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Abstract : Assessing the uncertainty of historical map information is a prerequisite for using 
this source type for land cover reconstructions. We assessed the accuracy of forest cover 
information from 1930 / 1940 Swiss topographic maps ( Siegfried maps ) by comparing them 
with  forest  cover gained  from orthophotos and  terrestrial photos  from  the  same period. 
Orthophotos were considered to contain the true forest cover information and consequently 
inconsistencies between historical maps and orthophotos were considered as true errors ( over- 
or underestimation of the forest cover on the map ). Terrestrial photos reflect the surveyors 
perspective in the field and we therefore used this source type to develop hypotheses on 
potential reasons for inaccuracy of map information. Generalized linear models  were used 
to test the hypotheses. The results confirmed our expectation that disagreement between 
maps is more likely to occur near forest edges, at higher altitudes and in less accessible and 
visible areas. Contrary to our expectations terrain slope did not play a significant role to 
explain surprisingly high rates of inaccuracy occurred in forest core areas.
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introduction

Long-term forest cover change datasets form an important source of information 
to address various ecological and societal questions. Major changes  in  land-use 
regimes often include a strong forest component. Probably the most prominent 
example is the forest transition theory which describes the shift from a net forest 
decrease  to  forest  expansion  observed  in  many  regions  and  which  is  strongly 
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linked to fundamental socioeconomic changes ( Mather 1992 ; rudel et al. 2005 ). 
information  on  past  forest  cover  changes  has  also  been  used  to  assess  the 
effectiveness of protected areas ( Defries et al. 2005 ). Spatially explicit time series 
of forest cover help to separate old ( ancient ) from new forest areas and to study 
past dynamics of forest cover change ( Munteanu et al. 2015 ). This information can 
be used as powerful indicators in ecological and biodiversity assessments ( Graae 
et al. 2003 ; Herrault et al. 2016 ). Consequently, historical forest cover information 
is key in defining appropriate management and conservation strategies ( Hermy 
et al. 1999 ).

However,  to  establish  long-term  time-series  of  forest  cover  changes  is  
a challenging and time-consuming task. Satellite imagery is a well-established 
source to detect large-scale land cover changes yet they reach back only a few 
decades. Historical maps offer the opportunity to extend time-series to a few 
centuries.  Many  studies  employed  historical  maps  to  reconstruct  long-term 
land use and land cover changes ( e.g., Gimmi et al. 2011 ; Skalos et al. 2011 ), and 
particularly to quantify changes in the extent of forest area ( e.g., Kozak 2003 ; 
Skalos  et al.  2012 ;  Wulf  et al.  2010 ;  Kaim  et al.  2016 ).  in  many  cases,  proper 
assessment of the accuracy of forest cover information extracted from historical 
maps  is  lacking  ( Leyk,  zimmermann  2004 ).  However,  an  estimate  of  the 
uncertainty inherent in the map information is essential in order to adequately 
assess  the  accuracy  of  the  forest  cover  change  analyses,  and  to  evaluate  the 
opportunities and limitations of their interpretation.

Leyk et al. ( 2005 ) developed a typology of potential uncertainties inherent in 
historical map information. The authors distinguish between production-oriented 
( derived  from  data  collection  and  map  production ),  transformation-oriented 
( caused  by  data  processing )  and  application-oriented  types  of  uncertainty.  
in this study, we aim to assess the uncertainty of forest cover information in the 
alpine region of Switzerland derived from topographic maps from the 1930 / 1940s 
( so-called Siegfried maps )  related  to  the most  important production-oriented 
error  type  by  comparing  forest  cover  data  generated  based  on  historical  map 
information with forest cover data extracted from independent sources ( aerial 
and terrestrial photographs ). finally we discuss the effects of our findings on 
potential applications of past forest cover information.

in this study we address two main research questions :
–  How  accurate  is  forest  cover  information  on  Siegfried  maps  from  the 

1930 / 1940s ?
–  Are there systematic patterns in forest cover uncertainty that can be related 

to  the  topography,  accessibility  and  to  the  shape  of  the  forest / non-forest 
landscape ?
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Data and methods

in this study we assess the accuracy of forest cover information on Siegfried maps  
available for entire Switzerland by comparing forest cover information from maps 
with independent sources of information from the same time period. As the first 
reference, we used information from 1940s orthophotos from five communities 
across the Swiss Alps ( Giswil, Bürglen, Valendas, Lostallo and Lenk, fig. 1 ). forest 
cover information acquired from this source was considered as the ‘true’ forest cover 
information. An error map including information on different error types was then 
generated by the spatial overlay of map and orthophoto information. As a second 
independent source we used forest cover information from terrestrial photographs 
taken at the same time. The fact that the Siegfried maps were produced based on 
terrestrial surveys made the terrestrial photographs particularly interesting for our 
study as they represented the surveyor’s perspective in the field. Based on the 
qualitative comparison between orthophotos and terrestrial photos we developed 
a set of hypotheses to explain potential uncertainties in forest cover mapping. We 
then tested these hypotheses based on identified disagreement between forest 
cover on the historical maps and reference forest cover as displayed on contemporary 
orthophotos. The conceptual study design is illustrated in figure 2.

extracting forest cover information from maps

Siegfried maps were named after Colonel Hermann Siegfried, head of the Swiss 
Topographic Office in the second half of the 19th century ( Gugerli, Speich 2002 ). 
These countrywide maps were published in several editions from 1870 to 1949 
at  scale 1 :  25 000  for  the  lowlands  and 1 :  50 000  for  the mountainous  regions.  
We picked the  last edition of  this map series by compiling multiple maps  into 
one composite picture for an area of roughly 10 000 km 2 covering five cantons in 
the eastern part of the Swiss Alps. The map dates range between 1917 and 1944, 
however more than 95 % of the maps ( including those used in this study ) date from 
the period 1932 – 1942. The spatial accuracy of the digitized maps was evaluated 
by comparing intersection of coordinate lines with modern topographic maps and 
it was found to be 3 m in average and 20 m in maximum ( Ginzler et al. 2011 ).  
The instructions for the surveyors how to indicate forests on the map were quite 
vague. Most importantly, the surveyors had to record all forest according to their 
density and forest edges had to be drawn either as clear boundaries or if there was 
no clear  forest boundary without sharp outlines  ( this was often the case at  the 
timber line ). further, avalanche tracks had to be drawn as special characteristics of 
mountain forests. for this study, forest cover information was extracted by manually 
digitizing forest patches from the Siegfried maps ( example shown in fig. 3a ). 
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extracting forest cover information from orthophotos

for  the  selected  five  communities  ( see  fig.  1 )  aerial  imagery  dated  from  the 
same  time  as  the  Siegfried  maps  was  available.  images  were  purchased  from 
 the federal Office of Topography ( swisstopo ). The images had an average scale of 
1 : 20 000. After orthorectification the orthoimages were used to extract forest cover 
information by vectorizing polygons for patches of group of trees and continuous 
forest  patches  and  points  for  single  trees  in  areas  with  less  dense  tree  cover.  
in a post-processing step the individual trees and small forest patches were grouped 
together based on distance threshold and alpha-shaping radius ( Boesch, Ginzler 
2013 ; example shown in fig. 3b ). 

extracting forest cover information from terrestrial photographs

for the same five communities a set of 25 terrestrial photographs roughly dating 
from the same time as the local Siegfried maps have been collected from local and 
online photo archives. requirements for suitable photographs were the following : 
( a ) the photo needed to have good quality in terms of resolution and bit-depth ; 
( b )  the  photo  had  to  show  a  considerable  part  of  the  forested  landscape ;  and 
( c ) the forests visible had to be not too far in the distance and be viewed from  
an appropriate, not too flat angle ( ideal would be perpendicular to view-direction ). 
from  the 25  collected historical photographs 10 have met  these  requirements 
( minimum  1,  maximum  3  per  community ).  forest  cover  information  from  
the selected  terrestrial photographs was extracted using  the Monoplotting  tool 
G i S Suite ( Bozzini et al. 2012 ). for each photograph the first step was to define 
the approximate camera location and at least five well distributed control points 
for georeferencing. finally, forest cover was extracted by vectorizing forest patches  
as polygons on the terrestrial photographs. The resulting features could be exported 
to ArcG i S 10.2 for further processing ( fig. 3c and 3d ).

comparing forest cover information from different sources

comparing siegfried maps with orthophotos
in the first step, forest cover information based on historical maps was compared 
to  forest  cover  based  on  the  orthophoto  interpretation  ( considered  as  true 
forest cover ). We applied a 10 m buffer to the inside and to the outside for both 
the forest cover based on historical map and orthophotos in order to implement an 
accepted tolerance in disagreement of 20 m ( considering the maximum positional 
error of the maps ). The results of the spatial overlay of the forest cover information 
from both sources provided a map showing areas with agreement and disagreement 
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between forest cover from the historical map and the orthophotos. from this map 
we were able to distinguish four different cases :
–  true-negative  ( historical  map  =  non-forest ;  orthophoto  =  non-forest ) :  correct 

interpretation ;
–  true-positive ( historical map = forest ; orthophoto = forest ) : correct interpretation ;
–  false-negative ( historical map = non forest ; orthophoto = forest ) : underestimation 

by historical map ( error type 1 ) ;
–  true-positive ( historical map = forest ; orthophoto = non forest ) : overestimation 

by historical map ( error type 2 ).

comparing orthophotos with terrestrial photos 
We defined areas which were well visible on the terrestrial photos  ( not  too far 
in  the  distance  and  viewed  from  an  appropriate,  not  too  flat  angle )  because  
a comparison with the orthophotos was meaningful only for those areas. instead of 
a full quantitative comparison we qualitatively distinguished between areas with 
particular good and bad agreement in order to formulate hypothesis on potential 
reasons for inaccuracy of map information. Terrestrial photos are an excellent basis 
to develop meaningful hypothesis because they reflect the surveyor’s perspective 
in the field.

formulating and testing hypothesis

We formulated a number of general hypotheses partly based on our observations 
when comparing terrestrial and orthophotos for variables related to topography, 
accessibility, visibility and the shape of the forest / non-forest landscape ( Tab. 1 ) 
in order to test the effect of these variables on map accuracy.

hypothesis based on topography
Our basic assumption was that forest cover on historical maps was more accurately 
depicted in lower altitudes and in flat terrain ( both error types ). As parameters we 
calculated the altitudinal difference to the lowest point in the community and the 
terrain slope. Both parameters were derived from the Swiss digital elevation model.

hypothesis based on accessibility
As  the historical maps were based on  terrestrial  surveys we assumed  that map 
accuracy would be higher in well accessible regions. As an indicator for accessibility 
we used the distance : ( a ) to the road network ; ( b ) to single houses not connected 
to roads ; and ( c ) to fixed survey points used for the triangulation. All information 
was extracted directly from the historical maps.
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hypothesis based on visibility
We assumed that accuracy would be higher in regions that were well visible for 
the map surveyors from different locations. As an indicator for visibility we used 
the number of triangulation points a specific location is visible from ( not further 
than in 3 km distance ).

hypothesis based on the shape of forest / non-forest landscape
We assumed higher agreement between historical maps and orthophotos in interior 
forest locations ( core ) and lower agreement close to forest edge ( both error types ). 
Particularly error prone are smaller forest gaps within forest patches because they 
are not well visible for the map surveyors from the ground ( error type 2 ). As an 
indicator we analysed morphological spatial patterns applying the methodology 
developed by Vogt et al. ( 2007, fig. 4 ), using three simplified morphology classes : 
core ; edge ( aggregation of edge, perforation, bridge, loop, branch and islet ) and 
gap ( background surrounded by perforation ).

model setup

Probabilistic, spatially explicit models were calibrated for the five communities. 
Generalized  linear  models  ( GLM ;  McCullagh,  nelder  1989 )  were  used 
as  the  statistical  technique.  Sampling  locations  for  model  calibration  and 
validation  for  the  different  error  types  were  generated  using  a  random 
stratified  approach  where  all  possible  four  cases  described  above  ( true-
positive,  true-negative,  error  type  1,  error  type  2 )  were  included  ( Tab.  2 ).  
Additionally sampling locations closer to 100 m from each other were removed.

Table 1. Overview of explanatory variables for modelling forest cover accuracy

Type of variable Variable Source and processing

Topography

Altitude ( difference to the lowest point of 
community )

DEM 25

Slope Derived from DEM 25

Accessibility Distance to roads / houses / survey points
Vectorization from Siegfried maps and 
distance calculation

Visibility
Number of survey points a location is 
visible from ( ≤3000 m )

Siegfried maps and DEM 25

Shape of forest /  
non-forest landscape

Edge / core / gaps of the forest and non-
-forest area 

Forest cover information from orthopho-
tos processed with morphological spatial 
pattern analysis ( MSPA, Vogt et al. 2007 )
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To evaluate the predictive power of 
the model, we applied a split sample 
approach :  the  model  was  calibrated 
with 70 % randomly chosen data and 
evaluated  on  the  remaining  30 %. 
This process was  repeated 10  times 
and the model validation results were 
assessed using the true skill statistic 
( TSS )  metric.  TSS  is  a  measure  of 
agreement  between  predicted  and 
observed  values  ( Allouche  et al. 
2006 ).  The  measure  is  computed 
as  specificity  ( fraction  of  correctly 
predicted  presences )  +  sensitivity 
( fraction of correctly predicted absences ) – 1, and varies between negative values 
( systematically wrong ), 0 ( random model ) and 1 ( perfect agreement ).

results

overall agreement between maps and orthophotos

in all communities error type 1 ( underestimation of forest cover ) is much better 
predicted by GLM model than error type 2 ( TSS 0.81 versus TSS 0.44 while the 
variability of model performances among communities  is  similar  for both error 
types ( difference of roughly 0.3 from highest to lowest TSS ) ( Tab. 3 ). Across all 
communities the GLM model shows a good agreement.

factors explaining map inaccuracy

The  shape  of  forest  area  ( morphology )  is  clearly  the  dominating  factor 
explaining  error  type  1  ( fig.  5 ).  regarding  to  the  response  curves  ( fig.  6 ) 
most misinterpretations in the map occurred within the core forest area and 
at  the  forest  edge  ( labelled  as  1  and  3  in  the  response  graph ).  Apart  from 
morphology, only the distance to roads and houses contributes to the model. 
from the response curve we could assume that more type 1 errors occurred 
further than 1.5 km away from roads and single houses. All other variables do 
not contribute to the model. 

for  the  error  type  2  the  picture  is  more  balanced  with  altitude  being 
the  most  important  variable  and  morphology  ( above  all  of  non-forest  area ), 

Table 2. number of sampling point  
per community and error type used  
in the statistical modelling

Community

Sampling points

type 1 error 
 underestimation

type 2 error 
overestimation

Bürglen 446 1473

Giswil 648 284

Lenk 26 842

Lostallo 258 106

Valendas 505 295
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distance to roads and houses as well 
as  visibility  playing  a  role  ( fig.  5 ).  
Overestimation  of  forest  cover  on 
maps occurred most likely in mid to 
high altitudes, close to the forest edge 
( first  10  m  outside  of  forest,  that  is 
edge  of  non-forest  morphology ),  if 
the nearest road or single house was 
approximately  one  kilometre  away 
and at locations that were visible only 
from a few survey points ( fig. 7 ).

fig 5. Variable importance for both error types

Community
True Skill Statistics ( TSS )

type 1 error type 2 error

Bürglen 0.88 0.50

Giswil 0.82 0.57

Lenk 0.77 0.60

Lostallo 0.54 0.34

Valendas 0.74 0.30

overall 0.81 0.44

Table 3. Overall agreement between maps 
and orthophotos for the two error types.  
TSS is used as a measure of the GLM 
accuracy.

Discussion and conclusions

Historical  maps  offer  a  unique  opportunity  to  reconstruct  past  land  cover  in 
particular  forest  cover  dynamics.  However,  as  maps  are  an  interpretation  and  
a generalized representation of the real world there is always some uncertainty 
included in historical map information. 
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Our  case  study  shows  that  map  uncertainty  can  be  very  well  explained  by  
a few factors. The most important single factor is the morphology of the forest and 
non-forest landscape. The highest level of uncertainty occurred at or close to the 
forest edge, especially for type 2 error ( overestimation ). This is in line with our 
hypothesis. However, surprisingly high rates of uncertainty also occurred in forest 
core areas, especially for type 1 error ( underestimation ) where uncertainty rates for 
core and edge are almost equal. This seems counter-intuitive but might be related 
to the fact that core areas are not always well visible from ground perspective ( tall 
trees ). As expected, more inaccuracy occurred at higher elevations while against 
our expectations terrain slope did not play a role in the model. While on the one 
hand  steep  slopes  are  less  accessible  and  therefore  more  difficult  to  map,  on 
the other hand such slopes might be better visible from opposite slopes which 
makes mapping more convenient. This is a factor which is impossible to assess 
quantitatively, because the surveyors exact positions during the mapping process 
is not known. There is probably some potential to improve the model by including 
more complex topographical parameters such as terrain roughness. Distance to roads 
and visibility significantly contributed to explain type 2 errors ( overestimation of 
forest cover ). it has to be taken into account that the two indicators are only very 
rough  approximations  to  anticipate  the  surveyor’s  behaviour  in  the  landscape. 
More  precise  information  may  possibly  be  gained  by  studying  –  if  available  –  
the surveyors notebooks.

There are different ways of applying uncertainty information when analysing 
historical  forest cover and  its dynamics. The most simple way  is  to choose the 
appropriate method and scale of analysis. for example, it does not make sense 
to study small scale changes based on highly uncertain forest cover information. 
As a simple rule, the scale of analysis should not go below the highest positional 
uncertainty found in the data. A good way of including uncertainty information 
in a qualitative way is to define areas of different quality. This can be conducted 
by assigning labels expressing the likelihood that the land cover information is 
correct at given site. Grossinger et al. ( 2007 ) for example used the labels definite, 
probable and possible in order to define a decreasing reliability of the data. Another 
approach  to  deal  with  uncertainty  in  historical  map  information  is  to  compute 
fuzzy membership classes – in the case of forest cover forest and non-forest classes 
( Leyk, zimmermann 2007 ). However, for this calculation information on the nature 
and reasons for uncertainty is needed. The analysis of trajectories is a valuable 
and simple approach to assess the reliability of time series of land cover based on 
map information ( Kaim et al. 2014 ). for time series it is also useful to check the 
congruence with earlier maps as, particularly in less accessible regions, information 
might be simply adopted from earlier maps ( especially if no major change became 
obvious to the surveyor ). 
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This  case  study  confirms  the  importance  of  using  multiple  source  types  –  
a well-established principle in historical ecological research ( egan, Howell 2001 ).  
The reliability of one specific source ( in our case historical maps ) may be challenged 
by cross-comparing it with other independent source types ( in our case orthophotos 
and terrestrial photos ). in this context, terrestrial photos are a particularly valuable 
source for ground truthing remote sensing data ( Kolecka et al. 2015 ).

We  conclude  with  highlighting  the  importance  to  define  and  quantify  as 
accurate  as  possible  the  uncertainty of  historical map  information. Knowledge 
on  the  accuracy of  such  information  supports  the  creditability of  the  products 
extracted from historical maps ( in this case forest cover ) and all possible further 
analysis related to these products ( e.g., estimation on carbon dynamics in forests 
or biodiversity assessments ).
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