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Abstract: Groundwater-dependent terrestrial ecosystems (GWDTE) have been increasingly under threat
due to groundwater depletion globally. Over the past 200 years, there has been severe artificial drainage
of low-lying areas in Denmark, leading to a gradual loss of GWDTE nature habitat areas. This study
explores the spatial-temporal loss of Danish GWDTE using historical topographic maps. We carry
out geographic information systems (GIS) overlap analysis between different historical topographic
maps with signatures of GWDTE starting from the 19th century up to a present-day river valley bottom
map. We then examine the changes in two protected GWDTE habitat types in different periods and
hydrologic spatial locations. Results reveal a decrease in the area of GWDTE over the last 200 years.
We attribute this to different human interventions, e.g., drainage, that have impacted the low-lying
landscape since the early Middle Ages. We further conclude that downstream parts of the river network
have been exposed to less GWDTE habitat loss than upstream ones. This indicates that upstream river
valleys are more vulnerable to GWDTE decline. Therefore, as a management measure, caution should be
exercised when designing these areas for agriculture activities using artificial drainage and groundwater
abstraction, since this may lead to further decline. In contrast, there is a higher potential for establishing
constructed wetlands or rewetting peatlands to restore balance.

Keywords: geographic information system; groundwater-dependent terrestrial ecosystems; mapping;
river valley bottom

1. Introduction

Many wetlands and lakes in low-lying European areas have been artificially drained
and lost by land reclamation for agriculture and other anthropogenic activities as far back as
1000 years [1-3]. This means that groundwater-dependent terrestrial ecosystems (GWDTE)
have been increasingly threatened globally by anthropogenic impacts [4—6]. For example,
there has been a loss of peatland from 250,000 ha to 70,000 ha in Denmark in the past
200 years [7]. Consequently, the GWDTE habitat species are particularly vulnerable to
groundwater depletion, causing major water table lowering in lowland soils [8-10]. At
present, groundwater abstraction, climate change, and urbanization are recognized as
prominent threatening processes [11-14]. Furthermore, groundwater is inextricably linked
to surface water bodies [15-17]. Therefore, a significant lowering of the groundwater may
markedly influence the GWDTE’s capability to provide its ecosystem services. Additionally,
aquifer water outflow supports and maintains river flows, springs, and wetlands in some
areas, particularly during dry seasons and droughts [16]. Thus, excessive groundwater
extraction for irrigation can result in wetlands drying out, leading to the collapse of the
entire ecosystem, a rise in salinity, and/or deterioration of ecosystems [18]. It could also
lead to a rise in CO, emissions [19,20] or the leaching of acid-sulfate soils in Denmark [21].

Water 2023, 15, 946. https:/ /doi.org/10.3390/w15050946

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w15050946
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-1561-9645
https://orcid.org/0000-0002-6707-8764
https://orcid.org/0000-0002-2276-0233
https://doi.org/10.3390/w15050946
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15050946?type=check_update&version=1

Water 2023, 15, 946

20f18

In the past, severe artificial drainage of the landscape in Denmark by ditching and tile
drainage of logged lowland soils was carried out to increase cultivated land area [3,22]. Today,
it is challenging to meet the conservation goal at sites with GWDTE habitat types according
to the European Union Water Framework and Habitat Directives [23]. In Denmark, national
monitoring of European Union-protected Natura 2000 areas indicates that areas with habitat
types such as forests, fens, bogs, and salt marshes have a worsened conservation status to
the state of the ecosystem. In 2013, 90% of the monitored quality of habitat types declined; in
2019, the figure was 95% [24]. The drained low-lying areas have attracted extensive attention
among climate and biodiversity scientists and nature cultivators. The focus has been on
increasing the resilience of a wide variety of terrestrial and freshwater degraded ecosystems
by rewetting drained peatlands and wetlands for decreasing greenhouse gas emissions to
the atmosphere and revitalizing natural areas hosting GWDTE habitat types in wetlands, lakes,
and river valleys [25,26]. To effectively manage groundwater resources in the future, special
consideration must be given to groundwater-dependent ecosystems (GDEs) [27]. Future
evaluations of the ecological status of these GDEs must consider the relationship between
groundwater and the ecosystem [28]. In order to determine the best management options for
future groundwater use, it is necessary to identify the different functions of ecosystems [18].

This study evaluates the trend and causes of the loss of GWDTE habitat types from a
historical perspective. Furthermore, it examines what relevant, negative influences existing
habitat types of GWDTE have been exposed to during the last two centuries. The overall
objective is to use historical topographical maps to validate the geographic information
systems (GIS)-based delineation method of lowland areas [29]. The specific objective
includes comparing the loss of Danish GWDTE in space and time from the 19th century to
the present day.

2. Materials and Methods
2.1. Study Area

We analyzed three areas selected based on data availability from a previous study
that looked at Danish GWDTE area changes over time [30]. The present study designates
these as ‘large” areas, which assess temporal changes of GWDTE areas occurring in smaller
places within a large area (129-451 km?) during the last 200 years. The study also delineates
5 x 5 km? areas within each large area [30], naming them as ‘test’ areas to assess temporal
changes within a smaller area. We use the same terminology throughout this study, i.e.,
‘large’ and ‘test” areas. Table 1 presents land use distribution within these areas. Denmark’s
predominant land use is agriculture covering about 59% of the land [31].

Table 1. Land use for the study area denoting the percentage coverage within the large and test areas.

Bjerringbro/Hvorslev (%) Tastrup (%) North Funen (%)

Large Test Large Test Large Test
Water 2 0 1 1 1 4
Forest 21 15 12 18 9 6
Grassland 4 1 5 5 2 2
Agriculture 67 81 65 67 77 84
Urban 6 3 17 9 11 4

Area

The Bjerringbro/Hvorslev area (129 km?) is located in Central Denmark (Figure 1a).
The large Gudena river valley and Tange Lake delimit the region towards the north and west.
There is a large plantation in the area east of Tange Lake. Along the sides of the Gudena are
several small forests, scrubby vegetation, and residual regions that have not been cultivated
due to slopes or high groundwater levels. Within areas that are not too steep, the land is
cultivated or used for grazing resulting in a diverse agricultural landscape. There are also
heathlands on less favorable soils. There are several smaller, partially regulated streams and
smaller lakes, meadows, and peat areas in lowland terrain [32]. Tastrup area (170 kmz) is
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located just south of the town of Harlev in a hilly moraine landscape (Figure 1b). Aarhus
river valley cuts through the area. North Funen (451 km?) is located in the northern part of
Denmark’s third-largest island, Funen, and includes a coastal area (Figure 1c). To the south,
the area consists of a young moraine landscape that rises to an elevation of more than 35 m.
Two river valleys cut through the area draining into the Kattegat Sea to the north.

c. North Funen

|:] Large areas
|:| Test areas

km

Figure 1. The three study areas located in Denmark: (a) Bjerringbro/Hvorslev, (b) Tastrup, and
(c) North Funen, designated as large areas. We also present the 5 x 5 km? test areas (red squares)
within their respective large areas.

2.2. Historical Maps

Based on four publicly available nationwide maps at www.gst.dk (accessed on
17 February 2020) (three historical maps and one recent map), the study areas mapped as
meadow and bog/fens are delimited.

The ‘Original 1’ (O1) map consists of cadastral maps produced at a scale of 1:4000
(outside cities, pages 78-83 [33]), and 1:800 (in the city, pages 84-85 [33]), which covered the
surveying of properties in the countryside in the years from about 1770-1822, continuing
for smaller areas until 1867, covering about 50% of the land area. The O1 cadastral maps
probably most closely resemble the “naturally” drained landscape in the early 1800s,
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knowing that extensive drainage by ditching long before took place by hard-working
farmworkers and monks dating back to the early Middle Ages in the years 1100-1200 [3].
The O1 maps depict the undrained landscape in many parts of Denmark, which refers to
a landscape that portrays a hydrological condition before the establishment of tile drain
pipes and more extensive groundwater abstraction, but where ditches were mostly dug on
lowland soils [30].

The “Hoje mdlbordsblade’ (HM) are topographical maps at a scale of 1:20,000, measured
between 1842 and 1899, supplemented by maps in Southern Jutland between 1921 and
1930 [33]. Funen was surveyed between 1862-1867, and Jutland from south to north
between 1867-1887. The maps have been prepared in a period of drainage history where
significant parts of the loamy soils in Zealand and the islands and East Jutland were piped
with tile drains [34]. As the survey of the HM maps started in Zealand and Lolland-Falster,
it is not very likely that the drainage of the wetlands in eastern Denmark was registered
in these maps. As large parts of Jutland were first mapped towards the end of the period
for mapping the HM, tile drainage is expected to have left its mark on the distribution of
meadow and bog/fen areas in western Denmark in this map. Drainage has been primarily
performed in the past 25 years using backactors or trencher drainage machines. Trenchless
drainage machines were introduced in Denmark in 1971 and have been used for around
10-15% of annual drainage work since then [35]. There has been progress in drainage due
to the introduction of new materials and machinery. The use of clay and concrete pipes
dominated in the 1960s, while PVC-drain pipes were introduced in the 1970s. Corrugated
PVC-pipes have become the dominant drain pipe material since the late 1970s. Different
materials, including fibrous peat, sawdust, and synthetic materials, have been used for
drain envelopes, but a combination of thin synthetic sheet and voluminous material, such as
sawdust or gravel, is often chosen now. Prewrapped corrugated PVC-pipes with synthetic
sheet materials are also used [35]. Around the year 1850, the water supply to the largest
Danish cities changed from using surface water to pumping groundwater for drinking
water purposes. Around the year 1900, there were around 30 cities with waterworks [36]. It
must be limited how much these new waterworks have drained wetlands into the low-lying
soils close to the city resulting in loss of meadow and bog/fen areas. As a response to poor
drainage conditions affecting crop yields, farmers turned to installing subsurface drain
pipes (tile drains) within the soil. The first tile drainage took place around the year 1850
on the most water-logged clayey soils in Zealand, the islands, and East Jutland. The tile
drainage intensified in the period 1860-1880 [34]. Therefore, the exact time at which parts
of the country were tile drained when the HM map was prepared in the different parts
around 1875 £ 10-20 years is uncertain. However, we believe it is fair to assume that the
HM maps represent the tile drained landscape for the most part in Zeeland, the islands,
and lesser extent in East Jutland [34].

The ‘Lave mdlbordsblade’ (LM) are topographical maps recorded on a scale of 1:20,000,
measured between 1928 and 1945. These maps most likely show widespread effects on
the drained landscape after tile drainage for most parts of East Jutland, Zealand, and
the islands [33,34]. On the other hand, the artificial drainage of lowland soils in Jutland
from 1930 to 1960, due to significant land reclamation efforts such as damming fjords and
emptying lakes, is unlikely to be seen in the predominance of wet habitats LM maps [37].
Groundwater abstraction developed rapidly until the 1920s when municipal waterworks
increased to 70 and 1200 plants in the cities and countryside, respectively, often owned
by private partnerships. By the beginning of the 1970s, the number had risen to almost
6000 waterworks, which added approximately 200,000 single supplies in the countryside.
The extent of this groundwater abstraction is expected to have drained meadow and
bog/fen areas to significant amounts. Therefore, the LM maps represent groundwater
abstraction in most parts of Denmark.
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The meadow and bog/fen areas of the ‘Paragraf 3’ (P3) maps have been chosen here
as the common areas for the current distribution of the GWDTE habitat types (ca. 1950 to
present). Counties and municipalities have mapped the Nature Conservation Act-protected
nature areas several times. The P3 maps are composed of several data sources, most of
which originate from publicly available data (https:/ /arealinformation.miljoeportal.dk/
(accessed on 17 February 2020)). However, areas are also taken from operational plans of the
Danish Nature Agency and the Armed Forces. In the area inventory of the P3 maps, evident
changes are expected in the meadow and bog/fen areas due to groundwater abstraction,
artificial drainage of lowland soils, intensification of agricultural areas, or the spread of
suburban buildings into the recreational lowland areas. The P3 maps reflect the current
drained landscape in Denmark, including the effect of groundwater lowering on lowland
soils by water abstraction to larger cities.

To summarize, the past 200 years of human intervention have led to the drainage of
low-lying areas, whereby there has been thorough artificial drainage of riparian lowland
soils in Denmark. This happened due to human intervention in the water cycle, including
drainage by ditching, tile drainage, groundwater abstraction, and urbanization (Table 2).
The combination of different types of drainage has caused a considerable impact on habitat
areas that have previously appeared as meadows and bog/fens in historical maps back
from around 1800, which in this study are used as reference periods of the undrained
landscape in Denmark. Therefore, the historical maps after 1800 represent Denmark’s
gradually increasing cultivation of low-lying areas.

Table 2. Different human interventions that have led to the dewatering of the low-lying areas
in Denmark [30].

01 HM LM P3
Drainage by ditching +++ + + +
Tile drainage - +++ T+ T+
Groundwater abstraction - + ++ ++
Urbanization - - - +

Key: - no impact; + possible minor impact; ++ some impact; +++ large impact

2.3. Data

We used six different datasets. First, four scanned Danish historical topographical
maps that the Department of Agroecology, Aarhus University, vectorized into various habi-
tat nature types using GIS digitization. These maps are O1, HM, LM, and P3 (presented in
Section 2.2 and summarized in Table 3). They represent Denmark’s different topographical
mapping campaigns and were previously only available as scans. Nilsson et al. [30] studied
vectorized nature types for all these maps within the 5 x 5 km? test areas. However, for
the large areas, they only vectorized O1 and P3 (Table 3).

Table 3. A summary of the historical topographical maps we use in this study and their availability.

Availability in Availability in

Map Name Mapping Year(s) the Test Area the Large Area
Bjerringbro/Hvorslev: 1815
Original 1 (O1) Tastrup: 1791-1793 Vectorized Vectorized
North Funen: 1805
Heoje mélbordsblade (HM) 1875 £ 10-20 yrs Vectorized Not vectorized
Lave malbordsblade (LM) 1935 4+ 10-20 yrs Vectorized Not vectorized

Paragraf 3 (P3) 2015 Vectorized Vectorized
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O1 maps are available in a scanned but not georeferenced or vectorized version for the
entire country. The HM maps have been scanned and georeferenced but are not vectorized.
The LM maps are scanned, georeferenced, and partially vectorized to group wet ecosystems.
Finally, P3 maps are available in a vectorized format (polygons), and the data is collected
from several sources, mainly the Danish Environmental Portal (www.miljoeportal.dk
(accessed on 17 February 2020)). Some other sources include the Danish Nature Agency
and operational plans from the Armed Forces.

The other two supplementary data include a river network layer from the Danish
Centre for Environment and Energy and a recently developed river valley bottom map [29]
available at the Agroecology Department of Aarhus University. Sechu et al. [29] developed
a GIS-based tool to delineate the river valley bottom across drainage basins and validate
this methodology. The study calculated an overlap between the delineated river valley
bottom and meadow and bog/fen signatures from historical maps resulting in significant
overlaps. Note that areas with bogs/fens and meadows outside the delineated river valley
bottom are not included in this study comparison. This is because we needed a basis for
comparison, and the river valley bottom data from the previous study served as a baseline
for this purpose. We use the same data to conduct a more in-depth analysis of the loss of
GWDTE areas. We quantify the spatial loss of GWDTE areas through time and examine the
loss in different parts of the river network.

3. Methodology

Several factors may have contributed to inconsistent results, such as the lack of an
expected trend in GWDTE loss. For one, the accuracy of topographical mapping during the
various historical periods may have been impacted by various factors, such as differences
in observer biases leading to variations in the delineation of meadow and bog/fen areas.
Additionally, the difference in scale for the input maps could explain the previously men-
tioned lack of trend. Furthermore, changes in perceptions, including definitions of land
use, could have also played a role over time.

We used the vectorized areas mapped with the signature meadow and bog/fen ad-
jacent to or into river valleys as indicators of areas covering the GWDTE habitat from
the historical maps. We used the river network feature layer and spatial analysis tools in
ArcGIS Pro [38] to extract signatures of GWDTE beside the river system for all maps (i.e.,
O1, HM, LM, and P3). For each historical map, we then calculated the area of GWDTE
within the test areas that overlapped with the current valley bottom map. The signatures
used for meadow and bog/fen in the historical maps have been more or less the same in
the O1, HM, and LM maps. However, the modern map (P3) differentiates the meadow and
bog/fen areas into areas with habitat types classified according to Annex I to Directive
92/43/EEC. The meadow signature covers the following GWDTE habitat types mapped in
Denmark with the habitat type codes 4010, 6410, and 7230. The bog/fen signature covers
the habitat type codes 7110, 7120, 7140, 7150, and 7220 [30]. We calculated these areas and
presented them as percentages of the river valley bottom area. We then conducted the same
analysis for the large areas using the O1 and P3 maps. We undertook this because HM and
LM maps were not vectorized for the large areas. Figure 2a illustrates the methodology
by showing the GWDTE before overlap with the river valley bottom. Figure 2b shows the
result of the overlap between the GWDTE and the river valley bottom.
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a. Before overlap

A

river network

|:| Bjerringbro/Hvorslev are

- GWDTE before overlap with
the river valley bottom

river valley bottom

b. After overlap

- GWDTE after overlap with
river the valley bottom

0 5 10
L 1 |

km

Figure 2. Demonstration of the methodology using the Bjerringbro/Hvorslev area, showing (a) the extent
of the river valley bottom and the GWDTE and (b) extraction of the overlap between the two.

We then assessed the spatial-temporal loss of GWDTE. We undertook this by calcu-
lating the area change in GWDTE for different locations of the river network. We defined
different sections using the Strahler stream order [39]. The general research question we try
to answer here is whether there is a spatial component to the loss of GWDTE.

4. Results
4.1. Historical Loss in Meadow and Bog/Fen Areas

For the three 5 x 5 km? test areas in Bjerringbro/Hvorslev, Tastrup, and North Funen,
we calculated the areas of meadow and bog/fen (in hectares) for each of the historical
maps (Figure 3). A pronounced reduction in the total area of meadow and bog/fen can be
seen in all three test areas except for North Funen. However, the historical development of
bog/fen habitat areas does not show a reduction in area. The technological development in
lowering the water table in bogs/fens and small lakes during the preparation of the HM
and LM maps may not have been as advanced. However, the difference in the delineation
of meadow and bog/fen areas could also be influenced by more complex definitions of
bog/fen, which are open to different interpretations. Protection of the bogs/fens in recent
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times has likely contributed to the fact that the most recent map also does not show a
reduction in the bog/fen areas.

600
500
400
300

Hectares

200
100

600
500
400
300

Hectares

200
100

600
500
400
300

Hectares

200
100

Bjerringbro/Hvorslev (BH)

Emeadow

= bog

m total area

o1 HM LM P3

Tastrup (T)

o1 HM LM P3

North Funen (NF)

o1 HM LM P3

Figure 3. Historical development of the two habitat types, meadow, and bog/fen, from the begin-
ning of the 19th century to today within the three 5 x 5 km? test areas.Timeline: O1 (1791-1815),
HM (1875 % 10-20 yrs), LM (1935 % 10-20 yrs), P3 (2015).
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4.2. Overlap Analysis

Figure 4A presents visual results from the overlap analysis between the GWDTE
signatures from the O1 map and the river valley bottom within the test and large areas
of the Bjerringbro/Hvorslev study area. Figure 4B presents the same results classified
according to rivers of the same Strahler stream order. Within the Bjerringbro/Hvorslev
area, only order 1 to 3 streams had an overlap between the GWDTE and the river valley
bottom. Figure 5A,B presents similar results as Figure 4A,B using the P3 maps, which are
more recent mapping campaigns. Similar maps of the Tastrup and North Funen areas are
provided in the Appendix A.

Bjerringbro/Hvorslev

A
£
r‘\g -
’ -
g \\
,‘L\ \
N\
{ - Overlap with O1 map
i &£,
s f/// R \ 4 River valley bottom
Y o/
( = Test area
o —
Strahler stream order
1
B 2

5
Overlap (order1)
5 \k Overlap (order 2)
w0y - Overlap (order 3)
e

~

Figure 4. (A) Area overlap between GWDTE signatures derived from the O1 historical map and the
current map of river valley bottom for Bjerringbro/Hvorslev. (B) The same area overlaps classified
according to rivers of the same Strahler stream order.
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Bjerringbro/Hvorslev A ) e/

- Overlap with P3 map

River valley bottom

:] Test area

Strahler stream order

—_—y
5

- Overlap (order 1)
[ overlap (order 2)
- Overlap (order 3)

5 10
1 )
km

Figure 5. (A) Area overlap between GWDTE signatures derived from the P3 historical map and the
current map of river valley bottom for Bjerringbro/Hvorslev. (B) The same area overlaps classified
according to rivers of the same Strahler stream order.

Figure 6 presents graphs showing the gradual historical changes in GWDTE areas
expressed as percent overlap between the signatures of GWDTE (i.e.,, meadow and bog/fen,
and the river valley bottom for the test areas for all historical maps). There is a general
decreasing trend of GWDTE areas within the test areas for the different mapping periods
except for North Funen. However, a decrease is observed compared with the newest map
(P3). Figure 7 presents results from the percent change in GWDTE areas moving from the 19th
century (O1 map) to the current time and classified according to the Strahler stream order
associated with the rivers within those areas. We calculate this for the initial GWDTE area,
thereby expressing the quantified percentage loss in the GWDTE area for each river order
stream moving from the O1 to P3 mapping periods. We observe a lower change in GWDTE
loss as we move higher up in stream order, clearly defined within the Bjerringbro/Hrorslev
and North Funen areas. The Téstrup area also shows a lower change in the loss of the GWDTE
area as stream orders go up, except for a deviation with the order 3 streams.
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mBjerringbro/Hvorslev  mTastrup  mNorth Funen

Percent overlap

01 (1791-1815) HM (1875 £ 10-20 LM (1935 + 10-20 P3 (2015)
yrs) yrs)

Figure 6. Historical changes of GWDTE areas expressed as percent overlap with the river valley
bottom map, from the beginning of the 19th century to date within the 5 x 5 km? test areas.

mBjerringbro/Hvorslev  mTastrup  mNorth Funen
80 75
70
60
50
40

30

Percent change in GWDTE

20

10

Order 1 Order 2 Order 3 Order 4

Figure 7. Percent change in the area of GWDTE moving from the 19th century (O1 map) to the
present day, classified according to the Strahler stream order associated with the rivers within those
areas. Results are from the large areas.

5. Discussion

The meadow and bog/fen areas accounted for about 500 ha, equivalent to 20% of the
total test area at the beginning of the 1800s (O1 map) (Figure 3). This area was reduced to
approximately half in the second half of the 19th century when the HM maps were drawn for the
three test areas. A study from southeast Denmark at Lolland shows a similar area distribution
in 1809 (O1 map) with approximately 50% arable land, approximately 20% bog/fen, marsh,
meadow, or common land, and approximately 30% forest. In the 1830s, when the HM maps
were drawn for Lolland, the same distribution can be calculated at 75% cultivated land and 15%
forest, while the bog/fen, marsh, and meadow areas are reduced to approximately 10% [40].
The land use distribution from Lolland and the three test areas of this study are strikingly similar.

From approximately 1810 onwards, the period is characterized by extensive drainage by
ditching, as the incentive for individual farmers increases sharply with fundamental changes in
land ownership. The significant increase in the cultivated area resulted in a large increase in cereal
production. The period from 1830 to 1860 is determined by five decisive factors: (i) cultivation of
hitherto unused lands; (ii) marling, which was considered one of the main factors; (iii) removal
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of flooding water; and, consequently, (iv) drying and plowing of meadow areas; and, finally,
(v) a more careful and deeper plowing treatment of the field [40]. Two key factors explain the
significant reduction in the wet meadow areas from the preparation of the O1 maps (the early
1800s) to the HM mapping period (the second half of the 1800s). Bog/fen areas did not show the
same reduction, likely due to a lack of technology to lower the water table in the bog/fen areas.
These are the introduction of the tile drains at approximately 1850 and the introduction of the Act
of 1858, where it became legally possible to drain water across another man'’s (neighbor’s) field.
The total area of meadows and bog/fen did not change significantly between the second half of
the 19th century and 1928-1945 (LM maps). However, there is a further reduction from 1928-1945
to 2000, corresponding to a total meadow and bog/fen area reduction of 65-90% compared to
the beginning of the 19th century. The meadow areas have dominated significantly over the last
200 years, more than the bog/fen areas, and are thus correspondingly reduced the most. There
are two test areas in Jutland where there has been a slight increase in the bog/fen area from the
O1 maps to the HM maps. This can be explained by uncertainty in interpreting the O1 map’s
legend, divided into many wet habitat mixtures. It should also be noted that meadow areas
increase significantly between the mapping of HM and LM on North Funen. We also observe
the same decreasing trend in the area of GWDTESs over time expressed as percent overlap with
the current river valley bottom map (Figures 4A, 5A and 6). Another significant change in urban
areas’ land use, which can explain the reduction in GWDTE habitat areas, is an evident increase
in urban and sealed areas from less than 3% of the total land area in 1881 to 10% in the year 2000.
This is primarily due to urbanization and infrastructure expansion [41].

Furthermore, we observe a decrease in the area of GWDTE from the 19th century to
current times within different river orders for the large areas (Figures 4B and 5B). We see a
trend when the results are expressed as a percent change in the GWDTE area between the
O1 and P3 mapping periods (Figure 7). The trend shows that rivers with low-order streams
(1 and 2) lost their GWDTE at higher rates than higher-order stream rivers. This means
that upstream river valleys are more prone to GWDTE loss. Additionally, the most loss is
perceived as tile drainage resulting from agriculture and groundwater abstraction (Table 2).
Therefore, care should be taken when upstream areas are utilized for these purposes.

The observed trend of decreased GWDTE area within different river orders and the
higher rate of loss in rivers with low-order streams highlights the importance of considering
the position and connectivity of GWDTEs in river systems. As the study has shown,
upstream river valleys are more prone to GWDTE loss, which can have significant impacts
on the structure and function of these ecosystems further downstream. Therefore, it is
important to consider the impacts of land use and management practices in upstream areas
on the health and viability of GWDTEs throughout the river network.

Lastly, the high rate of loss associated with tile drainage resulting from agriculture and
groundwater abstraction underscores the importance of more sustainable land use practices that
limit the impacts of these activities on GWDTESs. This may involve adopting more sustainable
agricultural practices, such as reduced tillage and the use of cover crops, as well as measures
to restore degraded ecosystems and reduce the demand for groundwater. Additionally, given
the critical role of GWDTEs in supporting a range of ecosystem services, such as water supply,
biodiversity, and carbon sequestration, it is important to consider the broader socio-economic
and ecological implications of GWDTE loss in management and decision-making processes.

6. Conclusions

In conclusion, this study has uncovered a substantial decline in Denmark’s groundwater-
dependent terrestrial ecosystems (GWDTE) over the past two centuries. The decrease has
been attributed to human interventions, such as artificial drainage and groundwater ab-
straction. Additionally, the results suggest that upstream portions of the river network
are more susceptible to GWDTE decline compared to downstream portions. Therefore,
caution should be exercised in designing these areas for agricultural activities and artificial
drainage as a measure of management. Instead, there is potential to restore the balance of
GWDTE by establishing constructed wetlands or rewetting peatlands.
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One limitation of the study is the reliance on historical maps for assessing changes in the
extent of GWDTEs over time. Although historical maps are a valuable tool for understanding
long-term trends, it can be helpful also to use a range of additional data sources and methods to
further validate the results and provide a more comprehensive understanding of the changes
in GWDTEs over time. For example, incorporating field-based surveys and remote sensing
techniques can provide more detailed and accurate information on the extent and condition of
GWDTESs, which can help to validate the results obtained from historical maps and provide a
more complete picture of the changes in these ecosystems over time.
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Appendix A

Tastrup

- Overlap with O1 map

River valley bottom

|:| Test area

Strahler stream order

<1

Overlap (order 1)

(

Overlap (order 2)
(
(

Overlap (order 3)

Overlap (order 4)

km

Figure A1l. (A) Area overlap between GWDTE signatures derived from the O1 historical map and
the current map of river valley bottom for Tastrup. (B) The same area overlaps classified according to
rivers of the same Strahler stream order.
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Figure A2. (A) Area overlap between GWDTE signatures derived from the P3 historical map and the
current map of river valley bottom for Tastrup. (B) The same area overlaps classified according to
rivers of the same Strahler stream order.
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Figure A3. (A) Area overlap between GWDTE signatures derived from the O1 historical map and the
current map of river valley bottom for North Funen. (B) The same area overlaps classified according
to rivers of the same Strahler stream order.
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Figure A4. (A) Area overlap between GWDTE signatures derived from the P3 historical map and the
current map of river valley bottom for North Funen. (B) The same area overlaps classified according
to rivers of the same Strahler stream order.
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