing the points
that made this analysis possible.

For further processing, the points were merged into
one DTM modeled with the Triangulated Irregular Net-
work (TIN) interpolation. TIN was used because the
point network is irregular but dense (about every 20 m
a point) and almost equally spaced (e.g., Mitas & Mitas-
ova, 1999). The DTM is solely derived from single point
height observations as the object information such as the
rivers and streets were not digitized as break-lines. Blun-
der detection was performed based on the visual inspec-
tion of the DTM. Thanks to the very flat investigation
area, blunders can easily be detected and corrected.

3.2 Recent data

For comparison with the present-day situation, surface
information available through the Swiss Federal Office
of Topography (swisstopo) was used. The vector data set
swissTLM3D (Swisstopo, 2022b) includes surface infor-
mation as individual geo-objects such as water bodies,
streets, and buildings. This data was used for comparing
the horizontal alignment of specific objects from histori-
cal and new maps. The results are described in Fig. 4 and
the section Validation of height system.

The surface change analysis is based on the newest
DTM swissALTI3D available from swisstopo from 2016
(southern part) and 2018 (northern part). The swiss\
ALTI3D is Switzerland’s high-resolution digital ter-
rain model where vegetation and development (such
as houses) were subtracted. The swissALTI3D DTMs
used for the area of interest have a resolution of 2 m
pixel spacing with an accuracy of 0.5 m and are based
on the LiDAR technology, a technology measuring the
distance between the sensor (e.g., an aircraft) and the



9 Page 6 of 18

Table 1 Area covered by the different maps and number of
digitized points. The last column includes the responsible person
for drawing the individual map

Map Nr Area [m?] # Points Map author
Map 4 18,805,337 13,006 (Vogel, 1920a)
Map 6 14,251,948 8831 (Winkler, 1920a)
Map 7 3,909,347 3886 (Winkler, 1920b)
Map 8 5,693,682 5041 (Vogel, 1920b)
Map 9 9,508,597 9291 (Vogel, 1920¢)
Map 11 3,804,806 4264 (Vogel, 1920d)
Total 55,973,717 44,319

surface by sending out laser beams (Swisstopo, 2022a).
Thus, the resolution of the swissALTI3D is around
5% higher than the 1920 maps and includes also break-
lines (i.e., rapid changes in the topography). The con-
tours and/or break-lines drawn on the 1920 map were
not digitized within this project.

In addition, the so-called “DTM-AV” of the year 2000
with data also measured by a LiDAR and interpolated
to a 2 m pixel grid (derived from a point cloud having
a density of 1 point per 2 m?) was used as the second
most recently available data set. The DTM is desig-
nated with an accuracy in height of£0.5 m for non-
vegetated areas and + 1.5 m for vegetated areas. As our
area of interest is dominated by agricultural fields (i.e.,

é
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changing vegetated area), the additional influence of
the vegetated and potentially changing surface needs to
be considered in the analysis. The vegetated areas could
be visible in a noisy surface model and/or visible indi-
vidual fields in the difference map.

The difference in height and quality between the two
recent data sets lies mainly in the lower pixel density
of the older data set resulting in a less detailed surface
model.

All the data sets presented are available in the Swiss ref-
erence coordinate system LV03 (Swisstopo, 2016) and the
Swiss reference height system LNO02 (Hilfiker, 1902; Marti
& Schlatter, 2002). Using the Swiss reference system in
horizontal location from 1903 (LV03) and in height from
1902 (LNO02) allows for a direct comparison of the differ-
ent data sets without transformation.

4 Results

4.1 Historical DTM: co-registration and interpolation
Several factors contributed to the overall residual error
and the accuracy of the historical DTM. The sources of
total uncertainty in georeferencing include the scanning
process (e.g., scanner distortion), the state of the indi-
vidual sheets (e.g., with crinkles), and the quality of the
drawn map with the line width. The line width also con-
tributes to precision limitations, along with the operator’s
choice of points and the digitalization process itself.

. swissTLM3D
' [ Building
. =—— Water body
 — — Street/Path

Fig. 4 Comparison between the historical underlaid map (map 9) and the vector data set from swisstopo swissTLM3D (2022). Present day streams
(dark red line) and paths (dashed purple lines) mostly still exist and are well co-registered, some buildings also still exist such as the Ziegelei
in the Eastern part with the new buildings shown in orange and the historical ones in black.
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The results of the georeferencing procedure addi-
tionally depend on the original size and format of the
map influencing the transformation residuals of the
reference points. They differ after the transformation
between 7 pixels and 17.5 pixels, with an averaged root
mean square error (RMSE) of 11.43 pixels (Table 2). The
point precision derived for the co-registration is in the
expected range because the drawn line of the coordi-
nate cross is around 2.5 pixels in thickness correspond-
ing to~1 m that is then resulting in the RMSE of 4.6 m
for the total co-registration. The highest uncertainties are
measured for Map 11 and Map 4. Map 4 is a particularly
large sheet, strongly elongated in the East/West direction
where more distortion and uncertainty are expected due
to its shape, and Map 11 displays a rather small section
located in the North of the area of interest. The effect of
a horizontal shift of 7 m (in case of Map 4) would result
in 0.009 m error on the height measurements if we calcu-
late with a height difference of 20 m for 15 km horizontal

Table 2 Residuals per map from the georeferencing procedure
in QGIS using the plugin Georeferencer GDAL

Mean residual Mean residual  Total size
error [pixels] error [m] of image
[pixels]
Map 7 74 3.0 13037x 9851
Map 11 14.6 58 13047 %9694
Map 6 7.9 32 13041 %9851
Map 4 17.6 7.0 20663 %8330
Map 9 80 32 13035x9549
Map 8 9.0 3.6 7406 x 10089
Root mean 1143 46
square RMSE
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distance. The effect of a horizontal misalignment in the
range of the identified residuals can thus be neglected for
the large-scale analysis.

Visual inspection between the georeferenced maps and
the swissTLM3D vector data set (Swisstopo, 2022b) with
a focus on streets, water bodies, and buildings revealed
a very good alignment of the historical and recent data
sets with differences in the lower meter range (Fig. 4).
Many paths still exist at the same location as well as the
major streams despite the 100 years between the two
data sources. However, some paths might also have been
moved or were not accurately drawn on the map. The
horizontal alignment of the historical and new data can
be assumed to be good enough so that a comparison of
the DTMs can be performed without further validation
of the horizontal alignment (also thanks to the very flat
terrain).

4.2 Validation of height system

To check for unexpected biases between the histori-
cal and recent data sets, measurement points from 1920
were compared with the corresponding height extracted
from the DTM 2016/2018 at the same coordinate. Areas
expected to have remained stable over the course of
100 years were sought after. Finding such areas was chal-
lenging, especially since most of the area comprises agri-
cultural fields, with only a few urban areas included in
the mapping. In some areas (e.g., north and east of Miint-
schemier), roads and channels were newly structured,
while as shown in Fig. 4 other areas largely retained the
1920 structure. The comparison of the points presented
in Table 3 is used to estimate if large biases (i.e., in the
decimeter range) might exist across the entire area, which
could indicate systematic inconsistencies (for example, in

Table 3 Result of pointwise comparison of the different DTMs with 10 points distributed over the area of investigation that are
expected to have stayed stable over 100 years. Points are mainly selected on a street located near still-existing farms or buildings

Name ID East [m] North [m] Height 1920 [m] Height 2016/18 [m] 2016/18-
1920 [m]
Old Ziegelei 1 581970 205511 4373 4373 +0.0
JVA Witzwil 2 571249 204,199 432.8 4327 -0.1
Sugiez 3 576069 201796 4326 4322 -04
Mooshé&user 4 577769 204647 433.6 4332 -04
Kerzers 5 581303 202327 4428 4429 +0.1
Lindenhof 2 6 572302 203861 4320 4309 -1
Lindenhof 1 7 571463 204353 4320 4319 -0.1
Brihlteilen 8 580652 208620 439.1 438.1 -10
Lindergut 9 573948 203231 431.2 4306 - 06
Bellechasse 10 576679 202511 4324 4319 -05
Mean -04

Standard Deviation

041
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the reference height systems). Differences between these
reference points also give an indication in which range
the absolute accuracy lies.

Table 3 lists the differences in height for selected
points. The distribution of these validation points includ-
ing the two examples (Kerzers and Briihlteilen/Finster-
hennen) are shown in Fig. 5. Additional validation points
listed in Table 3 are shown in Appendix A. The height
of these points as written on the 1920 map was directly
compared to the height extracted from the 2016/2018
DTM at the same location.

4.3 Comparison of historical and recent DTM

On the 1920-DTM, the surface structure is visible (Fig. 6
left) with the agricultural fields surrounded by water
channels or pathways and some river meanders. When
comparing it with the recent 2016/2018-DTM (Fig. 6
right), the different resolutions of the data sets are easily
visible with many more details such as creeks and paths
in the recent model. Well discernible in both DTMs are
the Broye channel in the southern-western part (con-
necting the two lakes) and the old Aare meanders from
around 5000 years ago or older (Wohlfarth-Meyer,
1987b). As already shown in Fig. 4, the historical path
and creeks still exist nowadays; however, most of them
are missing in the historical DTM as only the height
measurements were digitized, and break-lines such as
the small creeks and paths smooth out when generating
the DTM using the TIN interpolation method. The indi-
vidual topographic objects such as streets are, as a result,
missing. We were mainly interested in the large-scale
surface changes, and individual topographic objects were
omitted in the analysis. However, the differences in reso-
lution need to be considered for the interpretation of the
height values (Fig. 7).

The difference between the DTM from 1920 and
2016/2018 is shown in Fig. 7, where red represents land
subsidence, while green or blue colors mark areas with
higher surface height in 2016/2018 than in 1920. The
clearly recognizable river meanders correspond to the
old Aare riverbed. Parts of these old meanders are filled
up with standing water or ponds and are thus particu-
larly well recognizable in the recent DTM. The highest
subsidence was measured in the Kerzersmoos/Langen-
matten area with up to 2.4 m in height loss since 1920.
Another area with large subsidence can be seen in the
region of Birkenhof and Lindenhof (south and south-east
of Ins) with height differences of up to 1.6—1.8 m, and in
the region of Finsterhennen with similar values. These
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areas can be considered as hot-spots. Close to the old
Aare riverbed, however, lower or almost no subsidence
was detectable (white area in Fig. 7). Areas with positive
surface changes can mostly be attributed to new urban
areas (e.g., new buildings), forest areas (Seewald/Tannen-
hof), and lake areas with different water levels. The larg-
est region of positive surface changes was in the range of
0.20-0.40 m near the Broye channel in the southwestern
part of the map (dark red line in Fig. 7).

When looking at the statistics using the histogram in
Fig. 8B, we observe a mean and median subsidence over
the entire region of — 0.70 m with a standard deviation
of 0.67 m. The area of investigation underwent irregu-
lar subsidence detectable with two different local max-
ima at — 0.31 m and — 1.11 m, with a local minimum at
— 0.84 m. Based on these two peaks, the investigated area
can be separated into the area surrounding the old Aare
River meander with lower subsidence rates (<0.84 m)
than the red areas with higher rates (>0.84 m) using the
local minima between the two peaks for distinguishing
the two magnitudes of subsidence (Fig. 8B).

The area of the Grosses Moos has been used for cul-
tivating vegetables since the nineteenth century (Nast,
2006), so land degradation is not new. Agricultural use
intensified in the twentieth century because a higher
yield was needed, and the soils were accordingly ferti-
lized and plowed. Consequently, the recent evolution of
surface subsidence is of interest. For this reason, subsid-
ence rates were also checked using the DTM from swis-
stopo of the year 2000. Figure 9A depicts this comparison
between the DTM-AV from 2000 and the historical DTM
identifying the same area of subsidence. Comparing the
two recent DTMs from 2016/2018 and 2000, as repre-
sented with the histogram in Fig. 9B, reveals a normally
distributed curve with a small bias of — 0.04 m. Fitting
a standard normal distribution (‘fitdist’ in Matlab, sig-
nificant>95% from One-sample Kolmogorov—Smirnov
test) to the data results in p=— 0.06 m and 0=0.18 m.
The two spikes at around +0.25 cm are attributed to the
changes in the lake water level of the two lakes Biel and
Neuchatel. Due to the small differences in height of the
two recent DTMs in comparison with the stated accura-
cies of both DTMs, a detailed comparison is omitted.

5 Discussion

5.1 Significance of changes

The original map from 1920 exhibits a high grade of
topographical detail, and the point grid of the indi-
vidual measurements follows a 20-30 m grid. The
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Fig.5 A Overview of the reference points (red points; see also Table 3) with the historical map in the background and outline of the investigation
area. B1 Validation point (red, Nr.5) located in Kerzers with the historical map in the background. B2 Orthoimage with validation point Kerzers
(2018). €1 Validation point (red, Nr.8) Briihlteilen with historical map in the background. C2 Aerial image with validation point Brihlteilen (2016).
(aerial image in B2, C2: swisstopo)
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Historical DTM (1920) Recent DTM (2016/2018)
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Fig. 6 Left: Historical DTM from 1920 shown as hill shade with an increased the contrast (z-factor of 15 in QGIS). Path and channels are visible
with straight lines and the old Aare River bed can be seen as meanders. Right: present-day DTM. (aerial image: swisstopo)
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Fig. 7 Comparison between historical DTM 1920 and recent DTM 2016/2018 to observe large-scale changes in surface height (in meters). The dark
red areas point to areas of larger soil degradation whereas the green and blue areas point to surface gain mainly related to the lakes'boundaries.

The largest area of soil degradation is in the range of > 2.2 m. (aerial image: swisstopo)
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Fig. 8 A Difference between the two DTMs with color scale adopted to the two peaks in the histogram with red colors < — 0.84 and blue
colors <—0.84 with -0.84 as local minimum separating the two peaks visible on the histogram (B) of pixel values height difference
between 2016/2018 and 1920 DTMs of the entire region of interest. Using this separation, the main area of soil degradation is visible with the red

areas. (aerial image: swisstopo)
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Fig.9 A Comparison between the DTM from 2000 and 1920 (80 years between the two DTMs). The same pattern as with the newest DTM
(100 years between the two DTMs) is visible. B Differences between 2000 and 2016/2018 DTM showing a slight shift towards subsidence (20 years
between the two DTMs). The two spikes at 0.25 m are related to the differences in lake levels. (aerial image: swisstopo)

point grid is sufficiently dense to capture small-scale
variations in surface height, and additional points were
recorded as needed to capture specific surface fea-
tures. This allows for a comparison of the 1920 surface
height with a recent DTM from 2016/2018, in particu-
lar regarding the large-scale changes of the very flat

agricultural areas. Within the last 100 years, the topo-
graphic characteristics across large areas have strongly
changed. This can be well seen, for instance, with
changes in the newly urbanized areas (Fig. 5B). Nev-
ertheless, the historical structure of drainage channels
and pathways was largely retained in large parts of the
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agricultural fields (Fig. 4), except in the northeast of the
mapped region (Fig. 5C) or in the southern part near
Galmiz. The comparison of the topographical structure
also confirmed the reliable georeferencing of the his-
torical map with a horizontal accuracy of ~5 m, allow-
ing for a direct comparison of the height information
by subtracting one DTM from the other.

The differences in height between the historical and
most recent DTMs are distributed between 0 m and
— 2 m (histogram in Fig. 8A). A detailed error analysis
was thus needed to confirm that the changes in surface
height were larger than the error ranges of the individual
methods.

The 2016/2018 DTM had a designated accuracy of
0.5 m in the product specification (Swisstopo, 2022a).
This range of accuracy can be confirmed when compar-
ing the height of the 10 selected reference points from the
historical and recent DTM that showed a bias of — 0.4 m
and a standard deviation of 0.41 m. This analysis is based
on the assumption that main streets and roads stayed sta-
ble over this time period (except for instance changes in
road cover). An accuracy of 0.41 m, with a slight overall
tendency of 0.4 m subsidence even for roads, appears
reasonable for this region. Considering the long time-
scale, it is plausible that roads could have undergone
slight subsidence as well. This also confirms the very
high-quality maps from 1920 as well as the DTMs from
2016/2018. Even though the most recent DTM data set
originates two years apart (the northern part in 2016, the
southern part in 2018), no systematic effect can be seen
in the comparison of the merged DTM with the histori-
cal data (Fig. 8A). The subsidence rate is certainly too low
to be detected within the 2-year difference in acquisition
time, and swisstopo assured the temporal consistency.

The systematic double peak shown in the histogram in
Fig. 8B can be clearly attributed to different regions of
subsidence (see Fig. 8A) and is independent of the acqui-
sition date. The subsidence areas, with a maximum of
-0.31 m in the areas around the old Aare riverbed (blue in
Fig. 8A), may not be significant regarding the accuracy of
the specified accuracy of 0.5 m for the 2016/2018 DTM.
However, the red areas with a subsidence between 0.84 m
and 2.4 m are certainly above the measurement accu-
racy, and these areas can be identified as the most critical
areas.

C. Roeoesli, M. Egli

The additional comparison of the 2016/2018 DTM
with the DTM from 2000 assists with the interpretation
of this double peak and gives indications of short- and
long-term effects. Due to the specified accuracies of the
two data sets, the subsidence of the last 20 years was too
small to be detected with the presented methods (i.e.,
less than a few decimeters). The large-scale subsidence
in the range of meters was, however, not an effect of the
last 20 years only, also discernible with the lacking double
peak when comparing Fig. 8B (100 years difference) with
Fig. 9B (less than 20 years difference).

5.2 Subsidence pattern

With our analysis, we can confirm a strong peat degra-
dation as well as related subsidence of large parts of the
investigation area within the last 100 years exhibiting a
strongly heterogenous spatial pattern. Owing to the dif-
ferent soil properties, restoration efforts, surface cover,
or agricultural exploitation history, different subsidence
rates are expected and confirmed also in other studies
(e.g., Egli et al., 2021; Leifeld et al., 2011). When looking
at the height-difference map in Fig. 7, three main types
of changes emerge. There is a large-scale pattern within
the area-wide subsidence (red colors) with some increase
in surface height (green/blue colors), and small-scale fea-
tures related to changes in paths and creeks. When doing
the interpretation, particularly for these small-scale fea-
tures, one needs to consider that the individual measure-
ment points from the 1920-DTM are interpolated with
a TIN model without using break-lines. Thus, the paths
and streets that are well discernible are partly attributed
to the digitalization procedure. A more one-to-one com-
parison of the finest structures would be needed to see if
they can be deduced to stable surfaces, differences in the
surface material, changes in the course of the paths, or
sampling resolution of the data sets. Additionally, areas
remaining stable or experiencing an increase in surface
height can be attributed to additional housing, unknown
restoration efforts (e.g., by locally adding soil material),
different soil properties (e.g., Dawson et al., 2010), dif-
ferent land use and management (e.g., different type of
vegetables or crop) or other unknown effects. For exam-
ple, the area around the Broye channel might have been
restored or stabilized and the village of Sugiez at the end
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of the same channel is well detectable due to many new
houses.

In the study area of the Three Lakes Region, we
observed a subsidence rate of up to 2.4 cm yr~! estimated
over a duration of 100 years. The subsidence map indi-
cates that the area surrounding the old Aare meanders
underwent a lower subsidence rate, (i.e.,<0.84 cm yr?)
even though the old riverbed subsided more strongly
(red in Fig. 8B). Areas within this old riverbed are still (or
once again) covered by standing water (i.e., water ponds)
and restored biotopes (e.g., regions of Bellechasse,
Agriswilmoos, or Ziegelei). Thus, some of the changes
in surface height can be attributed to restoration and
changing water surfaces (e.g., Leiser et al., 2009). In gen-
eral, large-scale heterogenous subsidence of the agricul-
tural fields in the regions of Kerzersmoos (Kerzers, FR),
Burgmoos (Galmiz, FR), or Birkenhof (Ins, BE) of 0.84 m
to 2.4 m (red areas in Fig. 8B) was confirmed within our
study. Our subsidence rates, as well as the strong het-
erogeneity in the spatial pattern, agree with other stud-
ies in the same region using different techniques such as
Leifeld et al. (2011) who performed a study in the Lin-
denhof region by measuring surface level changes and
soil profiles. Furthermore, the heterogenous distribu-
tion of surface lowering was also confirmed by Egli et al.
(2021), who estimated in the same study region a surface
lowering in the range of 76 cm to 249 cm within about
150 years.

A similar magnitude of degradation was found in
other study areas in Europe with annual rates between
0.75-1.64 cm yr_1 (Dawson et al., 2010; Eggelsmann,
1978; van Asselen et al., 2018). Dawson et al. (2010) sug-
gested a decreasing rate over time that depends on the
peat type (semi-fibrous and fibrous peats versus humified
peat) with the driving factor for soil degradation being
shrinkage or being controlled by biochemical processes.
Van Asselen et al. (2018) also investigated the surface
changes over time and found present-day values of up
to 1.4 cm yr~*. On a timescale of 1000 years (total rate
of ~4 m) the current rates are strongly increased. In gen-
eral, the rate of degradation thus depends on local con-
ditions and changes as well as the timescale considered.
Detailed knowledge of the local situation is thus needed
to interpret measured subsidence rates and to predict a
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future change in surface height and degradation of the
soils in a particular region. Within our study area, we can
confirm that the rate of subsidence was below a few deci-
meters in the last two decades with a total change of up
to 2.4 m within 100 years. Changes over the last 20 years
fall below the error range of the techniques used, with a
difference of only a few decimeters when comparing the
two DTMs from 2016/2018 and 2000. Hence, we cannot
confirm an increased rate of degradation over the last
20 years.

All the previously mentioned studies share the com-
mon observation that the subsidence rate is spatially
heterogeneously distributed. However, the maximal sub-
sidence rate is highest in our study. Moreover, our study
is unique in terms of spatial and temporal resolution (i.e.,
20-30 m spacing), enabling the detection of areas of deg-
radation that might have been missed in other studies.
Compared to other publications, our investigation pre-
sents the highest spatial resolution and precision over
time (including clearly specified error ranges).

6 Conclusion

The analysis demonstrates high subsidence rates within
the last 100 years in the Grosses Moos region in Swit-
zerland with a high and unique spatial resolution and
coverage. Due to the large-scale trends in addition to
the measurement and processing methods, we can
exclude the possibility that the height changes were
caused by (a) systematic effects due to the evolution
of the coordinate system, (b) the digitalization of the
maps and georeferencing process, (c) different cultiva-
tion states (e.g., freshly plowed soil against high crop
plants) and/or (d) measurement uncertainties. We can
also confirm that subsidence rates are heterogeneously
distributed. This data can thus serve as a basis for the
future exploitation of the vegetation belt and restora-
tion attempts. Identifying the regions having the high-
est subsidence rate helps to focus on certain regions
where investigations and potential restoration efforts
are needed so that the vegetable belt in Switzerland can
be maintained in the future.
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