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a b s t r a c t

One of the predominant processes of land cover change in the European Alps over the last

150 years has been the abandonment of agricultural land and the subsequent regenera-

tion of forest. Here, we employed two sequential datasets from Switzerland (for the periods

1979–1985 and 1992–1997) to show how land-use and land cover data can be used to investi-

gate such large scale ecological and land cover change processes. We applied a combination

of generalized additive and generalized linear modelling to develop spatially explicit statis-

tical models for land cover transitions between any of the following types: intensively used

agricultural land, extensively used agricultural land, overgrown areas, open canopy forest,

closed canopy forest. Climate, soil, relief-related data, basic socio-economic variables and

information about the composition of the surrounding neighbourhood of the samples were

utilised as potential predictors of land cover change. The proportion of variance explained

differed considerably between models but a consistently high AUC for both calibration and

evaluation datasets was achieved for the majority of the 25, with resulting values rang-

ing from 0.58 to 0.96. The model residuals showed some degree of spatial autocorrelation

despite the use of a sparse sampling regime and the inclusion of neighbourhood variables.

We conclude that the analysis of sequential land cover datasets using the kind of statistical

models developed here offers a promising way to investigate ecological processes such as

forest succession at a large spatial scale.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Changing patterns of human settlement and economic activ-
ity lead directly or indirectly to changes in land cover; and
while such changes have always occurred, the pace has
increased dramatically in the past few decades. In areas where
conditions are favourable for modern, high-input agriculture,
there has been a strong trend towards intensifying produc-
tion, with an associated loss of semi-natural elements in the
landscape (Edwards et al., 1999). In contrast, in more marginal

∗ Corresponding author. Tel.: +41 44 7392337; fax: +41 44 7392215.
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areas – for example in mountainous regions – agriculture has
tended to become more extensive or has even been abandoned
altogether. Indeed, land abandonment followed by natural
regeneration of forest has been widespread throughout Europe
since the mid to late 20th century (Guidi and Piussi, 1993;
Girard et al., 1994; Baldock et al., 1996; Staaland et al., 1998;
Tasser et al., 1998; MacDonald et al., 2000; Verburg et al.,
2004), and the same phenomenon has been reported in the
U.S. since the late 19th century (Keever, 1950; Pickett and
Cadenasso, 2005). Factors that have led to the abandonment of
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agriculture in some areas include: (i) lack of profitability
(Gellrich et al., 2007); (ii) inefficiency resulting from a reluc-
tance to change traditional farming practices (Walther, 1986);
(iii) new sources of income leading to reduced economic
dependence on agriculture (Mather and Fairbairn, 2000; Rudel
et al., 2005).

As in any secondary successions, the development of forest
on abandoned agricultural land commonly exhibits a pre-
dictable sequence of vegetation change, with different species
or groups of species successively gaining and then losing
predominance. Unlike in primary successions, where earlier
appearing species may modify growth conditions and so per-
mit the entry of later species (facilitation), most plant species
in a secondary succession are either present at the outset or
can colonise within a few years (Miles, 1979). Thus, changes in
the composition and appearance of the vegetation are largely
caused by differences in growth and survival rates, compet-
itive ability and longevity of the plant species present. For
example, a few years after the abandonment of agriculture
an open, shrub vegetation develops that includes both light
demanding species as well as seedlings of more shade tol-
erant forest trees. With time, these trees develop to form a
closed canopy and the early successional species are gradually
suppressed (Horn, 1981).

There are important reasons for wanting to quantify and
explain such changes in land cover. Not only can it help
us to understand processes at the landscape level (102 to
103 km2), but it can contribute to improved land management
and better conservation practices (Rudel et al., 2005). How-
ever, understanding land cover change poses a considerable
intellectual challenge because many different processes are
at work, operating at different spatial scales. For example,
the initial decision to abandon land is usually the result of
socio-economic forces, while subsequent land cover changes
are due to ecological processes which in turn are influenced
by local environmental conditions and the history of the site
(Hill, 1992). And these various processes are investigated at
different spatial scales because the drivers of these processes
operate at different scales as well: whereas ecological pro-
cesses such as succession are usually studied at a small spatial
scale (field plot scale), land cover change is usually studied at
a regional or even global scale using remotely sensed data.

To analyse the drivers of land cover change, spatially
explicit models are increasingly used (Veldkamp and Fresco,
1996; Turner et al., 2001; Verburg et al., 2004; Munier et al., 2004;
Zang and Huang, 2006; Castella and Verburg, 2007; Rutherford
et al., 2007). These models – often in the form of generalised
linear models – incorporate information about the surround-
ing landscape and the processes that influence it. They provide
a tool to summarise data, taking into account both systematic
effects and random variation (McCullagh and Nelder, 1989).
In the context of land cover change they have been used to
address three key research questions: (1) where? – identifying
areas affected by change and areas which are most likely to
undergo some change in the future; (2) why? – linking potential
causal factors with change; and (3) when? – measuring rates
of change (Lambin, 1997).

Several types of transition models have been used to
investigate these questions and also to simulate future land
cover change. Brown et al. (2002) used GAMs and geostatisti-

cal methods to calculate transition probabilities, while other
authors have used logistic regression (Wear and Bolstad, 1998;
Schneider and Pontius, 2001; Aspinall, 2004; Gellrich et al.,
2007) or discriminant analysis (Tasser et al., 1998). Canonical
correspondence analysis (CCA) has also been used to dis-
tinguish land cover changes along different environmental
gradients (Hietel et al., 2004). Skånes and Bunce (1997) used
principal components analysis (PCA) to investigate changing
relations between land cover/land-use changes.

Due to advances in remote sensing and geographic infor-
mation system (GIS) technology, national (e.g. Swiss land-use
statistics) and international (e.g. Corine land cover inventory
for Europe) spatially explicit land cover inventories are becom-
ing standard tools. In this study we wanted to find out whether
the land cover data contained in such inventories can be used
as a source of ecological information, for example to study
rates of forest succession following the abandonment of agri-
culture. In order to do so, we needed to answer two main
questions. First, are the criteria used to define land-use and
land cover classes adequate to make inferences about the
type and status of vegetation and are the data of sufficient
quality? For example, do the classes used in land cover inven-
tories allow us to distinguish reliably between open and closed
canopy forest? Second, is spatial information available that
can be used to interpret any patterns of vegetation change
derived from the land-use statistics?

In this study we investigated these questions using the
Swiss land-use statistics. The specific aims of the work were:

1. To aggregate the agricultural and forest classes so as to be
able to identify the intensity of land-use or, in areas not
used for agriculture, the successional status of the vegeta-
tion.

2. To identify those pixels showing a change in either land-
use intensity or successional status between two survey
dates 12 years apart.

3. To develop spatially explicit statistical models that explain
a large proportion of variation in land cover change during
the 12-year study period.

Rather than estimating models for the broad land-
use/cover changes of agriculture to forest and vice-versa, we
sought to break down the changes into more specific cate-
gories of still-recognisable classes and calibrated transition
models for the changes between these classes (Fig. 1), directed
toward understanding the observed changes and eventually
predicting changes under comparable circumstances. It was
not an investigation into driving forces per se, but rather an
investigation into the changes themselves which result from
the proximate sources of change (Turner and Meyer, 1991).

2. Methods

2.1. Study area and data

Switzerland is characterised by a diverse topography, ranging
in altitude from 193 m in the Ticino region (Southern Prealps)
to 4634 m in the Valais (Wachter, 2002; Western Central Alps),
including both high mountains and extensive lowland areas.
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Fig. 1 – Transition flow diagram, showing the 25 observed
land cover/land-use transitions for which models were
calibrated in this study using the Swiss land-use statistics
from 1985 to 1997.

Switzerland’s diversity in climate can be attributed both to
its location in the middle of Europe and the European Alps
dissecting the country on a SW to NE axis. Its climate thus
ranges from oceanic in the Northwest to continental in the
Eastern Central Alps, with a more Mediterranean influence in
the South (Wachter, 2002). The forest area of Switzerland has
increased by 30–50% in the last 150 years (Brändli, 2000), with
most of this increase occurring on former agricultural land.
Our study area included all those agricultural land-use and for-
est cover classes of interest to this study, together representing
3 × 106 out of a total area of 4.1 × 106 ha (Fig. 2).

2.2. Dependent variable(s)

In order to investigate land cover change and its possible
drivers in Switzerland we used the ‘Swiss Land Use Statistics’
(ASCH) produced by the Swiss Federal Department of Statistics
(SFSO, 2001). To produce this information, land cover data for
the whole of Switzerland are derived from aerial photographs
using a regular grid of sample points 100 m apart (SFSO, 1992).
The land cover at each point is determined according to a
system of 74 classes (see Sager and Finger (1992) for details),
of which 20 were used in our study (Table 1). Most of the
remaining 54 classes represent surfaces without vegetation
such as glaciers, open water, urban environments or rock.
Taking into account the normal sequence of vegetation suc-
cession following disturbance (Burroughs, 1990; Begon et al.,

Fig. 2 – The study area of Switzerland and the location of the aggregated land-use/land cover types under investigation. The
broad biogeographical zones are labelled. White areas within Switzerland, not included in the study, consist largely of
impermeable surfaces such as infrastructure, rock and snow/ice. The spatial resolution is 1 ha.
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Table 1 – Aggregated classes from the Swiss land-use/land cover statistics (ASCH85 and ASCH97) used in this study

Aggregated class Classes from Swiss land use statistics Broad definition

Closed canopy forest Other forest (10) Vegetation height >3 m, cover density >60%, composed of
tree species

Normal forest (11)
Strips and blocks (14)
Bushes (15)
Groves and hedges (17)

Open canopy forest On non-agriculturally used land (12) Vegetation height >3 m, cover density 20–60%, composed of
tree species

On agriculturally used land (13)
Groups of trees on agriculturally used land (18)
Other groves (19)

Overgrown areas Overgrown meadows (84) Vegetation height <3 m, cover density >50%
Overgrown alpine pasture (86)
Shrubs and bushes (16)

Extensive land use Pasture in the vicinity of settlements (83) Used for grazing, use not year-round, not machine-accessible
‘Maiensässe’, hay alps, mountain meadows (85)
Sheep alps (87)
Favourable to pasturing (88)
Stony alpine pasture (89)
Grass and herb vegetation (97)

Intensive land use Machine accessible meadows (81) Year-round use, in the vicinity of settlements, Mown
Meadows with limited machine access (82)

Numbers in parentheses represent the official ASCH classes (Sager and Finger, 1992). The criteria used to aggregate the classes are listed.

1996), the 20 land cover classes were grouped into five classes
representing varying degrees of land-use intensity and for-
est development as follows: intensive agricultural land-use,
extensive agricultural land-use, overgrown areas, open canopy
forest and closed canopy forest (Table 1).

Our aggregation of the land-use statistics can be split into
the two broad categories of land-use and land cover, where
land cover simply addresses the state of the surface cover
and land use addresses the use of a cover type by humans.
The criteria for dividing the land cover types into stages of
forest succession was based on vegetation height, percent-
age cover density and the type of shrub/tree species present.
‘Hedges and groves’ were included in the closed canopy forest
class according to our definitions, despite the fact that these
are often linear elements in the landscape closely associated
with intensive agricultural land-use. The reasons for attribut-
ing this cover type to the closed forest class were (a) no height
restrictions are enforced for this type, and often it consists
of mature trees, and (b) no cover restriction is required for
this type, and often it consists of closed canopies. Both allow
this cover type to represent small patches in a landscape that
have the characteristics of a closed canopy although the spa-
tial dimension is restricted. The cover type was also retained
here for calculating the neighbourhood variable of ‘number
of surrounding closed canopy forest neighbours’ (see below);
hedges and groves are as much a potential seed source as the
other classes within the closed canopy forest category. As only
spontaneous forest regeneration was of interest, forest plan-
tation areas were excluded from the study. The open canopy
forest category is a mix of land-use and cover, but due to the
fluid nature of the classes within and the often resulting diffi-
culty in distinguishing the 2 (Sager and Finger, 1992), we chose
to follow our cover based criteria nonetheless. The extensively

and intensively used land-use classes were defined primar-
ily by machine accessibility and whether use, irrespective of
the actual management practice, was year-round or not. Crop-
lands, vineyards and orchards were not included in the study
because very few, if any, had been subject to abandonment and
subsequent spontaneous forest regeneration, and their seeds
do not contribute to natural forest regeneration.

Comparable land-use statistics are available for Switzer-
land for the periods 1979–1985 and 1992–1997 (referred to as
ASCH85 and ASCH97 hereafter). Although these time bands
are broad, the flight sequence for both periods was for the
most part the same and thus the time difference for most
pixels is approximately 12 years, with around 19% of pixels
having a difference of 13 years (of which a considerable pro-
portion consisted of land cover classes not used in our study).
We used a GIS to reclassify both datasets into five aggre-
gated classes and then calculated the transitions that occurred
among classes between the two periods. In this way we pro-
duced a grid with 25 possible classes, each representing a land
cover transition type showing either intensification in use, dis-
intensification in use (extensification), cessation of use (land
abandonment), changes that represented progression in forest
succession and changes that represented a decrease in woody
vegetation cover. The five static states indicating ‘no change’
were also included (Fig. 1). This yielded a classic Markov tran-
sition matrix (Usher, 1981).

2.3. Sample design

In order to maintain a systematic and consistent system of
transition model estimation, the same numbers of sample
points for the calibration datasets were selected for each tran-
sition, irrespective of its observed prevalence. In doing so we
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aimed to sample out the effect of persistence, i.e. where sam-
ples are weighted heavily toward the ‘no change’ static state
purely due to its dominance. It enabled us to also calibrate
the ‘rare’ transitions, which was necessary as we wished to
determine the proximate causes for the various land cover
changes. The sample size choice of 250 points per response
was based on the least common transition type (249 ha for
overgrown to intensively used land). For the other transi-
tion types, sample points were randomly selected, without
replacement, and each sample with the same original land
cover state combined to give five calibration datasets of 1250
randomly selected points with the same starting state and
equal proportions of the five possible end states. The same
method was followed using another set of randomly selected
points without replacement to generate the respective five
evaluation datasets, to later test the forecasting power of the
models (Rykiel, 1996; Wear and Bolstad, 1998).

2.4. Independent variables

As described by Baker (1989) and further discussed by Brown
et al. (2000), we extended the Markovian transition model by
calibrating each transition as a function of exogenous and
endogenous predictor variables. These are useful in interpret-
ing the transitions and can also serve as spatial predictors of
land cover change. Endogenous predictor variables are related,
at least in part, to other variables or parameters within the
model. Baker (1989) uses the example of factors relating to
landscape composition and structure. In contrast, exogenous
predictor variables are determined by forces outside of the
model such as climatic or socioeconomic factors. A large pool
of possible predictors was available from which a selection
was made for inclusion in the stepwise model development
procedure (Table 2). Potential predictors were selected after
consideration of which factors – for example climate, soil,

Table 2 – Independent variables used to calibrate the predictive models explaining the 25 land cover transitions between
grassland and forest

Variable Unit Proxy for Source

Climate-related variables
Continentality index, Gams index Large scale weather pattern CSD/DEM25
Moisture index cm/100 Small-scale water availability CSD/DEM25
Direct solar radiation kJ/day Energy input, drought stress CSD/DEM25
Precipitation (1/10 mm)/month Precip during growing season CSD/DEM25
Pday # days Number of precipitation days CSD/DEM25

Relief-related variables
Elevation m Mean annual temperature DEM25
Slope ◦ Diffuse solar radiation DEM25
Topographic position −∞ to +∞ Exposure of site, drought DEM25
Topographic wetness index index Moisture accumulation DEM25
Site water balance mm/year Water availability CSD/DEM25
Sine of aspect −1 to +1 Aspect relative to south DEM25
Cosine of aspect −1 to +1 Aspect relative to west DEM25

Soil-related variables
Soil depth cm Soil water and nutrient availability BEK200/DEM25
Soil permeability cm/day Water infiltration, risk of drought BEK200/DEM25
Soil stoniness % Water holding capacity BEK200/DEM25

Neighbourhood variables
No. of closed canopy forest neighbours number/25 Woody species seed source ASCH85
No. of open canopy forest neighbours number/25 Woody species seed source ASCH85
No. of overgrown neighbours number/25 Woody species seed source, density of abandonment ASCH85
No. of extensively used neighbours number/25 Density of extensive use ASCH85
No. of intensively used neighbours number/25 Density of intense use ASCH85

Distance variables
Distance to roads m Accessibility Vector25
Distance to settlements m Accessibility SGCH
Distance to closed canopy forest m Likelihood of abandonment ASCH85
Distance to open canopy forest m Likelihood of abandonment ASCH85
Distance to overgrown areas m Likelihood of abandonment ASCH85
Distance to extensively used m Likelihood of extensive use ASCH85
Distance to intensively used m Likelihood of intensive use ASCH85

CSD: climate station data from the period 1961–1990; DEM25: digital elevation model for Switzerland at 25 m resolution from the Swiss Federal
Office of Topography (SwissTopo); BEK200: soil suitability map 1:200,000 (Bodeneignungskarte der Schweiz, SFSO, 1992); ASCH85: Swiss land-use
statistics 1985 (SFSO, 2001); Vector25: mapped street data, Vector 25© 2006, Swiss Federal Office of Topography (DV033594); SGCH: settled areas
of Switzerland (Siedlungsgebiete der Schweiz, SFSO, 1992).
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topography and adjacent land cover (e.g. potential seed source
or likely land use) – were expected to influence either land
abandonment or subsequent plant growth. Although land-use
history is also known to be a factor affecting the nature and
speed of land cover change following abandonment (Bunce,
1991; Hill, 1992), there was no spatial dataset at the required
resolution that we could use.

As with the response variables, all predictor variables were
used at a spatial resolution of 100 m (1 ha). Elevation was
obtained directly from the Swiss digital elevation model (DEM).
The derivation of further predictors was performed in a GIS
using existing digital data of a partly finer grain. Slope and
aspect were both derived from the DEM. Aspect was later con-
verted to cosine of aspect and sine of aspect to give values
relative to South and West, respectively.

A set of climate variables had been generated previously
from climate station data recorded throughout Switzerland
and from digital elevation models (see Zimmermann and
Kienast (1999)). The maps represent climate normals of the
period 1961–1990. Soil variables were derived from the soil
suitability map of Switzerland (SFSO, 1992) and have been
modelled over a DEM to include variations due to topograph-
ical aspects. Six different layers were available for use, each
representing a soil characteristic, i.e. soil depth, permeability,
nutrient-holding capacity, water-holding capacity, stoniness
and water-logging. The soil suitability map lists minima and
maxima for each soil layer. We used the pixel-wise vary-
ing topographic exposure within each soil type for spanning
the values for each soil characteristic between minimum and
maximum. For example, the most acute ridges would be
assigned the minimum values for soil depth and water holding
capacity per soil type, while the most distinct gullies and toe
slopes would be assigned the maximum values per soil type.

The number of neighbours of any of the five different
land cover types was calculated in a GIS using a 5 × 5 cell
rectangular moving window, thus returning a value between
0 and 24 ha. This was done to enable the incorporation of local
effects into models such as seed dispersal (usually within
300 m of a trees or shrubs) or likelihood of similar land use
that often result in spatial autocorrelation patterns. Distance
to a particular land-cover type was calculated in a GIS using
the straight line distance function. The variable ‘distance to
roads’ was derived from the Swiss national Vector 25© map
using the same function. Similarly, distance to settlements
was derived from the ‘Settled Areas of Switzerland’ (SGCH)
grid.

The randomly selected sample of the response variables
was intersected with the associated 27 predictor variable val-
ues (Table 2) to produce a database which was then imported
into S-Plus (Insightful Corp. 2000) and R (R Development Core
Team 2004) for the statistical analyses. The X and Y co-
ordinates for each sample point were added before export, to
ensure that the subsequent models would remain spatially
explicit and to allow testing for spatial autocorrelation of the
model residuals.

2.5. Statistical analyses

We combined generalised additive modelling (GAM) and
generalised linear modelling (GLM) to estimate transition

probabilities for each of 3.1 million ha based on endogenous
and exogenous factors.

First we calculated GAMs for each individual potential pre-
dictor variable against each response as a form of exploratory
statistical analysis (Agresti, 2002). The deviance explained (D2)
by each model was then used to select the predictors that
were most significant statistically. The loess smoothed GAM
functions were plotted to ascertain whether the dependent
variable showed a linear or non-linear response to the pre-
dictor variables, and thus to determine whether polynomial
terms should be used in the formulation of the GLM models
(Guisan and Zimmermann, 2000).

We then used scatterplots and Spearman rank correlation
coefficients to determine whether predictor variables were
correlated. We used a cut-off level of 0.8 as recommended
by Menard (2002). Groups of highly correlated variables were
thus identified and one variable from each group selected for
the multivariate modelling process. Menard (2002) warns of
the risk of the omission of correlated variables from mod-
els but also highlights the fact that their retention causes
the calculated coefficients to have large standard errors, thus
decreasing the accuracy of the coefficient estimates. We there-
fore chose to retain one proxy for the correlated variables.

The final transition models were generated by calibrating
GLMs (McCullagh and Nelder, 1989) to estimate the coefficients
of the multiple model parameters. In this study, each statis-
tical model has a binary response, where the probability of a
success (a particular land cover transition occurring) is calcu-
lated, a so-called failure thus being when the respective event
(transition) does not occur (Agresti, 2002). The appropriate
statistical modelling method is therefore logistic regression
(Menard, 2002). The models were first fitted using those vari-
ables shown from the GAMs as having significant predictive
power, that were not correlated with other predictors. Where
the single-variable relationship was shown from the GAM
plots to be non-linear, polynomial terms up to the 4th degree,
when necessary, were used. A bidirectional automated step-
wise regression starting from a full model was then performed
to eliminate variables which did not serve to increase the pre-
dictive power of the models. The stepwise regression used
Akaike’s information criterion (AIC) to select the model of best
fit (Bozdogan, 1987).

Residual analysis was performed to investigate whether
or not the assumptions of the models were violated, and to
explore the adequacy of the models with regards to the vari-
ance and link functions, and the terms in the linear predictor
(McCullagh and Nelder, 1989). We tested for spatial autocorre-
lation of the model residuals using empirical variograms and
correlograms.

Various measures can be used to test the accuracy of cali-
brated models. First, the correct classification rate (CCR) uses
a 2 × 2 confusion matrix to calculate the proportion of cor-
rectly classified values predicted by the fitted model. The CCR,
however, is not always an appropriate measure of accuracy
as it is heavily influenced by the prevalence of the pres-
ence/absence events. Another approach is the kappa statistic
(Cohen, 1960); this statistic provides a measure of agreement
between datasets but is sensitive to sample size and may
therefore not be an appropriate measure of accuracy, espe-
cially as it is unreliable if one class dominates (Fielding and
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Table 3 – Transition probabilities calculated from the observed changes between land cover types between 1985 and 1997
for Switzerland, using the aggregated ASCH datasets

Land cover in 1985 (ha) Land cover in 1997 (ha)

Closed canopy
forest

(1,116,690)

Open canopy
forest (149,246)

Overgrown
(110,693)

Extensive
land-use
(761,972)

Intensive
land-use
(822,682)

Totals

Closed canopy forest (1,097,373) 0.9956 0.0020 0.0005 0.0010 0.0009 1.00
Open canopy forest (151,476) 0.0758 0.8949 0.0031 0.0155 0.0107 1.00
Overgrown (112,200) 0.0871 0.0392 0.8629 0.0086 0.0022 1.00
Extensive land-use (762,289) 0.0027 0.0063 0.0157 0.9675 0.0078 1.00
Intensive land-use (837,945) 0.0013 0.0025 0.0011 0.0237 0.9714 1.00

“No change” transition types are bold.

Bell, 1997; Fielding, 1999). We used the area under the receiver
operating characteristic (ROC) curve (AUC), which returns a
single value that can be used as a measure of model accu-
racy and predictive power. Unlike other accuracy measures,
it is independent of the observed prevalence of the event
(Metz, 1978) if the values are neither very high nor very low
(McPherson et al., 2004) and it is independent of a thresh-
old to discriminate between binary responses (Fielding and
Bell, 1997). It is thus a useful tool in the evaluation of sta-
tistical models such as those describing land cover changes
(Pontius and Schneider, 2001). For each of the calculated logis-
tic regressions the AUC was calculated. The models were
tested using the evaluation dataset. An accuracy measure of
1.0 characterises perfect model fit. A value of 0.5 represents
agreement by chance and values below 0.5 indicate system-

atic errors. We also calculated the deviance explained by each
model (D2).

3. Results

3.1. Spatially aggregated transition probabilities

The transition matrix (Table 3) shows that the land cover of
most pixels did not change during the period investigated.
However, there were some important transitions in land cover,
the most notable being the shifts from overgrown areas to
closed forest (8.71% of initially overgrown areas), and from
open to closed canopy forest (7.58%). Overall extensive for-
est establishment and succession occurred over a total of

Table 4 – Model quality and goodness of fit for the 25 calibrated models and the subsequent evaluation datasets

Change in land cover (1985 to 1997) Observed
occurrence (ha)

Explanatory power
(D2) of model

Goodness of fit
calibration data (AUC)

Goodness of fit
evaluation data (AUC)

Closed canopy to closed canopy forest 1,092,296 0.21 0.79 0.79
Closed canopy to open canopy forest 2,389 0.09 0.71 0.69
Closed canopy to overgrown 551 0.22 0.81 0.76
Closed canopy to extensively used agr. 1,257 0.09 0.70 0.68
Closed canopy to intensively used agr. 880 0.40 0.90 0.90
Open canopy to closed canopy forest 11,482 0.12 0.74 0.73
Open canopy to open canopy forest 135,560 0.16 0.76 0.69
Open canopy to overgrown 457 0.10 0.72 0.70
Open canopy to extensively used agr. 2,352 0.18 0.79 0.80
Open canopy to intensively used agr. 1,625 0.51 0.94 0.92
Overgrown to closed canopy forest 9,772 0.13 0.75 0.75
Overgrown to open canopy forest 4,398 0.23 0.81 0.74
Overgrown to overgrown 96,820 0.33 0.87 0.83
Overgrown to extensively used agr. 961 0.20 0.79 0.76
Overgrown to intensively used agr. 249 0.13 0.75 a

Extensively used to closed canopy forest 2,064 0.21 0.81 0.79
Extensively used to open canopy forest 4,836 0.21 0.81 0.78
Extensively used agric. to overgrown 11,930 0.22 0.81 0.79
Extensively used to extensively used agr. 737,541 0.31 0.84 0.84
Extensively used to intensively used agr. 5,918 0.60 0.96 0.96
Intensively used to closed canopy forest 1,076 0.02 0.60 0.58
Intensively used to open canopy forest 2,063 0.08 0.70 0.70
Intensively used to overgrown 935 0.21 0.81 0.83
Intensively used to extensively used agr. 19,861 0.21 0.82 0.79
Intensively used to intensively used agr. 814,010 0.22 0.81 0.80

The occurrence of each observed land cover transition between 1985 and 1997, from the Swiss land-use statistics (ASCH), is shown.
a As all 249 observations were used in the estimation of this model, no validation was undertaken.
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Fig. 3 – Spatial pattern of land-use/cover extensification and intensification in Switzerland between 1979/1985 and
1992/1997 based on the density of observed occurrences from the Swiss land use statistics.

45,417 ha (Table 4), while 16,639 ha showed an opposite trend,
becoming less densely covered by woody species and/or more
intensively used. These numbers constitute 1.1% and 0.4% of
the Swiss territory, respectively.

Fig. 3 shows the spatial distribution of various land cover
changes in Switzerland during the 12-year study period. The
process of intensification tended to be focused in certain
regions, notably in the Jura Region in the North-West of
Switzerland, in the Entlebuch area of the Northern Prealps,
and in the North East (area of Appenzell). Intensification can
also be detected on valley floors in other areas, particularly
in the South-West of the Central Alps (Rhone Valley) and in
the Southern Prealps (Ticino and Brenno valleys). In contrast,
pixels showing extensification were more evenly distributed,
though particularly high densities occurred in the alpine
region, especially in the Central Alps and the Southern Prealps.

3.2. Spatially explicit transition models

The proportion of deviance explained (D2) varied greatly
among the 25 models (Table 4), the lowest proportion being
0.02 (intensively used agricultural land becoming closed
canopy forest) and the highest being 0.60 (extensively used
agricultural land becoming intensively used). However, for
several of the models a similar proportion of deviance (approx-
imately 20%) was explained, irrespective of the observed
prevalence of the event. With the exception of the model for
intensively used land becoming closed canopy forest, the AUC
values for most models were ‘useful’ to ‘high in accuracy’
(Manel et al., 2001), for both the calibration (range: 0.70–0.96)
and evaluation (range: from 0.69 to 0.96) datasets, indicating
that a consistent level of model accuracy was achieved. AUC
values for the evaluation data were almost always slightly
lower than those of the calibration data but were generally
similar indicating the absence of sampling bias and little over-
fitting of the calibration data. Overall, the models explaining
the variation (deviance) of changes to intensification had the
widest range in accuracy, yielding both the least and most
accurate models (with the exception of one outlying model of
extensification); those explaining the variation of no change
in current land-use were the most consistent, with one outlier
(open canopy forest remaining the same) (Fig. 4). The models

explaining the variation of changes to extensification revealed
intermediate accuracy and consistency, with the exception of
the weakest outlier (intensively used agricultural land becom-
ing closed canopy forest).

The examination of model residuals revealed that up to
a distance of at least 1000 m there was spatial autocorrela-
tion, which varied in degree depending on the model (Fig. 5).
It was highest for the process of intensification and lowest
for the process of extensification as shown by the initial spa-
tial covariance values (Fig. 5b). The extensification model had
the smallest range and the highest nugget. The ‘no change’
model had the highest range and the second highest nugget,
with intensification having the lowest nugget (Fig. 5a).

3.3. Aggregation of the Swiss land-use statistics

A breakdown of our aggregation of the Swiss land-use statis-
tics into their original classes gives insight into the transition

Fig. 4 – Boxplot of accuracies achieved by models
explaining extensification, intensification and no change
(remain).
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Fig. 5 – Empirical semivariograms and correlograms depicting presence of spatial autocorrelation in model residuals for
extensification (extensively used land becoming overgrown with shrubs), intensification (extensively used land becoming
more intensively used) and no change (extensively used land remaining so). Gamma = semivariance estimate (a). Rho = a
standardised measure of spatial covariance (b). extensification = extensively used land in 1985 becoming overgrown by
1997; no change = extensively used land in 1985 remaining extensively used in 1997; intensification = extensively used land
in 1985 becoming intensively used by 1997.

types (see supplementary data). Most transitions represent a
plausible change in land cover within a 12-year period. How-
ever, some transition types stand out as unusual: of the 880 ha
of closed canopy forest becoming intensively used, 408 ha
were ‘hedges and groves’ becoming ‘meadows with limited
machine accessibility’. More than 77% of the 1625 ha of open
canopy forest that became intensively used were ‘groups of
trees on agriculturally used land’ becoming ‘meadows with
limited machine accessibility’. Of the 2352 ha of open canopy
forest which became extensively used, 891 ha were ‘groups
of trees on agriculturally used land’ which became ‘land
favourable to pasturing’. Likewise, the changes from inten-
sively used land to either open or closed canopy forest were
dominated by the opposite classifications: 623 ha of ‘mead-
ows with limited machine accessibility’ became ‘hedges and
groves’, while 1671 ha became ‘groups of trees on agricultur-
ally used land’.

4. Discussion

The analysis of changes between agricultural land-use and
forest cover in Switzerland between 1985 and 1997 revealed
that both extensification and intensification occurred during
this period, though extensification was three times more fre-
quent. Hypothesis testing of whether the observed transition
types were statistically significant would theoretically be of
interest but not necessarily yield the information sought due
to the potential presence of spatial autocorrelation in the data

as well as the data format (grid cells in a GIS) not having the
appropriate degrees of freedom (Pontius et al., 2004). The same
authors also make the important point that ‘statistical signif-
icance does not necessarily indicate practical importance’.

Overall, our aggregation of the Swiss land-use statistics
appears both ecologically sensible and useful for further
analyses. The models developed on the basis of this aggre-
gation explained the variation in land cover change generally
well. The average AUC is comparably high, and the models
remain highly stable when testing against independent data
(evaluation data) as compared to testing by re-substitution
(calibration data). There are however a number of anomalies,
reflected in the poor predictive power of some of the result-
ing models and when one closely considers the plausibility of
some of the transition types. We consider that within a 12-
year period, the possibility of intensively used land becoming
covered in closed canopy forest is unlikely, especially given
the fact that with our data we do not know at which point
in the period under investigation that land abandonment
occurred. This may equally be the case with the change from
intensively used land to open canopy forest. We attribute the
‘observations’ of these two transition types to our inclusion
of ‘hedges and groves’ in the closed canopy forest class and
to the fact that ‘groups of trees on agriculturally used land’
in the open canopy forest class, are often directly associated
with intensively used meadows, when observed in the vicin-
ity of intensively used land and are areas of land that are
still being used for agricultural purposes (Sager and Finger,
1992). These associations may lead to error in the classes if
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the sample point in the two time periods were not in the
exact same position. We do not have access to positional
error statistics, but according to BfS (2005) the mean error rate
across our reclassified transitions is 4.1%, which includes both
classification and positional errors. Indeed, of the intensively
used land which became open canopy forest, a large percent-
age were ‘meadows with limited machine access’ becoming
‘groups of trees on agriculturally used land’. The relatively
high proportion of the change to closed canopy forest con-
sisting of ‘meadows with limited machine access’ becoming
‘hedges and groves’, further supports this point, although it is
certainly possible that farmers actively planted hedges in this
time and such management decisions and actions are not rep-
resented by any measure in our data. The reverse occurrences
of closed and open canopy forest becoming intensively used
could be similarly explained, although both models do have
high predictive power. The fact that the changes between the
previously described classes appear to be either erroneous or
represent changes which we can not measure with our data
indicates that these particular models may not be suitable for
use in further investigating ecological processes of land cover
change. However, given that the changes between the classes
appear to be confined only to those classes in question, we
conclude that we can still have confidence in the remaining
aggregation and the remaining models.

Some models had poor predictive power despite the pres-
ence of all variables which would be expected to influence
and drive plant growth and forest regeneration, e.g. the mod-
els estimating the transitions from both overgrown areas and
open canopy forest to closed canopy forest. Yet, most of the
resulting models still have strong predictive power (reflected
by the AUC values) as is often the case (Venables and Ripley,
2002). It seems to be more reliable in general to calibrate (D2)
and explain (AUC) extensification and the static states than
intensification with the predictors we used. This may indi-
cate that environmental predictors are better able to explain
extensification than intensification. The principal reasons for
the act of land abandonment, the maintenance of agricultural
land use where the environmental conditions would permit
forest regeneration, and any intensification in land use within
the period investigated are socio-economic in nature (Gellrich
et al., 2007; Gellrich and Zimmermann, 2007) and therefore not
explained explicitly by our models. Improving the predictive
power of these models would therefore require more specific
socio-economic predictors.

Spatial autocorrelation is to some degree present in our
models despite the inclusion of neighbourhood variables
representing the nature of the surrounding landscape and
distance to other land cover classes (Brown et al., 2002). In
fact these variables are often the most important in explain-
ing the variation of whether a particular land cover transition
occurs or not. Our sparse sampling regime also did not elim-
inate spatial autocorrelation from our models as may have
been expected (Fortin et al., 1989). Spatial autocorrelation
characterises important processes within the landscape (seed
dispersal, land-use history, etc.) and its presence in the mod-
els highlights the dynamism of land cover change. The nugget
values in the variograms represent the variation in a model
which is either not autocorrelated or is autocorrelated at a
finer scale than represented by the model. This is shown by

our results to be highest for the models representing exten-
sification, which also exhibit the least spatial autocorrelation
with a range of 997 m (after which no autocorrelation is shown
to occur) and low spatial covariance values. Conversely the
models representing intensification show the highest levels
of spatial autocorrelation and the lowest level of variation. We
attribute the higher level of spatial autocorrelation exhibited
in the intensification model to the fact that an active decision
is required on the part of a land manager to intensify land-use
and that this is much more likely to affect clusters of land units
(Gellrich et al., 2007). Additionally, the effect of intensification
is more rapidly visible over a short period because it affects
each pixel in a landscape equally. On the other hand land
abandonment and subsequent spontaneous forest succession
is likely to occur in a much more random fashion and there-
fore do not translate immediately into spatial autocorrelation
over short time periods.

Two very different types of factors determine the land cover
transitions observed in our data. The initial abandonment of
agricultural land (or its intensification) is most likely deter-
mined by socio-economic factors. However, once the event
of abandonment has occurred, ecological processes involving
vegetation succession and ecosystem development become
important, and these are influenced by factors such as radia-
tion, temperature (represented here by elevation), soil quality,
the composition of the surrounding landscape and the previ-
ous management regime (Hill, 1992).

We fulfilled our aim of calibrating multivariate statistical
land transition models in a spatially explicit manner at a high
thematic resolution. The main advantage of using the data
at this resolution over such a large area is that we can anal-
yse ecological processes such as forest succession on a larger
scale. The main disadvantage is that intuitively the greater
the number of categories in a classification system, the more
detailed and accurate the classification criteria are required
to be, thus introducing a greater potential for error. However,
the fact that ecologically sensible, statistically robust models
resulted from our analyses shows that we can have confidence
in the classes at this thematic resolution as well as in the
models themselves.

5. Conclusion

We conclude that it is feasible to model land cover change at
the thematic resolution that we have presented here, and that
this approach is a promising way of further investigating large-
scale land cover change and the associated ecological process
of forest succession in a spatially explicit manner with local
driving forces. The 100 m spatial resolution is comparably fine,
and suffers from strong stochasticity inherent in land aban-
donment. This was also observed by Gellrich et al. (2007). Then,
calibrating similar models at larger spatial scales obviously
revealed higher predictive powers (Gellrich and Zimmermann,
2007). However, at this scale the environmental drivers were
less important, since they cancelled out over larger spatial
scales. The 100 m resolution thus provides more details with
regards to likely environmental drivers of change.

It is arguably difficult to pinpoint the real causes behind
observed land cover/land use changes. Yet, by using those
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variables in a regression analysis that have socio-economic
and environmental relevance as identified in many other stud-
ies, we believe that we can identify those variables that may
be causal or proximate to causal variables, and thus predict
changes of land use in a manner that is not purely artificial.
In our study, we identified primarily environmental drivers
of change that operate at smaller spatial scales. Additionally,
this study allows to draw inference as to ‘what distinguishes
one type of land cover change from another with the same
initial state, within the same time period, where foreseeably
the same ecological process is underway, i.e. forest succes-
sion (Lambin, 1997)’. We believe that our approach is a sound
step forward in answering such questions with regards to the
changes between agricultural land-use and forest cover in a
Central European landscape.
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