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Abstract: Historical maps are critical for long-term land use reconstructions; however, quantifying
the uncertainty involved in comparing historical maps with recent data remains a considerable
challenge. To date, many works have focused on the technical aspects of comparing historical
and contemporary materials, but the potential sources of uncertainty inherent in historical data
remain poorly understood. In this paper, we analyze the impacts of the topographic accessibility and
cartographer’s field position on the content quality of historical Austrian second military survey
maps by referring to independent census data. Our results show that the topographic accessibility
and visibility from the cartographer’s surveying table points had very little impact on the map
content quality and that the surveying table point locations were uniformly distributed throughout
the area, regardless of the landscape conditions. These findings demonstrate that the second military
survey maps can be seen as valuable and consistent historical data sources, making them especially
useful for long-term land use research in Central Europe.

Keywords: historical maps; uncertainty; land use; visibility; topographic accessibility; Central Europe

1. Introduction

To date, dynamic land use changes have had substantial impacts on biodiversity [1],
climate [2], and human well-being [3]. To assess the dynamics of such changes, long-term
land change studies must be performed to facilitate a comparison with recent analyses.
However, due to the limited availability of fully comparable remote sensing or statistical
data [4], researchers often use regional archival maps to obtain historical land use infor-
mation [5–7]. Since historical maps differ in scale, have inconsistent legends, or were
produced with different aims, there is always uncertainty involved in using them for
long-term comparisons [8–10]. The conceptual framework designed by Leyk et al. [11] to
assess the level of uncertainty involved in such analyses distinguishes three independent
domains of uncertainty for subsequent land use modelling—those inherent in historical
data, those caused by data processing, and those dependent on the application. The assess-
ment conducted by Leyk et al. [11] to evaluate the importance of these domains showed
that the first domain—the uncertainty inherent in historical data (production-oriented
uncertainty)—seems to be the most relevant.

In addition, automatic feature extraction techniques have been employed recently to
acquire spatial information from historical maps referring mainly to the transformation-
oriented uncertainty [12–14]. Nevertheless, the quality of the original historical carto-
graphic work, instructions, equipment, or procedures and their impacts on the map content
and subsequent analyses remain poorly understood. For instance, Jenny et al. [15] created
a software package capable of illustrating local map distortions that helped to understand
the spatial distribution of potential errors in a broad range of map series; however, the
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sources of distortion were not identified. Recently, Ostafin et al. [16] indicated that changes
in the content of neighboring map sheets of the same type are connected to the map sheets’
authorship changes. Gimmi et al. [17] analyzed the contents of archival topographic maps
against the true situations presented on orthophotos and terrestrial imagery serving as a
proxy of the cartographer’s perspective and indicated greater discrepancies between the
maps and reference data in less topographic accessible and less visible locations. However,
analyzing the historical topographic accessibility or visibility of a location and their impact
on the map content quality is usually difficult due to the unavailability of historical road
networks available in geographic information system (GIS) formats and a lack of knowl-
edge regarding the precise position of the cartographer’ in the field. Although accessibility
is very often used as an important variable explaining environmental and social phenom-
ena [18–20], usually proxy data are used in the form of current road networks, Euclidean
distances to the settlements, or proximity to the waterways, instead of original, historical
data [6,21].

In this paper, we were able to overcome both of the abovementioned obstacles and
verify the impacts of these spatial determinants on the accuracy of Austrian second military
survey maps covering a large portion of 19th century Europe [22,23]. The maps are a
very popular source of historical information in the region and have thus far been used
in many landscape-change analyses in different parts of Central Europe. The maps have
been found useful for research on land use change [23–25], riverbed evolution [26], pond
reconstruction [27], and landslide analyses [28]. Although the Austrian second military
survey maps were produced as a form of generalization of the detailed cadastral maps
(1:2880), little is known about the extent of changes, updates, and improvements done
by the cartographers between the times of cadastral mapping (1844–1854 for Galicia)
and military mapping (1861–1864 for Galicia). One can assume that the changes could
be reflected in the independent census data collected in a similar period, however, due
to a relatively short temporal framework of the map preparation, the potential updates
could be also spatially determined and conducted mainly in the most accessible areas.
Although reliability of the archival cartographic sources covering the Habsburg Empire
are carried out [10,29,30], their authors indicate the necessity of further research, especially
those focused on the comparability to other sources. It would be particularly useful
in reconstruction of the land use over long time [31]. Similarly, like for the landscape
painters, optimal location characterized by the high visibility enabled proper landscape
reconstruction [32]; we also assumed that for the cartographers verifying and updating
detailed cadastral information in order to create military maps, visibility played crucial
work. Although general rules of the measurements conducting [33,34], or organizational
structure [35–37] of the Austrian military cartography is well recognized, little is known
about the impact of the local landscape conditions, or human factor on the quality of their
work [16]. This might be especially important taking into account the size, weight, and
quality of the former measuring equipment [38]. Specifically, we want to verify the role of
the historical topographic accessibility and cartographer’s field position on the accuracy of
second military survey maps, based on the information from exactly the same cartographic
sources, offering no time delay, which gives high potential in assessing their impact. In
doing so, we sought to answer the following questions:

- Was the field position of the cartographer dependent on the topographic accessibility
of the location?

- How large were the portions of the maps not visible from the cartographer’s perspec-
tive?

- How did topographic accessibility and the cartographer’s visibility impact the differ-
ences between the map content and reference data?

2. Study Area

Galicia was one of the largest provinces of the former Habsburg Monarchy (Austrian
Empire). The region belonged to the Kingdom of Poland until 1772 and is currently divided
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between Poland and Ukraine. To assess the impact of the cartographer’s position and
topographic accessibility on the accuracy of historical map information, we chose three test
areas characterized by diverse landscape conditions within the region. The first test area
(3 × 3 map sheets) was located in the western part of Galicia in the Carpathian Foothills
and the Beskidy Mountains. The second test area (4 × 3 map sheets) was mainly located in
the lowlands of the Sandomierz Basin. The third test area (3 × 4 map sheets) represented the
eastern part of the region, covering the Outer Eastern Carpathians and Dniester Plain [39]
(Figure 1). In total, these three test regions covered an area of 7813 km2, including the
complete envelopment of 500 cadastral communes according to the historical boundaries
during the 1860s (Table 1).
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Figure 1. Study areas within the boundaries of historical Galicia.

Table 1. Characteristics of the test areas.

Study Area Area (sq. km) Elevation (m a.s.l) Cadastral Communes

1 2285 153–1310 222
2 2764 103–458 179
3 2764 225–1288 99

3. Materials and Methods

The main materials we used in the study were the Austrian second military survey
maps of 1861–1864 (1:28,800) (Figure 2) in addition to census data (from 1869) and land
use data (from 1857) published at the commune level that were employed as the reference
data (Figure 3). For the three test areas, we were able to compare the numbers of houses
recorded in both data sources, while for test area 1, we also performed a comparison
of the forest cover (based on information from 218 cadastral communes). The data on
exact house locations from the maps were acquired from the building database of the
second military survey, available for the area already in shapefile format. The publica-
tion related to this database discusses the geometric accuracy and generalization of the
representation of buildings in relation to accurate cadastral maps and other factors [40].
Forest cover data were acquired as a result of manual vectorization within the FORECOM
project [41]. The geometric accuracy of forest areas on the second military survey maps
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has been verified in publications analyzing forest changes and fragmentation in the Pol-
ish Carpathians [42,43]. The corresponding census data on housing units were acquired
from the 1869 census [44,45]. Housing units in the census are presented separately for the
villages and small towns (ger. Orts-Gemeinden) and large estates (landed estates or manor
farms) (ger. Gutsgebiete). Summarizing the abovementioned categories yielded the results
for cadastral communes (ger. Katastralgemeinden). Census data on forest cover at the village
level were acquired from other sources [46], where the data were collected as a result of
cadastral measurements conducted in Galicia, mainly in 1844–1854. All the statistics are
presented for cadastral communes separately for small and great ownership. Adding these
two ownership categories together and changing the original planar units into hectares
(1 Vienna morg [ger. Joch] = 0.57546 ha) [47] adequately modified the data for a comparison
with the spatial map-based data. The commune boundaries were acquired by manual
vectorization directly from the georeferenced sections of the second military survey maps
(Figure 3). Some cadastral communes for test area 1 were aggregated due to slight changes
in the commune list for 1857 compared to the cadastral communes from the maps; e.g.,
the lower and upper parts of the commune were merged into one. The differences in the
number of buildings between the map and the census were calculated for each cadastral
communes by comparing the number of buildings (points) on the map and from the census
data. The differences in forest areas were calculated in a similar way.
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The historical topographic accessibility was analyzed based on the road network
presented on the second military survey maps. The network we used consisted of four
main road categories that were passable in the mid-19th century all year round [48]. The
data were acquired in the form of GIS files [49] and used to create a ‘distance to main roads’
variable. For each cadastral commune, we then indicated a mean distance to main roads as
a proxy of the topographic accessibility used in the subsequent steps of the analysis.

To assess the cartographer’s visibility in the field, we first manually acquired all
the map symbols indicating the cartographer’s position (surveying table points) (ger.
Tischstand, Fixpunkte [48]), i.e., the places where the measurements were acquired and
where the cadastral maps used as a basis for creating the second military survey maps
were updated. The second military survey maps were created by reducing the selected
cadastral map sheet content: land cover, settlements, and communication lines. The basic
materials were prepared by the Cadastre General Directorate (ger. Generaldirection des
Grundsteuer-Katasters) [35,50]. The sections of the maps prepared in this way were then
verified in the field, where topographic details and elevation were added to the maps; this
process also verified the triangulation network and helped update the map content changes.
In the countries where cadastral maps were available, each of the military cartographers
had one field assistant to help him or her, and in the areas where cadastral maps were not
available, the number of field assistants increased to three people [35].

Contrary to the road-based visibility or other proxy-based variables used in many
studies, the surveying table points considered herein indicate the exact position that the
cartographer reached and used when working on the data. The map symbols indicating
the cartographer’s position were acquired from all 33 map sheets analyzed in the study
and the 2-km buffer around each of the three test areas. We discovered 717, 866, and 861
cartographer positions for test areas 1, 2, and 3, respectively.
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All the points were then used to create a visibility map based on the ALOS Global
Digital Surface Model (Version 3.1) [51] with an original spatial resolution of 1 arc second;
the data were resampled to 30 m and then transferred to the Lambert azimuthal equal area
(LAEA) (EPSG 3035) reference system. Additionally, we verified the impact of the surface
model resolution on the analysis by testing a light detection and ranging (LIDAR)-based
1 m resolution digital elevation model (DEM) available only for contemporary Poland and
compared it with the ALOS-based analysis. In the analysis, we used a variable reflecting
invisible areas as a percentage of the area under study (i.e., the test area, map sheet, or
cadastral commune). In addition to the simple division of visible/nonvisible areas, we
also created a frequency mask where the output records indicate the number of times each
cell location in the input surface raster can be seen by the input observation locations. The
visibility analysis was performed in ArcMAP 10.8.

To assess the relations between the quality of the materials and either the topographic
accessibility or the cartographer’s visibility, we conducted a set of simple regressions; the
difference between the map content and the census records was taken as the dependent
variable, while topographic accessibility (mean distance to main roads) and visibility
(invisible areas as a percentage of a particular area) were taken as the independent variables.
The analyses were conducted at the map sheet level (n = 33) and cadastral commune
level (n = 500), and the relations between topographic accessibility and visibility at the
cadastral commune and map sheet levels were quantified by using Pearson’s correlation
(r), since the datasets followed the normal distribution (skewness µ3 = 0.96 and µ3 = 1.15,
respectively; [52]).

4. Results
4.1. Initial Comparison of Digital Elevation Models

Our visibility analysis was based on a globally available DEM model since the study
area is located in the territory of Poland and Ukraine and because the more detailed LIDAR-
based DEM did not cover the whole study area. In accordance with the ongoing discussion,
to ascertain whether a more detailed model might have an impact on the results [53,54],
we tested the ALOS and LIDAR-based DEMs for two study areas located in Poland: one in
a mountainous region and one in the lowlands (test areas 1 and 2, respectively, each with
an area of 210 km2). In the mountainous terrain (test area 1), the difference in invisible
areas between the two models was only 1.22% (Figure 4), while in the lowlands, the
difference was higher at 9.21% (in both cases, more invisible areas were indicated in the
30 m resolution model than in the LIDAR-based model). Nevertheless, since only the
ALOS model was available in test area 3 (most of which is mountainous terrain located in
Ukraine), we decided to employ the ALOS model for the latter part of the analysis.

4.2. Visibility Analysis

According to the analysis, the density of surveying table points for each of the test
areas was uniform at 0.27 points/km2. A visibility analysis based on the surveying table
points indicated that in test area 1, 9.63% (22,021 ha) of the terrain was not visible to
the cartographer, while in test areas 2 and 3, the corresponding percentages were 37.25%
(102,970 ha) and 13.21% (36,503 ha), respectively. When analyzing invisible areas in smaller
reference units, on average, 21% of each map sheet and 18% of the cadastral commune
area were not visible. In test areas 1 and 3, the largest invisible regions were mainly steep
slopes obscured by the ranges of the mountains and foothills. In contrast, due to the
different landscape characteristics, the invisible areas in test area 2 were located mainly in
large river valleys. In the mountainous and foothill areas featuring diverse landforms and
high relative elevation differences, the invisible areas were usually compact, while in the
lowlands, the pattern of invisible areas was scattered as relatively small patches (Figure 5).
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According to the analysis, 7.77% of the forests were not visible to the cartographers,
while 6.44% of their area was visible from one surveying table point, and 85.79% of the
forested area was visible from more than one surveying table point (Figure 6).
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Figure 6. Forested areas in test area 1 that were invisible (black), visible from one surveying table
point (yellow), and visible from two or more surveying table points (green).

A similar analysis of houses indicated that 17.7% (11,037 houses) were invisible to
the cartographers, 11.6% were visible from one surveying table point (7264 houses), and
70.7% (44,201 houses) of all houses were visible from more than one surveying table point
(Figure 7).

4.3. Impacts of Topographic Accessibility and Visibility on the Map Content

On average, the surveying table points (n = 2444) were located 2974 m from a main
road. There was almost no relation between the mean distance to main roads and the
number of surveying table points located in the cadastral communes (r = 0.12, p < 0.05).
Furthermore, our analysis indicated a relatively weak correlation between topographic
accessibility and visibility at both the map sheet level (r = 0.36, p < 0.05) and the commune
level (r = 0.39, p < 0.05).

The quality of the maps reflected by the difference in the number of houses observed
on the map sheets and expressed as a percentage of the corresponding census data was
not explained by either the visibility (R2 = 0.02) or the topographic accessibility (R2 = 0.01)
at the commune level. A similar analysis for forests indicated that the difference in the
forested area between the maps and census data at the commune level also could not be
explained by either visibility (R2 = 0.003) or topographic accessibility (R2 = 0.02).
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5. Discussion
5.1. Difference between Census and Map Data

When analyzing the differences between the number of houses vectorized from the
archival maps and the number of houses recorded in the census data, we must bear in mind
that the difference in publication time between the maps and census is 5–8 years. Moreover,
the target user and the purpose of creation also diverge between the two sources: the
maps were created for military purposes to enable the efficient movement and stationing of
military troops, while the census served as a tool for the development of sociodemographic
policy. Nevertheless, it is difficult to assess the impact of the temporal difference between
these sources over large areas. A cross-validation conducted on the local level and based
on independent sources including, for example, parish documents would be helpful in
answering this question. The overall difference in the number of houses based on the
census (71,755) and that from the map-based vectorization (62,502) was substantial at
9253 houses. In the first test area, there were fewer houses according to the census than
there were according to the maps (23,076 vs. 23,396, respectively). For the second and third
test areas, however, the numbers based on the census were higher (test area 2, 31,298 vs.
27,580; test area 3, 17,381 vs. 11,526). These differences were especially high in the small
towns. For instance, in Drohobych (ukr. Дрoгóбич, pol. Drohobycz), the difference was
approximately 60% (1816 houses in the census vs. 1085 houses on the maps); in Boryslav
(ukr. Бoрислaв, pol. Borysław), the difference reached an astounding 479% (537 houses
according to census vs. 112 on the maps) (Figure 8). The differences mentioned above
might be partly due to cartographic generalization, where a large number of houses could
not be presented on the maps in detail. However, in the 19th century, part of test area 3
(especially Boryslav) became a globally important centre of the oil industry, which triggered
highly dynamic development [55] that was not fully captured by the materials. Since the
maps are, in general, older than the census data with regard to housing units, a higher
number of houses recorded in the statistical data may reflect the general sociodemographic
trend resulting in increases in the overall population [56] and number of housing structures,
especially in the Carpathian part of the region [57]. In 1857, the census for the districts of
Galicia indicated 4,597,470 inhabitants and 760,181 houses [58], while 12 years later, there
were 5,418,016 inhabitants and 857,702 houses [44], thereby reflecting the dynamics of the
economic development and demographics.

The temporal difference between the census data and maps in terms of the forest
cover (10–20 years, depending on the area) are even higher than that in the case of housing
units. Regarding the forested area, the census data [46] had to be slightly aggregated, as
the administrative commune coverage differed at the time of publication when compared
to the maps. We analyzed 218 spatial units based on the 1857 census (presenting data
on forest cover) vs. 222 units in 1869 (containing data on the number of houses). The
statistical data present areas up to 1 morg (0.57546 ha), while the minimal area of the
map-based forest cover patch is 0.02 ha. The overall difference in the forest area based
on the census (50,423 ha) and the one from the map-based vectorization (48,518 ha) was
1905 hectares (Figure 9). Being aware that the differences between the census and the
map-based information are substantial, we argue that the role of visibility and topographic
accessibility in terms of second military survey maps might be lower than commonly
expected in the research on other historical maps quality. Our research indicated uniformly
distributed surveying table points, regardless the landscape conditions, which indicates
limited role of the above-mentioned variables on the map content quality.
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5.2. Impact of the Materials Used in this Study on the Final Results

The main source of the information used in this study was second military survey
maps, which served as the source of the road networks, houses locations, forest cover,
and surveying table point locations. The maps were pre-processed before acquiring the
data, and one of the steps was georeferencing. Geometric correction and georeferencing
to the Poland CS92 (EPSG 2180) or UTM zone 34N (EPSG 32,634) coordinate system were
obtained using 2nd-order polynomial transformation and then transferred to the Lambert
azimuthal equal area (LAEA) reference system. This step was accomplished by using
at least 20 control points per map sheet, and the average value of the root mean square
error (RMSE) in most cases ranged between 10 and 30 m, only occasionally exceeding the
upper threshold. On the one hand, we are aware that changing the surveying table point
locations within the RMSE values might have an impact on the resulting visibility maps;
however, the upper RMSE value is close to 1 mm at the original scale of the map (1:28,800).
Hence, the comparison of the visibility maps, being a result of potential changes in the
cartographer’s position, is questionable, as the symbol representing the cartographer’s
position on the maps was more dependent on the drawing precision of the original map
than on the RMSE value itself. This example supports the findings of Leyk et al. [11]
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regarding the role of production-oriented uncertainty in overall uncertainty assessments of
historical land use maps.
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Our analysis also showed that using different DEMs might have an impact on the
visibility analysis. However, as our test areas were located in two countries, we had to use
a model available in both of them. That is why we employed the ALOS DEM. Moreover,
most of the test areas were located in mountainous terrain, and the differences between the
models, according to our tests, were relatively low. Being aware that a more detailed DEM
could yield different visibility maps, we must remember that the ALOS model showed,
on average, more invisible areas than the LIDAR-based model, so using the former model
over the whole study area would potentially result in even less of an impact of visibility on
the quality of the maps. Such a result would confirm our findings that the quality of the
second military survey maps did not depend on the surveying table point locations.

The potential drawback of our work might be that the impact of land cover on the
cartographer’s visibility is omitted. However, we hypothesize that the cartographer’s
position was chosen carefully such that the impact of the land cover was assessed before
performing the measurements. The height of vegetation, although roughly discernible
from cadastral maps, cannot be determined from the second military survey maps used
herein. As the forest height was diverse at the time, assigning one value for the whole forest
would introduce additional uncertainty, which we decided to avoid. Usually, archival map
quality assessments are conducted when the old map content can be directly compared
with other cartographic sources from different periods [23], maps from similar periods
but at different scales [10,29,59], or other contemporary data sources such as LIDAR point
clouds to reconstruct land use changes [31]. In such situations, quality assessments of
the historical maps are not the main aim of the research [24,60], and, thus, the quality is
not questioned as long as the map content confirms the general trends, e.g., of the land
use trajectories over time. In our analysis, we wanted to transcend such assessments to
focus on the uncertainties that are dependent on the acquisition processes of historical data.
Although these problems are very important for the conscious use of original sources, these
issues are rarely discussed [61–63].

6. Conclusions

In this paper we aimed to explain the role of accessibility and visibility on the potential
updates and improvements of the second military survey maps, as a generalization of
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the detailed cadastral mapping. Our analysis showed that topographic accessibility and
visibility did not impact the quality of the land cover information from 19th century second
military survey maps. Most likely, the high quality of the second military survey maps was
achieved mainly by using very detailed, large-scale cadastral maps as their basis, which
had never been achieved theretofore, not only for Galicia, but also for other parts of the
Habsburg Empire. However, contrary to the cadastral mapping, the second military survey
maps also offer analysis of the map content in relations to other topographic features.
Historical maps offer the exact location of the objects in space, which cannot be acquired
from detailed census data. The scale of the second military survey maps is appropriate for
conducting data analyses at the level of cadastral communes, allowing them to be compared
with census values on a large scale [64,65]. These 19th century cadastral maps are still
commonly used for historical and geographical research, e.g., when studying land tenure
and their positional accuracy has been confirmed, e.g., when compared in GIS software with
new large-scale datasets [66]. Our results might be of importance for research conducted
on large portions of the former Habsburg Empire (including, for example, contemporary
northern Italy, Austria, Czechia, Slovakia, Hungary, Slovenia, Croatia, Romania, southern
Poland, or western Ukraine), where second military survey maps are available, although
their production-oriented uncertainty is still insufficiently recognized.

Overall, it is important to analyze the uncertainty inherent in historical data, as
an increasing number of historical maps are becoming accessible electronically and the
methods of data acquisition are developing rapidly. As a consequence, historical, map-
based information is becoming more accessible and is being implemented in a greater
number of analyses of different environmental studies.
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