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Abstract

By the end of the twentieth century, the forest cover over most of Europe had stabilized or was increasing after many decades
of decline. Persistence and change in forest cover are driven by complex human—environmental interactions and feedback
loops operating on different temporal and spatial scales. A promising method to detect these complex interactions between
driving forces is a causal analysis based on historical documents. In the first step of this study, forest cover was reconstructed
based on historical and contemporary maps of the Canton of Zurich at seven different points in time between 1664 and
2000. Secondly, causal chains of drivers were constructed based on historical document analysis, in order to investigate
whether forest cover was stable or whether any compensating mechanisms in place were reducing the net changes. While
the overall net forest cover remained considerably persistent in the Canton of Zurich throughout the 336-year study period,
major gross forest cover losses and gains were detected during certain periods. Major deforestation events occurred during
times of crisis, e.g., at times of economic or political crisis. In contrast, the strong persistence of net forest cover was mainly
a consequence of the Forest Police Law, but can also be attributed to intensive land use. The law prohibits deforestation in
general, and intensive land use is preventing the kind of natural reforestation occurring in other regions, e.g., the Swiss Alps.
These empirical findings shed light on the relevance of a high degree of political and economic stability in terms of main-
taining landscape persistence. These insights into the driving forces of forest cover change and persistence can contribute
to protecting and managing valuable landscapes in a rapidly changing world.
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Introduction resources (FAO 2016). This change has resulted in serious

consequences for a wide range of ecosystem services, e.g.,

Forests cover around 31% of the global land surface, but
their extent is subject to constant change. It is estimated
that global forest cover has decreased by nearly 50% of the
total forest area in the past 5000 years to just under four bil-
lion hectares in 2015, mainly due to the expansion of agri-
cultural land and the unsustainable exploitation of forest
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climate regulation, carbon storage, water supply and biodi-
versity (Foley et al. 2005). In temperate and boreal climate
zones, deforestation slowed or reversed in the late nineteenth
and twentieth centuries. By the end of the twentieth cen-
tury, most of the forest cover in Europe was either stable
or increasing (FAO 2016). Despite this increasing trend,
European forests were simultaneously identified as being
among the most fragmented in the world, due to the strong
anthropogenic imprint on the landscape (Wade et al. 2003).
Fragmentation is a physical process of dividing habitats,
ecosystems or land-use types into smaller parcels (Andrén
1994; Llausas and Nogué 2012). The degree of forest frag-
mentation does not necessarily depend on the amount of
forest cover, as it can develop largely independent of forest
gain or loss (Matthews et al. 2000). Fragmentation may be
caused by various activities or events, e.g., road construc-
tions, logging, conversion to agriculture or wildfires (Jaeger
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et al. 2007). Species in such fragmented habitats tend to be
at higher risk of decline or even local extinction, resulting
in an immediate and/or time-delayed loss of biodiversity
(Krauss et al. 2010). Quantitative information about forest
fragmentation can therefore serve as an essential indicator
for assessing forest quality.

Changes in forest cover are the result of a complex inter-
play between various natural conditions and anthropogenic
processes (Meyfroidt 2015; Plieninger et al. 2016). These
forces are often categorized as socioeconomic, political,
technological, cultural or natural drivers (Brandt et al. 1999;
Hersperger and Biirgi 2009). They operate on various scales,
i.e., from the local level with a direct impact to the national
or even global levels, often with a more indirect impact
(Geist and Lambin 2002). Furthermore, these drivers can
act remotely in space and time in terms of their observed
impacts (Serneels and Lambin 2001); this has been recently
explicitly addressed by the concept of teleconnections and
telecoupling (Liu et al. 2014). Causal analysis is a conveni-
ent method of determining such indirect drivers (Efroym-
son et al. 2016). Arranging the identified drivers in causal
chains—where each step links a cause or combination of
causes with its direct outcome, the latter being a direct cause
of the subsequent outcome (Meyfroidt 2015)—provides a
synoptic overview of the complex interplay between them.

Switzerland is a country that has undergone opposing
trends in forest cover over the past decades. Its moun-
tainous areas have experienced a strong expansion in for-
est cover, whereas in the lowlands, forest cover remained
almost stable between 1850 and 2000, i.e., any small
losses and gains almost canceled each other out (Loran
et al. 2016). While these changes and their drivers in the
mountainous regions of Switzerland have been the focus
of past research (Gellrich et al. 2007; Gellrich and Zim-
mermann 2007; Loran et al. 2017; Rutherford 2006), little
is known about the processes leading to the persistence
of forest cover in the lowlands. For the Canton of Zurich,
which is the focus of this study due to the better availabil-
ity of source material, a series of local publications have
been published on forest and landscape dynamics. These
publications include studies on the drivers of changes in
forest use in the northern part of the canton (Biirgi 1999),
the driving forces of forest management throughout the
whole of the Canton of Zurich (Biirgi and Schuler 2003)
as well as on the drivers of landscape change in the Lim-
mat Valley (Hersperger and Biirgi 2007). However, the
following questions remain unanswered: What is driv-
ing forest persistence over such long timespans in the
Swiss lowlands? Is forest cover stable, or are there com-
pensating mechanisms in place that are reducing the net
changes? Our overarching goal was to increase knowledge
about the drivers of forest cover change and persistence,
which is essential for the better management of our future
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landscapes. Specifically, the following research questions
were addressed:

1. How has forest cover changed in the Canton of Zurich
in the last few centuries?

2. What was the impact of these changes on forest fragmen-
tation?

3. What were the major drivers of the observed changes
and persistence in forest cover?

Materials and methods

In order to answer the research questions, the net and
gross changes in forest cover were quantified based on a
topographic map comparison. This spatially explicit data
source enabled us to identify changes in continuously for-
ested areas and newly developed forest cover, as well as
to see how forest cover fragmentation has developed over
time. The effect of the range of relevant drivers on these
dynamics was then assessed based on detailed analyses of
the 10 largest patches of forest gain and loss over the past
150 years.

Study area: the Canton of Zurich

The Canton of Zurich (Fig. 1), covering an area of
1728.9 km? in the northern part of Switzerland, is the most
densely populated canton of Switzerland, with 848 inhabit-
ants per square kilometer. Its capital, Zurich, is the largest
city in Switzerland. Its high population density is reflected
by its land cover, as 22% is covered by settlement land.
Besides agricultural land use (42%), forest also covers a
substantial area, covering 30% of the canton (Statistisches
Amt Kanton Ziirich 2018). The amount of forest cover has
been relatively stable since around the thirteenth century
(Walser 1896), in contrast to mountainous areas of Switzer-
land, which have experienced major changes in forest cover
over the past 150 years (Loran et al. 2016). The three main
tree species in Canton Zurich are spruce (38%), beech (23%)
and fir (12%). The forested areas of the Canton of Zurich are
mostly privately owned (47%) or are owned by municipali-
ties (33%). Only 12% is owned by corporations, 7% is owned
by the canton, and 1% is federal forest (Amt fiir Landschaft
und Natur 2017).

Data: historical and contemporary topographic
maps

In order to quantify the proportion of forest cover in the
Canton of Zurich, we reconstructed the forest cover over
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Fig.1 Case study area Canton Zurich and the forest cover in the year
2000

the past 336 years based on time series maps (Table 1).
These maps (Fig. 2) are available from the Swiss Federal
Institute of Forest, Snow and Landscape Research (WSL),
and most of the map series can be viewed online (Swis-
stopo 2015).

The Gyger Map was the first map to cover the whole of
the Canton of Zurich. The map was published in 1664 in
56 map sheets and in 1667 as a complete painting, with the
dimensions of 226 X 220 cm. The map was named after its
creator, Hans Conrad Gyger, who lived in Zurich from 1599

to 1676 and was a painter, mathematician and topographer
(Walser 1896; Wyder 2006). He worked for 38 years on the
Gyger Map, which is considered to be the precursor of the
modern colored relief map and is an important historical
source for the Canton of Zurich. It was the most magnificent
cartographical work made in Switzerland during that time
(Wyder 2006). The forest cover is represented by areas of
half or full circles with a black line boundary.

The Dufour Original Survey Map, covering the whole
of Switzerland, was published between 1834 and 1863 at
a scale of 1:25,000 (Jura Mountains and Central Plateau)
and 1:50,000 (Alps). These map sheets are the drawings
upon which the Dufour Map, published between 1845 and
1865 at a scale of 1:100,000 (Swisstopo 2015), was based.
Guillaume-Henri Dufour collaborated with scientists, topog-
raphers and copperplate engravers to create this topographic
map. Field measurements were based on the traditional tech-
nique of graphical triangulation on ordinance survey maps
(Imhof 2007). The forest cover is represented by green filled
areas.

The Siegfried Maps, covering the whole of Switzer-
land, were published between 1870 and 1949 at a scale of
1:25,000. Herman Siegfried proposed the publication of
the Dufour Original Survey Maps at their original scale in
around 1867/68. Only a few maps covering the Central Pla-
teau could be published after minor changes, while most of
the map sheets required major revisions as they were several
decades old (Grosjean 1996). The forest cover is represented
by small black circle-like symbols with thin black lines indi-
cating the forest boundaries.

The National Map 1:25,000 is a topographic map of
Switzerland representing areas of traffic and settlements, as
well as the country’s topography and vegetation. It was pro-
duced after the Siegfried maps. The map content is updated
according to a regular 6-year cycle, dividing Switzerland
into six sectors. The National Map covering the area of
Zurich is based on revisions made to the National Map in the
cycle between 1966 and 1970. It was based on aerial images
acquired between 1962 and 1968, with an average scale of
1:27,000. The National Map 1:25,000 is published in analog
format, as a printed map and in digital format. The forest
cover is represented by light green polygons with dark green
borders. Where there was no clear forest boundary, the dark
green border was replaced by small green circle symbols.
Open forest is represented by small green circle symbols.

In 1995, Swisstopo initialized the production of
a 1:25,000 vector dataset. Vector25 is a digital topo-
graphic landscape model based on the analog National
Map 1:25,000. It was designed so that the content of the
National Map could be used in geographic information sys-
tems (GIS). The forest cover is represented by closed-forest
polygons and open-forest polygons.
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Table 1 Historical and contemporary topographic maps which served as a source for the reconstruction of forest cover in Canton Zurich

Map Year Time period (map Scale Mapping method Representation of forest
sheets published)

Gyger Map 1664 1664 1:32,000 Created without standard geodetic methods, based Black circles

on detailed terrain observations and estimations

of distances
Dufour Original Survey Map 1850 1841-1854 1:25,000 Based on triangulation Green filled areas
Siegfried Map 1880 1878-1889 1:25,000 Based on triangulation Black circles
Siegfried Map 1910 1896-1910 1:25,000 Based on triangulation Black circles
Siegfried Map 1940 1932-1940 1:25,000 Based on triangulation Black circles
National Map 1970 1970-1972 1:25,000 Based on aerial images Green filled areas
Vector 25 National Map 2000 1995-2000 1:25,000 Based on aerial images Green filled areas
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Fig.2 Time series of historical and contemporary maps, representing part of the City of Zurich and the northern end of Lake Zurich. Forest
cover is represented by circle-like symbols (Gyger and Siegfried Map) or with green filled areas (Dufour Original Survey and National Map)

In order to quantify the forest cover and its dynamics
at seven different points in time in Switzerland, forest tra-
jectories were reconstructed based on the maps presented
above. Whereas the Gyger map sheets were published in
1664, the Dufour, Siegfried and National maps were drawn
and published during repeated mapping campaigns. Due to
the duration of these mapping campaigns, maps covering
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all of Zurich are based on map sheets drawn over the
course of several years. Therefore, the respective points
in time of 1850, 1880, 1910, 1940, 1970 and 2000 refer
to the mapping campaigns mentioned above in Table 1.
An assessment of the accuracy and comparability
of the maps used in this study was conducted by Loran
et al. (2018). Their study revealed that the old maps have
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remained highly accurate since 1850 (Dufour Original Sur-
vey Map). Only the Gyger Map from 1664 showed some
substantial distortion and a different level of generalization
of forest cover in comparison to the later maps. Therefore,
the Gyger Map was used to calculate the total forest cover
in the Canton of Zurich in 1664, which is valuable informa-
tion in terms of understanding long-term changes in gross
forest cover; however, it had to be excluded from a spatially
explicit comparison (e.g., net change, fragmentation).

Determining change and persistence in forest cover

In order to quantify the amount of forest cover for each time
step and how it has changed during the five time periods
between 1850 and 2000 (30-year intervals), the amount
of forest cover was obtained from the maps in polygons,
by manually digitizing them from the maps made between
1664 and 1940. For the 1970 map series, a semi-automated
feature extraction procedure based on color separation and
morphological processing was applied, followed by manual
correction (Kaim et al. 2016). The forest cover for the year
2000 was available in polygon format from Swisstopo. The
digitization and calculation of forest cover was performed
using ArcGIS 10.2. Additionally, road and railway infra-
structure was digitized within the forest patches for all of the
maps, in order to assess the level of fragmentation.

Considering the expansion of road networks across the
globe, this infrastructure provides a useful proxy indica-
tor of habitat fragmentation and degradation. For example,
roads can form physical barriers to the movement of wildlife
(Matthews et al. 2000). Due to the fact that information on
road width was missing from the historical maps, we used a
standard width of 10 m for all roads and railway lines for all
of the maps. The fragmentation of forest patches was cal-
culated in FRAGSTATS v4.2.1 for six points in time (1850,
1880, 1910, 1940, 1970 and 2000), both with and without
the effect of road and railway infrastructure. For each time
point, we calculated the number of patches (NP), the total
core area (TCA) and the fractal dimension index (FRAC)
of the forested areas. The FRAC is a shape index based on
perimeter—area relationships, which quantifies the degree of
complexity across a range of spatial scales (patch sizes).
The FRAC value can range between one—shapes with very
simple perimeters—and two—shapes with highly convo-
luted perimeters. The TCA represents the aggregated area
in all forest patches greater than the specific depth-of-edge
distance from the perimeter. The size of the TCA is deci-
sive for the development of interior conditions beneath the
canopy of a forest patch. We set the distance value to 50 m,
because the effect of agricultural land on the microclimate
can extend for over 50 m into a forest (Cunningham et al.
2015; Murcia 1995).

Exploring the driving forces of forest cover change
and persistence

In order to identify the various drivers of forest cover change
and persistence, which we arranged in causal chains, we
mainly studied old forest management plans. These plans
are available in the state archive of the Canton of Zurich.
The plans date back to the beginning of the nineteenth cen-
tury and are a unique source for the reconstruction of forest
history (Biirgi 1999). They were written by the forester of
the respective forestry district and contain a wealth of infor-
mation—e.g., the size and location of the forest and how it
has changed, a description of the current management and
suggestions for the future management of municipal forests.
Another important source was the secondary literature (e.g.,
a compilation of 650 years of forest history from the Canton
of Zurich by Weisz et al. (1983)), which provided detailed
information about the development of forest cover and its
drivers. The relevant literature is cited in the results section,
together with the identified drivers.

An in-depth qualitative assessment of the drivers was
carried out for each of the 10 largest spatially continuous
areas of forest loss and gain occurring during any of the
30-year periods in the Canton of Zurich. In order to system-
atically present the results of these 20 cases, the drivers were
assigned to one of five categories: socioeconomic, political,
natural, technological or cultural drivers, as proposed by
Biirgi et al. (2004). Furthermore, we assembled the driv-
ers into causal chains to provide a synoptic picture of their
interplay. Deforestation and afforestation are the end points
of these chains.

Results

Historical development of forest cover in the Canton
of Zurich

The total amount of forest cover remained remarkably sta-
ble over the whole study period, with 50,580 ha covered
by forests in 1664 compared to 50,668 ha in 2000 (Fig. 3).
However, small changes were detected in the single study
periods. While the forest cover increased during the period
between 1664 and 1850, it decreased between 1850 and
1880 and remained nearly stable between 1880 and 1940.
Between 1940 and 1970, there was a second decrease before
the forest cover increased during the last period between
1970 and 2000. The amount of continuous forest cover
decreased constantly over the whole study period due to the
constant turnover of forest area; this was partly compensated
for by new afforestation. For the first period between 1664
and 1850, no distinction was made between new and contin-
uous forest cover because the distortions in the Gyger Map
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Fig.3 Changes in continuous
and new forest cover in Canton
Zurich (1664-2000)
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Fig.4 Net and gross change of forest cover in Canton Zurich for five
periods between 1850 and 2000. Bars illustrate the gross change in
forest cover and the filled part of the bars represents the net changes
in forest area

from 1664 did not facilitate accurate spatial comparison.
Therefore, only the amount of forest cover was calculated.
The spatial distribution of continuous and new forest cover
in the Canton of Zurich is presented in Fig. S1 (supplemen-
tary material).

The occurrence of deforestation and afforestation events
within a single period causes relatively large gross changes,
while the overall net change is much smaller (Fig. 4). The
level of both deforestation and afforestation varies between
the different periods. The highest gross and net change
occurred during the two periods between 1850 and 1880
and between 1940 and 1970. The largest single deforesta-
tion events occurred during the same periods (Table 2). In
contrast, the largest afforestation events took place during
the first two study periods of 1850-1880 and 1880-1910.

@ Springer

1850 1880 1910 1940 1970 2000
Year

Overall, the majority of afforestation and deforestation
events cover areas smaller than five hectare.

Focusing on the fragmentation of forest cover, the results
show that road and railway infrastructure in forest areas
more than doubled between 1850 (1.94 km?) and 2000
(4.69 km?), which is still less than one percent of the total
forest area (Tab. S1, supplementary material). The total core
area within single forest patches decreased until 1970 due
to an increase in infrastructure (Fig. 5a). Between 1970 and
2000, the core area increased slightly, which can be attrib-
uted to an overall increase in forest cover during that period
(Fig. 4). A calculation of fragmentation that excluded infra-
structure revealed a different picture. In this case, the core
area varies over time according to the total amount of total
forest cover (Fig. 3), e.g., a decrease in overall forest cover
triggers a decrease in the core area, and vice versa. A similar
development could be observed in terms of the number of
forest patches (Fig. 5b), which changes over time accord-
ing to the total forest cover. Overall, infrastructure caused a
decrease in the total core area and an increase in the number
of patches. In contrast, the complexity of the forest shapes,
which is represented by the FRAC value in Fig. 5c, was
relatively stable over the whole study period.

Drivers of forest cover change and persistence
Drivers of afforestation

The biggest increases in forest area recorded during the last
150 years were due to afforestation for the establishment
and the expansion of state forest at the beginning of the
nineteenth century, i.e., the Tossstock state forest (afforesta-
tion 1 and 7 in Fig. 6—the subsequent numbers provided in
parentheses all refer to Fig. 6), which now covers an area of
845 ha (Amt fiir Raumentwicklung Kanton Ziirich 2018).
The second largest afforestation is located in the munici-
pality of Stallikon and is part of the Buchenegg state for-
est (afforestation 2). This afforestation began in 1866/67
with 18 ha; since then, around 100 ha of forest has been
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Table 2 Number and size of afforestation and deforestation events in Canton Zurich (1850-2000)

Class (ha) 1850-1880 1880-1910 1910-1940 1940-1970 1970-2000

Counts Area (ha) Counts Area (ha) Counts Area (ha) Counts Area (ha) Counts Area (ha)

Afforestation
Canton Zurich
0-5 27,389 3007.2 31,147 2263.1 42,697 1940.4 25,444 2790.6 45,666 1881.0
5-10 25 161.0 12 82.1 6 37.7 11 76.1 10 65.9
10-15 13 158.3 5 60.0 2 28.3 1 10.8 - -
15-20 6 102.2 - - - - 1 15.7 1 15.4
20-25 - - 3 63.1 - - - - - -
25-30 3 80.7 - - - - - - - -
30-35 - - - - - - - - - -
35-40 1 374 - - - - - - - -
40-45 - - 1 40.3 - - - - - -
Deforestation Canton Zurich
0-5 25,533 4998.1 30,368 2064.9 43,021 2118.3 27,394 4369.3 32,192 571.9
5-10 82 550.9 15 107.5 13 90.0 36 254.6 3 21.2
10-15 18 217.3 6 75.1 6 70.2 8 94.0 1 11.7
15-20 5 84.0 2 35.1 3 54.1 1 15.3 - -
20-25 3 66.0 - - 1 22.5 3 67.5 - -
25-30 2 57.7 - - - - - - - -
30-35 - - - - - - - - - -
3540 1 35.7 - - - - - - - -
4045 2 82.9 - - - - 1 44.9 - -
> 45 2 167.5 - - - - 1 162.8 - -
INo road effect
" Road effect
30000 'z
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- %09
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Fig.5 Change in forest cover in Canton Zurich (1850-2000) with and without road effect: a Total core area of forest patches over the 150-year
study period with an edge depth of 50 m, b Number of forest patches, ¢ Fractal dimension index

added (Weisz 1983) and the forest covers an area of 970 ha  expanding its forest area, the state aimed to establish a more
(Amt fiir Raumentwicklung Kanton Ziirich 2018). The city ~ sustainable use of its forest, including protection from natu-
of Winterthur purchased several farms in Etzberg from  ral hazards in steep terrain, as well as to receive revenues for
1873 onwards, with the intention of creating the Hegi state  the state budget (Schmid 1997).

forest (afforestation 9), which covers an area of 451 ha in The second most important driver of afforestation was
2018 (Amt fiir Raumentwicklung Kanton Ziirich 2018). By =~ compensatory afforestation, as prescribed by the forest
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Fig.6 The 10 largest deforestation and afforestation events in Canton Zurich between 1850 and 2000, ranked by size

law. The Swiss federal forest law, which came into force
in 1876 to protect mountain forests, was extended to cover
the entire nation in 1902 (Biirgi and Schuler 2003). In
principle, deforestation from that point onwards was only
granted if it was accompanied by compensatory afforesta-
tion measures. In cases where compensatory afforestation
could not be implemented, an alternative form of payment
was made to a cantonal fund, which supported voluntary
afforestation (Weisz 1983). However, even before the
national law was enforced, forest cover was protected by
local laws and regulations which demanded compensa-
tional afforestation. An early instance of such compensa-
tion occurred at Kiimberg (Turbenthal municipality, affor-
estation 3) and was demanded by the city of Winterthur as
compensation for making a clearing of 21 ha at Eschen-
berg in 1873, in order to obtain land for industrial use.
According to the local forest law of Zurich, compensatory
afforestation in another location was mandatory (Madliger
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1961). The municipality of Rafz afforested an area in Lan-
genried (afforestation 4) as compensation for the clearcut-
ting of an oak forest (deforestation 2) (Gemeinde Rafz
2013).

The third factor leading to afforestation was the need to
establish forests as protection from natural hazards, such as
landslides, flooding and avalanches. This factor also pro-
moted the establishment of state forests (e.g., the Tossstock,
afforestation 1 and 7), but it was also effective for other types
of forest ownership, such as afforestation in the municipal-
ity of Adliswil (afforestation 8). This afforestation was the
result of a decision by the Federal Council in 1901, which
designated many areas for afforestation in order to establish
protective forests (Krebs 1948).

A further driver was industrialization. It created job
opportunities and increased labor costs, which made farming
on less productive land less attractive and led to the affor-
estation of marginal land. Essentially, land owners realized
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that in these circumstances, forests promised higher returns
than agriculture (Steiner 1953), triggering widespread small
afforestation events from the 1860s onwards (Weisz 1983).
Two examples from our case study are Elgg municipality
(afforestation 5), which bought an area for afforestation in
1859 (Wirtschaftsplan Elgg 1883) and Riimlang municipal-
ity (afforestation 6 and 10), which drained its large wetland
initially for the development of farmland, but afforested part
of the land in around 1862 (Treichler 1996; Weisz 1983).

Drivers of deforestation

Industrialization not only changed the value of farmland
compared to forest land, but also pushed many munici-
palities into financial problems, e.g., due to investments in
railway lines that did not pay off. This was paralleled by a
crisis in the agricultural sector. The financial debt of several
municipalities was the main socioeconomic driver lead-
ing to deforestation in the first study period between 1850
and 1880. Rafz (deforestation 2), Embrach (deforestation
3), Weiach (deforestation 5), Flaach (deforestation 8) and
Oberstammheim (deforestation 9) municipalities all con-
verted forest into agricultural land in order to sell the wood
and to provide additional agricultural land (Gemeinde Rafz
2013; Krebs 1948; Stromer 1999; Weisz 1983; Wirtschaft-
splan Oberstammheim 1872). Oberstammheim municipality
(deforestation 9) was in debt due to the construction of a
railway line (Wirtschaftsplan Oberstammheim 1872). Some
of these municipalities invested part of the financial return
from selling valuable timber into compensatory afforesta-
tion, as did Rafz municipality when it bought an area in
the Langenried and afforested it as compensation for cut-
ting down an oak forest (afforestation 4 and deforestation 2)
(Gemeinde Rafz 2013). Another driver of deforestation in
the first period between 1850 and 1880 was the correction of
the river Toss, with the aim of preventing floods in Pfungen
and Embrach municipalities (deforestation 7).

A second period of substantial deforestation took place
between 1940 and 1970. During World War II, about
1246 ha of forest was cleared in the Canton of Zurich,
with no compensatory afforestation, in order to increase
the availability of agricultural land so that Switzerland
had enough food to be self-sufficient and to provide more
wood to meet increased demand (Biirgi and Schuler 2003;
Weisz 1983). The deforestation events in Embrach and
Rorbas municipalities were consequences of this endeavor
(deforestation 2). Another major driver was the develop-
ment of infrastructure, the most prominent result of which
was the largest deforestation event of the whole 150-year
study period. 162 ha was deforested in the municipalities
of Riimlang, Kloten and Oberglatt (deforestation 1) due
to the construction of Zurich airport. Part of this area had
just been afforested shortly before, i.e., between 1850 and

1910 (afforestation 6 and 10). In total, 270 ha of forest
were cut down in this region for the construction of the air-
port (Weisz 1983). A second major deforestation event was
caused by the construction of a new highway in the early
1960 s (deforestation 4). The original plan, which was to
build the road close to housing areas, was rejected by resi-
dents in the municipalities of Horgen and Oberrieden. As
a result, the highway route was moved into forested area
because the municipalities favored the conversion of for-
est areas in order to protect the quiet living environments
of their residents. The clear cutting of 45 ha took place in
the winters of 1959/1960 and 1960/1961 (Gattiker 1978).

Chains of drivers of forest cover change

The identified drivers of deforestation and afforestation
encompass technological, cultural, political, socioeconomic
and natural factors and were arranged in causal chains to
provide a synoptic picture of their interplay (Fig. 7). Mod-
ernization is at the center of many of the changes observed,
whether this is expressed by growing industry and the expan-
sion of infrastructure, or more directly by changes in forest
management. From the early nineteenth century onwards,
forest management in Switzerland became increasingly
modernized and more based in science in order to increase
efficiency, protection and sustainability (chain: moderniza-
tion—forest management—protection function—afforestation).
These changes included the expansion of state forests, which
was the most frequent driver of afforestation in the Canton of
Zurich. One of the main drivers of deforestation was munici-
pal debt, which triggered a substantial amount of deforesta-
tion in order to generate income from selling timber (chain:
income-timber—deforestation). World War II brought about
an increased need for local food production, resulting in the
clearing of forests to extend the land available for agricul-
tural production, while simultaneously providing timber
which was also in high demand (chain: WWII-food—land
for agriculture—deforestation; WWII-timber—deforesta-
tion). New infrastructure also caused a significant amount
of deforestation if, e.g., new railroad tracks, roads or power
lines ended up cutting through forest areas (chain: infrastruc-
ture—deforestation). In Fig. 7, we present all of the identified
drivers and chains based on the conducted literature and
historical document analysis. As each driver can belong to
multiple chains, a chain may start from any of the drivers
presented here and not necessarily from the most significant
ones, e.g., modernization or WWIIL.

Drivers of persistence

The main factor fostering the persistence of overall forest
cover were legal measures, i.e., the Forest Police Law, which
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Fig.7 The driving forces of =
forest cover change identified in Drivi ng
the qualitative assessment are forces

summarized and presented in

five categories technological,
cultural, political, socioeco-
nomic and natural drivers. The
most frequent drivers, respec-
tively chains, of afforestation
and deforestation are indicated

L7 = S

in more detail in the “Chains of
drivers of forest cover change”
section

came into effect in 1876, and its predecessors. These legal
measures prohibited deforestation in general, resulting in a
large amount of continuously forested area. Moreover, they
enforced compensatory replacement afforestation (Angst
2012), resulting in the strong persistence of total forest
cover.

Discussion

Strong persistence and minor changes of forest
cover over the centuries

About 80% of the forest cover in the Canton of Zurich in
the year 2000 has been continuously forested over the last
150 years. This strong persistence stands in contrast to other
regions in Europe, which have experienced a more substan-
tial turnover in forest cover. For example, in Flanders in
northern Belgium, only 16% of the forest cover had been
continuously forested over a 225-year period up to the year
2000 (De Keersmaeker et al. 2015). The high persistence
of forest cover shown in the Swiss lowlands also stands in
contrast to the development of forest cover in the mountain
areas of Switzerland, in which forest cover has increased
strongly during the same period of time (Loran et al. 2017,
Gellrich et al. 2007), thus resulting in a smaller proportion
of continuous forest cover.

The strong persistence of net forest cover is supported by
the results of our fragmentation analysis, which revealed the
persistence of the shape complexity of forests over the whole
study period. This identified shape complexity was based on
the FRAC metric, which enables the quantification of spatial
aggregation independent of habitat area and landscape grain
size (Neel et al. 2004). Its insensitivity to variation in habitat
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abundance (Wang et al. 2014) made it a suitable metric for
comparing fragmentation in forest cover over time.

While the net change in forest cover in the Canton of
Zurich was minor, with a net gain of 88 ha between 1664 and
2000—corresponding to an increase of 0.2% in 336 years—
the gross change results depict the actual forest cover
dynamics. Therefore, by only accounting for net changes,
rather than gross changes, this leads to a serious underes-
timation of changes in forest cover. This is in line with the
findings of Fuchs et al. (2014), who analyzed historic land
change in Europe. The full effects of land use and cover
changes on, e.g., carbon emissions, are not detectable in the
net changes (Calle et al. 2016; Fuchs et al. 2016; Wilken-
skjeld et al. 2014).

Challenges of the methodological approaches

The forest cover analysis is based on historical and con-
temporary maps, which were all drawn in different centu-
ries. The first methodological challenge was therefore to
compare maps of differing map quality, as measurement
methods have become more accurate over time. A further
challenge was the lack of definition of forest cover. Survey
instructions did not provide the topographer with any details
or guidelines on how they should identify forested areas in
the field. Thus, forest assignment in the map was largely
a matter of subjective decision-making by the topographer
(Leyk 2005). A detailed assessment of the comparability of
the maps used in this study was carried out by Loran et al.
(2018), the result of which was that the oldest map by Gyger
had to be excluded from most of the spatially explicit forest
cover calculations due to its strong distortion and differences
in the level of generalization of landscape elements. Still,
the authors decided to use the Gyger map as a basis for cal-
culating the total forest cover in 1664, which is a spatially
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independent result and valuable information in terms of
understanding the long-term change in forest cover.

Two common approaches, i.e., quantitative or qualitative,
can be used to determine the factors driving forest change
and persistence. A well-established quantitative approach
for assessing the complex interplay between driving forces
and landscape change are empirical land-use change mod-
els (Plieninger et al. 2015; Rounsevell et al. 2012). Models
such as these can enhance our understanding of the drivers
of change by offering a simplified understanding of com-
plex system functioning. These models usually focus on
the prediction of general patterns and trends on regional or
global scales, but are not designed to address dynamics on
a local scale due to a lack of local data of sufficient qual-
ity to facilitate comparison over larger areas (Verburg et al.
2013). At a local level, the qualitative approach (e.g., expert
interviews, literature analysis and the analysis of historical
documents) is common in order to explore the driving forces
behind forest cover change (e.g., Biirgi et al. 2015; Gimmi
et al. 2009; Hersperger and Burgi 2009; Santruckova et al.
2015; Schneeberger et al. 2007). This approach is especially
valuable for the detection of indirect drivers, which are not
usually measured and thus cannot be captured by quantita-
tive models. The downside of the qualitative approach is
that the scope of the study is limited to a rather small area,
as it is very time-consuming. Therefore, in this study, we
only focus on major changes in forest cover. Causal chains
of drivers were built based on the literature and on historical
document analysis in order to understand deforestation and
afforestation events in the Canton of Zurich. The procedure
is largely in line with causal-historical explanations, such
as Abductive Causal Eventism (ACE), as proposed by Wal-
ters (2017). ACE ‘is a form of causal-historical analysis that
entails constructing causal histories of interrelated social
and/or biophysical events backward in time and outward
or inward in space through a process of eliminative infer-
ence and reasoning from effects to causes, called abduction’
(Walters 2017: 608). However, further investigations will be
needed to fully exploit the possibilities of such approaches
for land change science and, specifically, the analysis of
driving forces.

Drivers leading to persistence and change in forest
cover over the centuries

The Canton of Zurich is the most densely populated canton
in Switzerland with soil conditions facilitating a generally
very intensive and thus competitive agricultural system.
The development of forest cover in the lowlands, therefore,
stands in contrast to forest dynamics in the alpine regions
of Switzerland, which show a significant increase in for-
est cover over the last 150 years (Loran et al. 2016; Gell-
rich 2006). Forest cover is increasing in many mountainous

regions across the globe (e.g., Lambin and Meyfroidt 2011;
Melendez-Pastor et al. 2014; Munteanu et al. 2014; Stoate
et al. 2009), mainly as a consequence of agricultural aban-
donment. In this study, land abandonment was not a relevant
driver of the major changes in forest cover due to the overall
high suitability of soils for agriculture. Still, it may have
taken place on a comparatively limited scale, especially in
more remote areas. Instead, the largest afforestation events
in the Canton of Zurich were triggered by the development
of state forest during the first two study periods (1850-1880
and 1880-1910), which can be attributed to the moderni-
zation of the forestry sector, including the establishment
of protective forests to reduce the risk of debris flow and
flooding. Additional important drivers were compensatory
afforestation as a result of the forest law, as well as indus-
trialization, which also triggered afforestation. Overall, two
types of crises, economic and political, triggered deforesta-
tion; this was only partly compensated. During the economic
crisis of the second half of the nineteenth century, when
many municipalities were in deep debt, forest clearing was
promoted in order to obtain income—in this period, for-
ests were still referred to as municipal bank accounts. The
political crisis of World War II was the main driver of defor-
estation during the period between 1940 and 1970, having a
strong impact on forest cover throughout Switzerland (Biirgi
and Schuler 2003). Both types of crisis were calamitous in
nature (Antrop 2005), leaving less time for careful planning
and a detailed impact assessment. These findings illustrate
how a high level of political and socioeconomic stability
translates to persistent forest cover. Effective law enforce-
ment is based on a stable government pursuing long-term
planning. Calamities (Antrop 2005), however, have been
shown to leave long-lasting marks on the landscape (e.g.,
Biirgi et al. 2017).

Conclusion

Our results highlight the value of considering causal chains
and the interconnections between driving forces, as opposed
to merely identifying single factors. These empirical find-
ings shed light on the causes of forest cover change and the
relevance of a high degree of political and economic stabil-
ity. Political and socioeconomic development had a strong
impact on forest cover, but with no clear tendency toward
either deforestation or afforestation. Times of political insta-
bility, as well as socioeconomic poverty and liabilities, trig-
gered large deforestation events. On the other hand, they also
led to large afforestation projects. Understanding the strong
relevance of political and socioeconomic developments on
forest cover provides the opportunity to shape forest cover
changes in a sustainable manner by applying appropri-
ate political and economic measures. With this study, we
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underpin the value of focusing research on areas in which
land use is more persistent, as this can enhance our knowl-
edge on factors leading to the stabilization of landscapes
(Lieskovsky and Biirgi 2017). This is highly relevant for
the regulation of undesirable land-use change in our rapidly
changing world.
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