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ABSTRACT

We assessed how consequences of future land-use
change may affect size and spatial shifts of C stocks
under three potential trends in policy—(a) busi-
ness-as-usual: continuation of land-use trends ob-
served during the past 15 years; (b) extensification:
full extensification of open-land; and (c) liberal-
ization: full reforestation potential. The build-up
times for the three scenarios are estimated at 30, 80
and 100 years, respectively. Potential C-stock
change rates are derived from the literature.
Whereas the business-as-usual scenario would
cause marginal changes of 0.5%, liberalization
would provoke a 13% increase in C stocks
(+62 MtC). Gains of 24% would be expected for
forests (+95 MtC), whereas open-land C stock
would decrease 27% (—33 MtC). Extensification
would lead to a C stock decrease of 3% (—12 MtC).
Whereas forest C is expected to increase 12%
(+36.5 MtC) at high elevations, stocks of open-land

C would decline 38.5% (—48.5 MtC). Most affected
are unfavorable grasslands, which increase in area
(+59%) but contribute only 14.5% to the C stocks.
C sinks would amount to 0.6 MtC y~ ' assuming a
build-up time of 100 years for the liberalization
scenario. C stocks on the current forest area are
increasing by 1 MtC y~'. The maximal total C sink
of 1.6 MtC might thus suffice to compensate for
agricultural greenhouse gases (2004: 1.4 Mt CO,—C
equivalents), but corresponds only to 11-13% of
the anthropogenic greenhouse gas emission in
Switzerland. Thus, even the largest of the expected
terrestrial C stocks under liberalization will be small
in comparison with current emissions of anthro-
pogenic greenhouse gases.

Key words: agroecosystem change; agricultural
decline; C stock; land-use change; forest C; open-
land C; soil C; scenario-based modeling.

INTRODUCTION

The dominant land uses in Europe include agri-
culture and forestry with area coverage of 45 and
36%, respectively (FAO 2003). Between 1961 and
2000, European agricultural land has declined
approximately 13% (Rounsevell and others 2003,
2006), whereas European forests have been
expanding (Kankaapdd and Carter 2004). Further,
these change due to shifts in economic conditions
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and management of agriculture and forestry have
been consistently observed across Europe (Labaune
and Magnin 2002; Dirnbock and others 2003;
Dullinger and others 2003; Laiolo and others 2004;
van der Vaart 2005). In marginal and mountainous
regions, economic development has resulted in
abandonment of low-intensity agriculture (Meeus
and others 1991; Batzig 1996, Maurer and others
2006), decreasing total grassland area and increas-
ing forest coverage (Tasser and Tappeiner 2002;
Lindborg and Eriksson 2004).

Changes in land use affect C stocks in terrestrial
ecosystems and thus management of land may be
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an important mitigation strategy for reducing
atmospheric CO, concentrations. The historical
cumulative C losses due to global land-use changes
prior to 1850 have been estimated as 180-220 PgC
(DeFries and others 1999; IPCC 2001), which al-
most equals the cumulative fossil fuel emissions
since pre-industrial times of 280 PgC (IPCC 2001).
Currently, terrestrial ecosystems of the northern
mid-latitudes are a substantial sink for atmospheric
CO, as indicated by coupled atmospheric transport
models and stable isotopes composition (Ciais and
others 1995; Houghton 2003). The reasons for this
C sink are not completely understood, but it is very
likely a combination of a growth enhancement of
plants through increasing atmospheric CO, con-
centrations, N deposition, and increasing tempera-
tures, as well as rising C stocks in forests through
agricultural abandonment and declining wood
harvest (Ciais and others 1995; Townsend and
others 1996; Liski and others 2002; Houghton
2003). Europe’s terrestrial ecosystems currently
take up 7-12% of anthropogenic CO, emissions,
with forests being the most important C sink
(Janssens and others 2003). Trends in a country’s C
stocks are significant because the Kyoto protocol
provides the possibility to credit emission reduc-
tions by forestry and agricultural activities to in-
crease C stocks in ecosystems. This requires overall
landscape-scale and spatially explicit estimations of
C stocks as baseline information to assess likely C
stock changes and to identify potential future sinks
and sources.

In this article we estimate the magnitude and
expected spatial shifts of C stocks (forest and ag-
roecosystem soils, forest biomass) for three sce-
narios of land-use change in Switzerland (extent:
41,000 km?, grain: 1 ha). Additionally, rough esti-
mates on the rates of C-stock changes are addressed
based on literature values. Our assessment relies on
a compilation of data from various sources for dif-
ferent land-use types (forest biomass and soils,
intensively and extensively managed agricultural
land (soils)). We estimate C-stock changes based
on: (a) business-as-usual, (b) liberalization, and (c)
extensification. These scenarios represent the ef-
fects of socio-economic factors on land use, arising
from societal support (state/federal subsidies) to
agriculture and to conservation efforts. The busi-
ness-as-usual scenario extrapolates trends of land-
use change observed during 1985-1997 into the
future. The liberalization scenario relies on the
assumption that no public support is given to either
agriculture or conservation with fully liberalized
agricultural markets. The extensification scenario
supports extensively managed open-land based on

state/federal subsidies. We estimated the build-up
times for the three scenarios to 30, 100, and
80 years, respectively.

The following questions are addressed: What are
the potential effects of socio-economically driven
land-use changes on terrestrial C sinks in Switzer-
land? What are the implications of various land-use
change scenarios on the spatial distribution of C
stocks?

MATERIALS AND METHODS
Study Area

Switzerland covers an area of approximately
41,000 km?, of which 36.9% is agricultural 30.8%
is forested, 25.5% is unproductive areas, and 6.8%
is settlement and urban areas (Statistisches Jahr-
buch der Schweiz 1997; Swiss Federal Statistical
Office 2001). Switzerland’s resident population
amounted to roughly 7 million in 1997.

Switzerland can be divided into five ecoregions,
which differ in climate, geology, and land use: the
Jura mountains, the Plateau (lowlands), the
Northern Alps, Central Alps, and the Southern Alps
(Figure 1). The land use of these ecoregions differs
considerably (Swiss Federal Statistical Office 2001).
The Jura is dominated by forests and agriculture,
whereas settlements and unproductive areas play a
minor role (Table 1). The Plateau is primarily
shaped by agricultural land use, followed by forests,
settlements, and unproductive areas (Table 1).
Northern Alpine landscapes are dominated by
agricultural land, forests, and unproductive areas.
Fifty percent of the Central Alps are unproductive
and the remaining area is shaped by agricultural
land use and forests (Table 1). The south of the
Alps is dominated by forests, unproductive areas,
and settlements, whereas agricultural land covers
only minor areas (Table 1).

Scenarios of Land-Use Change

We identified three scenarios of land-use change:
business-as-usual, liberalization, and extensifica-
tion. Detailed descriptions of the scenarios and
their development can be found in Bolliger and
others (2007). The scenarios are spatially explicit,
static projections of change based on categorical
land-use data and on socio-economic consider-
ations. These projections are static, thus explicit
build-up times cannot be identified. Our implicit
estimations, however, range from 30 years for the
business-as-usual scenario, 80 years for the exten-
sification, and 100 years for the liberalization sce-
nario. The scenarios rely on land-use data for two
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Table 1. Land Use of the Five Major Ecoregions
of Switzerland

Ecoregion Land use type % Area
Jura Forest 47.7
Agriculture 44
Settlement 7.4
Unproductive 1
Total 100
Plateau Forest 25.4
Agriculture 50
Settlement 14.6
Unproductive 10
Total 100
Northern Alps Forest 33.2
Agriculture 38.2
Settlement 4
Unproductive 24.6
Total 100
Central Alps Forest 22.2
Agriculture 25.6
Settlement 2.2
Unproductive 50
Total 100
Southern Alps Forest 47.2
Agriculture 13.9
Settlement 4.3
Unproductive 34.6
Total 100

Swiss Federal Statistical Office (2001).

periods (1979-1985 and 1992-1997) and cover
Switzerland at a resolution of 1 ha (BFS 1979/85,
1992/97). Originally, the land-use data were

Figure 1. The study area of
Switzerland and its five major
bioclimatic and biogeographic
regions.

Bl Lakes

categorized into 74 land-use classes. We aggregated
these into five categories that were relevant for
land-use change assessments: forest, open forest,
scrub, intensively and extensively managed open-
land (Table 2).

We calculated transitions in land use for the five
land-use classes that occurred between the two
periods 1985 and 1997 (Rutherford and others
2008). We expressed the 25 possible transitions in
land use in cells of a 5 x 5 table, with each cell
representing a transition between two land-use
types, or no change in use (Rutherford and others
2008). The transition probabilities yield the prob-
ability of any pixel with land-use type x to be
transformed to land-use type y. For each land use
transition, a logistic regression model was cali-
brated for the categories forest, open forest, scrub,
non-intensively used and intensively used open
land based on a selection out of 27 variables. The
variables include sets of climate, soil, relief, neigh-
borhood (for example, number of neighboring
pixels characterized by ““closed forest”’), and dis-
tance variables (for example, distance to “‘closed
forest””) (Rutherford and others 2008). The pro-
portion of variance explained differed between
models but a consistently high AUC (area under
the curve) for both calibration and evaluation
datasets was achieved, with values ranging from
0.58 to 0.96 (Rutherford and others 2008).

We assumed that public support of agricultural
and conservation are the major drivers of land-use
change and identified three scenarios (Bolliger
and others 2007). The business-as-usual scenario
assumes a linear continuation of observed changes
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Table 2. Aggregated Land-Use Categories

Aggregated Original classes (class number) Description
class
Forest Other forest, normal forest, strips, blocks, Vegetation height >3 m, density >60%, composed of

bushes, groves, hedges

Open forest ... on non-agriculturally used land, on

agriculturally used land, groups of trees
on agriculturally used land, other groves
Pasture in vicinity of settlements, ‘Mai-
ensasse’, hay alps, mountain meadows,
sheep alps, favorable to pasturing, stony
alpine pasture, grass, herb vegetation
Machine accessible meadows, meadows,

Non-intensive
open land

Intensive open
land limited machine access, cropland

Other Overgrown meadows, overgrown alpine
pasture, shrubs, bushes, settlement, rock

Modified from Bolliger and others (2007).

tree species

Vegetation height >3 m, density 20-60%, composed
of tree species

Used for grazing, use not necessarily year-round,
mostly not machine-accessible

Year-round use, in the vicinity of settlements, mown

Vegetation height <3 m, vegetation density >50%

in land use between 1985 and 1997. The spatial
distribution of future landscape composition under
the business-as-usual scenario would closely
resemble the 1997 landscape (Figure 2). Forests
would prevail in mountainous areas (Northern,
Central, Southern Alps, Figure 1), whereas the
valleys and the Plateau would remain intensively
managed (agriculture). Extensive agricultural
management under this scenario continues in the
Jura mountains, Northern pre-Alps, and at higher
elevations of the Central and Southern Alps
(Figure 2). The overall proportion of forested areas

1997 landscape

B Closed canopy forest m Extensive open-land

® Open canopy forest m Intensive open-land

Scrub Lakes

would increase slightly in comparison to 1997
(+0.6%), whereas intensively and extensively
managed open-land would generally decrease
(—0.01 and —0.55%, respectively) (Figure 3).

The liberalization scenario assumes no public
support to conservation or public support to agri-
cultural production. This indicates full reforestation
potential for open-land areas with two exceptions:
low reforestation potential is assumed in the low-
lands and in important mountain tourist resorts as
these areas are likely to remain settled and man-
aged due to higher infrastructure availability and

Figure 2. Scenarios of
land-use change
developed in an EU-
research program
(BioScene) (modified from
Bolliger and others 2007).

Business as usual

Today's societal support for conservation
Today's societal support for agricultural
production in marginal areas

Liberalisation

Low societal support for conservation
Low societal support for agricultural
production in marginal areas

Extensification

High societal support for conservation
High societal support for agricultural
production in marginal areas
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Figure 3. Distribution of areas for forest, scrub (not
considered in the analysis), and open-land (intensively
and extensively managed) under three scenarios of land-
use change.

easy accessibility. The liberalization scenario sug-
gests a spatial segregation between the mountains
and the lowlands: intensive agricultural land use
would prevail in the lowlands (Plateau) and valley
bottoms of the Central and Northern part of the
Alps, whereas the higher elevations (Northern,
Central, Southern Alps) would become forested,
primarily reducing areas of non-intensively used
open land (Figure 2). This indicates that the pro-
portion of open-land would decrease in favor of
forests (Figures 2 and 3). The liberalization scenario
suggests an increase in forest area by 15% and a
corresponding decrease in agricultural land by
15.8% (extensive: —14.5%; intensive: —1.3%)
(Figure 3).

The extensification scenario assumes no public
support to current intensive agricultural produc-
tion in favor of more conservation-oriented man-
agement. This would result in gains of extensively
managed open-land (Figure 2). Parts of intensively
used agricultural areas in the lowlands would
become extensively managed (+10.9%), whereas
intensively managed open-land would decrease
(—24.6%). However, general depopulation ten-
dencies observed for mountainous areas are
assumed to persist, even though those areas would
become heavily subsidized. This would lead to
slight reforestation tendencies (+5.8%) and scrub
(+7.9%) (Bolliger and others 2007).

Estimating Current C Stocks
in Switzerland

Forest C Stocks. We considered forest biomass
and forest soils to asses total forest C stocks. The C
estimations were calculated separately for five
productivity regions (Figure 1) and two altitudinal
strata (below and above 1000 m asl).

Forest Biomass C Stock and Stock Changes. Esti-
mations of C stocks in forest biomass were based on
the Swiss National Forest Inventory (Brassel and
Brandli 1999). The estimations were performed in
three steps, following the FAO guidelines for
country reporting (FAO 2004). First, the growing
stock (wood volume) was estimated using sample
plots for the land-use class ““forest’”” (Table 2). Sec-
ond, growing stocks were converted to biomass
through multiplication with wood density (Vorre-
iter 1949) and a specific biomass expansion factor
for different productivity regions and elevation
strata (Thiirig and others 2005). The factors were
aggregated to match the elevation strata below and
above 1000 m asl. Third, the total tree biomass per
ha was converted into biomass C ha™' by applying
a constant C content of 50% (IPCC 2003).

Change in C stocks on the currently forested
land—the C sink—was calculated from the increase
in biomass C of the National Forest Inventories
between 1985 and 1995 (Brassel and Brandli
1999). As with C stocks, the changes in biomass C
were estimated from growing stocks using wood
densities, specific biomass expansion factors, and a
constant C content.

Forest Soil C Stock. Our calculation of regional
mean soil organic C (SOC) stocks in forest soils
relied on data of 264 soil profiles. Forest soil data
representative for Swiss forests in terms of climate
and forest type were used (Perruchoud and others
2000). An additional 96 forest soil profiles were
derived from regional soil surveys (VanMechelen
and others 1997).

Concentrations of soil C were determined for all
profiles according to Perruchoud and others (2000).
Soil densities were measured in 105 soil profiles
using soil cylinders and by replacing soil volume
with sand in stony soils. Densities of the other soil
profiles were estimated by regressing measured
densities with SOC concentrations (Perruchoud
and others 2000). Soil organic masses were mea-
sured with a 20 x 20 ¢m frame in 50 profiles. The
estimated densities for L, F, and H horizons were
then used to calculate the soil organic masses of the
other profiles based on their thicknesses. Subse-
quently, the SOC stock size (in [tC ha™']) was
determined by

d
4 5

SOCq4, = ZPFE X (1 - leorgm> xdixC (1)
i

where pgg denotes the fine earth density of layer i
in kg dm >, 4; denotes the thickness of layer i in
dm, C; is the C stock in g kg™, and Zf" integrates
between the soil surface and the soil depth 4,. SOC
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estimates were calculated to maximum soil depth
with detectable C stocks. The mean depth of forest
soils in Perruchoud and others (2000) is 61 cm.

Agroecosystem C Stocks. Agricultural land at an
altitude less than 1000 m asl is generally inten-
sively used, whereas areas at elevations higher than
1000 m asl are largely extensively managed, owing
to their relatively marginal, unproductive qualities.
Our C estimations for intensively managed agri-
cultural land relied on individual estimations for
arable land (10.5% of the total area), temporary
(4.2%), and favorable grasslands (18.6%) (Leifeld
and others 2005; Table 3).

C stocks in agricultural soils were taken from
Leifeld and others (2005). Calculation of the C stock
was performed according to equation (1) but to a
maximum soil depth of 1 m. The C stock estimates
in agricultural soils of Leifeld and others (2005)
included development of pedotransfer functions for
SOC and bulk density based on 544 soil profiles
from Swiss agricultural soil surveys with elevation,
clay content, stone content, and land use as pre-
dictors. Clay contents explained 61-71% of the
variation in C concentrations for arable land and
temporary grasslands, whereas elevation was a
more important predictor for C in permanent
grasslands (R® = 0.55) (Leifeld and others 2003,
2005). Stone content was particularly important for
carbon storage at higher elevations where stones
limit the available soil volume. Sixty-nine percent
of the variation in soil bulk densities could be
explained by C concentrations. Errors in SOC stocks
as derived from both C concentrations and bulk
densities were calculated by error propagation
(Leifeld and others 2003, 2005). Upscaling was

Table 3. Overall C Stocks for Switzerland for the

done by assigning C stocks to parcels of identical soil
unit, topography, and land-use type and multipli-
cation with the respective area (Leifeld and others
2003, 2005). The mean depth of all agricultural soils
is 66 cm (J. Leifeld, personal communication).

C stocks for agricultural biomass are negligibly
small, annually harvested and thus not considered
here. Because organic soils cannot be assessed
spatially explicitly (Leifeld and others 2005), they
are not included in this analysis. Rather, the pro-
portion of organic soils is assumed to remain
constant over time, independent of land use and
land-use change.

Uncertainty Assessment

The input values for our overall C stock estimations
originate from different data sources and models.
Such a highly aggregated compilation of data
material is associated with uncertainty. Our
uncertainty assessment relied on the maximum
differences in C stocks between the three scenarios
and the 1997 landscape for each land-use type
(forest biomass, forest soil, extensive and intensive
agriculture). The maximum differences (MtC) were
then expressed as percent of the 1997 C stocks. This
percentage represents the maximum range of
uncertainty with which the C stock estimations in
1997 may be associated with if the scenarios should
have an effect on the overall C stock estimations.

Spatial Assessment of C Stocks Under
Scenarios of Land-Use Change

The effects of the different land-use scenarios on C
stocks in Switzerland were assessed by multiplying

1997 Landscape

Land-use type Area (1000 ha) Area (%) tC ha! MtC
(+standard (+standard
€rror) €rror)

Forest

(a) Biomass 1265.9 45.4 116.8 £ 1.5 1479 +£ 1.9
(b) Soil 118.6 + 5.4 150 + 6.8

Total (forest) 1265.9 45.4 297.9 + 8.7

Scrub (not considered in analysis) 90.6 3.2 - -

Total extensively used open land (>1000 m asl)’ 596.3 21.4 62.9 + 3.5 37.5+ 4.4

Intensively used open-land (<1000 m asl)*

(a) Arable land 293.9 10.5 904 £ 2.3 26.57 £ 2.9

(b) Temporary grassland 115.9 4.2 1174 £ 1.3 13.61 £ 1.7

(c) Favorable grassland 518.9 18.6 933+ 44 48.41 £ 5.6
Total (intensively used open land) 928.8 33.3 88.6 £ 10.2
Total (forest, intensively, extensively used open land) 2791.0 100 424 £+ 23.3

"Data from Leifeld and others (2005).
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current C stock estimates (tC ha™') with the areas
(ha) of the respective land uses (forest biomass,
forest soil, intensively and extensively managed
open land) in 1997 and under the three scenarios of
land-use change. The C stock assessment is thus a
direct function of the areas covered by the respec-
tive land-use types and relies on the assumption
that the scenarios and the corresponding C stocks
are fully developed following land-use change.

The forest area (1.2 Mha) was derived from the
National Forest Inventory of Switzerland (Brassel
and Brandli 1999) and corresponds to the areas
classified as forests in the land-use statistics data
used for land-use change scenario development.
The estimation of the agroecosystem areas amounts
to approximately 1.3 Mha (0.8 Mha for intensively
and 0.5 Mha for extensively used agricultural land)
following the land-use statistics data used to per-
form the land-use change scenarios. Leifeld and
others (2005), however, considered additional data
sources and came up with a more precise estima-
tion of the total agricultural area, amounting to
roughly 1.5 Mha, whereof 0.9 Mha are intensively
and 0.6 Mha are extensively managed (Table 3). In
comparison to the land-use statistics that form the
baseline data for the land-use change scenario
development, Leifeld’s and others (2005) estimates
are thus about 11% higher for intensively and 17%
higher for extensively managed land. We applied
these proportions to the land-use change scenarios.

We mapped the spatial distribution of C gains and
losses by summing the amount of C per pixel (tC ha™")
using forest soil and forest biomass values, stratified
according to productivity region and altitude. For
open-land C, only two strata were available: above
1000 m asl, agricultural areas are extensively used; at
elevations lower than 1000 m asl, agricultural areas
are primarily intensively used which is expressed as the
weighted mean of arable land, temporary, and favor-
able grassland (91 tC ha™!).

REsuLTS
C Stocks and Sinks in Switzerland

The overall C stock for Switzerland in 1997 amounts
on average to 424 MtC (Figure 4, Table 3). C stocks
for forest soils are largest, but differ only by 1.4%
from forest biomass (Figure 4, Table 3). Agricultural
soils exhibit on average 27% lower C stocks per area
in comparison with forest soils (Figure 4, Table 3)
associated with a lower residue return and likely
with a tillage-induced accelerated turnover (FAL
2001). Soil C stocks for intensively used agricultural
land are 57.7% greater compared to extensively

M Forest soil OForest biomass OOpen land

C stocks (MtC)

150
100
50
0

1997 Business as usual Liberalisation
Scenarios

Extensification

Figure 4. Distribution of C stocks (agroecosystem and
forest biomass, forest soils) under three scenarios of land-
use change.

used agricultural land (Figure 4, Table 3). Thisis due
to the fact that extensively used agricultural lands
are mainly found at elevations higher than 1000 m
asl which include unfavorable permanent grass-
lands. These grasslands are characterized by shal-
lower soil profiles and higher stone contents
which, in combination with climate-induced lower
productivity, cause a smaller C stock. The largest
proportion of intensively used open-land is made
up by favorable grasslands (54.6%), followed by
arable land (30%) and temporary grassland (15.4%)
(Figure 4, Table 3).

Swiss forests are currently C sinks because
regrowth exceeds wood harvest (Table 4). The
National Forest Inventories in 1985 and 1995 indi-
cate that mean annual stem wood production is
approximately 9 Mm® y~!, but mean annual har-
vestisonly 6.3 Mm”® y~! (Brassel and Brandli 1999).
Converting this net increment into C sequestered by
forest biomass yields 0.8-0.9 MtC y ™' or on an area
basis 0.7-0.8 tC ha y~ !, which is slightly higher
than the increasing C stocks across European forests
of 0.5 tC ha y~' (Janssens and others 2003). As a
result of the increasing forest biomass and litter
production, modeling studies suggest that Swiss
forest soils are currently C sinks, but uncertain-
ties are large with values ranging from 0.1 to 0.3 tC
ha™! y*1 (Perruchoud and others 1999; Liski and
others 2002; Schmid and others 2006). Overall,
current C sinks in Swiss forests amount to roughly 1
MtC y ' (Table 4; Hagedorn 2005). Agriculture is a
net source of greenhouse gases with an emission of
1.4 Mt CO,—C equivalents in 2004. The mean Swiss
LULUCF sink between 1990 and 2005 was
0.36 MtC y . This sink is composed of a net forest
uptake of 0.77 MtC y~ ', which is partially offset by
C losses from LULUCF (0.41 MtC y '), the latter
including 0.17 MtC from drainage of organic soils
plus contributions from C loss mainly due to
conversion to settlement.
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Table 4. C Sinks in Swiss Ecosystems Under Different Land-Use Change Scenarios

Land-use change scenario MtC y ! tCha'y!
Business-as-usual Forest biomass' <0.05 <0.05
Soils* <0.05 <0.05
Extensification Forest biomass' 0.5 0.4
Soils? <0.05 <0.05
Liberalization Forest biomass' 0.5 0.4
Soils? 0.2-0.4 0.15-0.25
Current C sink Forest biomass' 0.8-0.9 0.7-0.8
Soils’ 0.1-0.3 0.08-0.25
100 years were assumed for the build-up of forest biomass.
250-100 years were assumed for the change in soil organic C.
*Modeled by Perruchoud and others (1999) and Schmid and others (2006).
Effects of Land-Use Change Scenarios v, WA [ Temporary grassland
[ [JFavourable grassland Unfavourable grassland
on C StOCkS [JForest soil

Under the business-as-usual scenario, only a mar-
ginal overall C-stock increase of 0.5% (+2.3 MtC)
would be expected after an estimated build-up time
of 30 years (Figure 4). A larger increase in C stocks
of 12.7% could be observed under the liberaliza-
tion scenario (+62 MtC) after an estimated build-
up time of 100 years. Roughly 74% (95 MtC) of
this increase may be attributed to greater C stocks
in forest soils and biomass, whereas C stocks in
agricultural land may decrease by 26% (33.3 MtC).
The extensification scenario results in a 2.9%
overall loss in C stocks (—12.2 MtC) compared to
1997 after an estimated build-up time of 80 years
(Figure 4). In this scenario, C gains through an
increase in forests (+36.5 MtC) are balanced out by
expected C losses from agricultural soils by a more
extensive open-land management (—48.6 MtC).

For agricultural open-land, C stocks are expected
to decrease 1.3% (—1.6 MtC) under the business-
as-usual scenario compared to the 1997 landscape
(Figure 5). C-stock losses in intensively and
extensively managed open-land range below 1.5%
(Figure 5). Under the liberalization scenario,
however, an overall decrease of open-land C
stocks of —33.3 MtC (—36%) would be expected
due to strong reforestation (Figure 5). Extensively
used agricultural land would decrease 21%
(—29.6 MtC), whereas C stock losses for intensively
managed land are expected to amount only to 4.2%
(—3.8 MtC) under liberalization (Figure 5). Under
the extensification scenario, the overall open-land
C stock would decrease by 38.5% (—48.6 MtC)
(Figure 5). This decrease is attributed to the fact that
intensively managed open land is converted into
extensively used open land, which stores about
31% less C (Figure 5, Table 3).

300 -

250 -

200

150

C stocks (MtC)

100 |

50

o R | |

T T
1997 Business as usual  Liberalisation Extensification
Scenarios

Figure 5. Distribution of agroecosystem soil C stocks for
various management schemes under scenarios of land-
use change in comparison with forest soil stocks.

Uncertainty Assessment

The uncertainty assessment indicates that the
maximum difference in C stocks for forest biomass
and soil is 47 MtC between the liberalization sce-
nario and the 1997 reference landscape. This is
32% of the estimated value for 1997. In compari-
son, the observed uncertainty for forests is six times
lower than the effects that the liberalization sce-
nario suggests (Table 3). For extensively used
agricultural soils, the maximum difference in C
stocks is between the extensification and the lib-
eralization scenario and amounts to 51.8 MtC. This
is 38% more than the C stock estimation of
37.5 MtC for extensively used open-land in 1997
and exceeds roughly 12 times the currently
observed uncertainty for extensively used agricul-
tural soils (Table 3). For intensively managed open-
land, the maximum difference in C stocks is
67 MtC between the liberalization and the
extensification scenario. This is 58% of the esti-
mated C stocks for 1997 and exceeds the observed
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uncertainty estimated for current C stocks in
intensively managed open lands by roughly six
times (Table 3).

To summarize, the observed uncertainty associ-
ated with the 1997 estimations is lower than or
ranges around 10% (Table 3). This is 6-12 times
less than what the liberalization and the extensifi-
cation scenarios suggest. Thus, results from the
uncertainty assessment indicate that the scenario-
derived changes in C stocks for liberalization and

(A)

extensification are likely to have a major impact on
the overall C stock in Switzerland, whereas the
business-as-usual scenario would cause only mar-
ginal changes.

Spatial Distribution of C-Stock Gains
and Losses

C-stock changes are likely to be spatially segregated
across Switzerland for the liberalization (Figure 6A)

. -56 - -1 :I Loss

1-50
50 - 100 Gain
100- 150

SN L

Lakes

Figure 6. C gains and losses (tC ha™') (A) of the liberalization scenario versus the 1997 landscape and (B) of the

extensification scenario versus the 1997 landscape.
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and the extensification scenario (Figure 6B). Under
liberalization, major C-stock gains are observed
in mountainous regions, especially for the Northern
and the Southern Alps with C-stock increases of
up to 134tC ha~' (Figure 6A). Losses under
liberalization encompass major valley bottoms in the
Alps, some areas in the Northern Alps and the
northern Jura mountains. These losses occur on
formerly intensively managed open-land which is
being extensified under liberalization. C-stock gains
under the extensification scenario are observed for
mountainous and hilly areas including major valleys
in the Alps (Figure 6B), particularly the Southern
Alps. Losses are likely to occur on the Plateau where
large proportions of intensively used agricultural
land are converted into extensively used open land
(Figure 6B).

DiscussioN
Approach

The Kyoto-Protocol promotes management activ-
ities to increase C stocks in ecosystems, but land
use is and will be largely driven by other socio-
economic constraints. We chose a scenario-based
assessment to estimate how general socio-eco-
nomic trends may affect future C stock changes at
a national level. To do so, we quantified changes
in area of major land-use types under varying
socio-economic conditions by combining scenario-
based, spatial modeling with estimations of C
stocks for forest biomass, forest soils, and agri-
cultural open-land. These changes were subse-
quently translated into potential changes of
terrestrial C stocks. The scenarios of land-use
change presented here describe a broad range of
potential pathways which could enhance policy
discussions that aim to assess future demands and
productivity across the landscape, as well as the
potential of managed land to act as a C sink. The
moderate business-as-usual scenario is contrasted
by a more extreme liberalization and an extensi-
fication scenario. The liberalization scenario
would lead to a 24.3% increase in forest cover,
mainly in mountainous areas after a build-up
time which we estimate to be 100 years. Agri-
culture in the lowlands would intensify due to
favorable socio-economic, topographic and infra-
structural conditions which foster agricultural
management, whereas mountainous regions
would become increasingly forested. Extensifica-
tion would mean a 37% increase of currently
extensively used open land and an 80% decrease
of currently intensively used open-land.

Results from the uncertainty assessment indicate
that land-use change as suggested by the liberal-
ization and the extensification scenarios is likely to
have a major impact on C stocks and thus C
sequestration in Switzerland. The largest change
would be observed under liberalization which
would lead to a gain of 62 MtC due to an increase
in forested area at higher elevations and to a more
intensive management of agricultural land in the
lowlands. Current forest inventory data show that
C stocks in forests are increasing by 1 MtC y~'
(Table 4). Assuming a build-up time of 100 years
for the liberalization scenario would yield a maxi-
mal C sink of 1.6-2 MtC y~' in Switzerland. This
might suffice to fully compensate the amount of
agricultural greenhouse gases (2004: 1.4 Mt CO,—C
equivalents). However, 1.6-2 MtC y_1 corre-
sponds only to 11-13% of the currently emitted
greenhouse gases, indicating that even the largest
of the expected terrestrial C sinks per year would be
small in comparison with current anthropogenic
greenhouse gas emissions.

Our approach leaves a variety of caveats. First,
our assessment is based on a compilation of various
types of data from national-scale estimation of
overall C stocks. Second, the land-use effects on soil
C inferred from current stocks might be partly
related to inherent differences in soil C stocks
among soils with historically different manage-
ment. Thus, the C-stock data originate from dif-
ferent sources, some may not be fully compatible,
and some may measure past management schemes
rather than natural variation. The information
employed in this study originates from empirical
data collected with representative sampling strate-
gies accounting for geographical and thus, implic-
itly, also for management variation (forest biomass:
National Forest Inventory (Brassel and Brandli
1999); forest soils: (Perruchoud and others (2000),
and up-scaled data for soil C estimations of
open-lands: Leifeld and others (2005). Although
up-scaled data do not account for spatial variability
to the same degree as empirical data, our overall
soil-C assessment relies on several hundred soil
profiles and thus mirrors major spatial characteris-
tics at the landscape scale rather than local-scale
details. In addition, results from the uncertainty
assessment as performed in this study indicate that
a relatively large error range of 32% is likely to
cause effects on overall C stocks under the liberal-
ization and the extensification scenario.

Third, the dynamics of change and thus the C
sequestration within one land-use form (particu-
larly in forests) cannot be accounted for. The spa-
tially explicit data on which the scenarios rely



Effects of Land-Use Change on Carbon Stocks in Switzerland 905

represent information on two discrete time steps,
and thus do not provide temporally continuous
information. Implicitly, however, build-up times
for the scenarios can be estimated as 30 years for
the business-as-usual scenario, 80 years for the
extensification scenario, and 100 years for the lib-
eralization scenario. Our static approach likely
underestimates potential C accumulation in forests
under all three scenarios because C stocks of Swiss
forests are currently increasing (Brassel and Brandli
1999; Hagedorn 2005). We presume, however, that
the net increment in C stocks in Swiss forests will
decline in the near future because the use and
processing of wood is promoted by Swiss Forestry
agencies, new sawmills are built and the demand
for wood chips for heating is currently increasing.
In addition, Swiss forests already have C stocks that
are among the highest in Europe (117 tC ha™%;
350 m> ha™!') (Liski and others 2002). Net growth
rates are thus close to ‘saturation’. Additionally,
our assumption of declining C sinks per area forest
is supported by the modeling study of Schmid and
others (2006), which suggests that under ‘mini-
mum’ forest management, biomass C stocks will
reach a plateau within the next 60-80 years.

Effects of Land-Use Change on C Stocks:
Agroecosystem and Forest Soils

The conversion of cropland to forest is likely to
increase soil organic C stocks (SOC) (Guo and
Gifford 2002). It is not clear, however, how refor-
estation on former pastures, the most significant
agricultural land use and the land use with the
highest likelihood of change, affects SOC stocks
(Conant and others 2001; Guo and Gifford 2002;
Jandl and others 2007). For instance, Richter and
others (1999) and Vesterdal and others (2002)
observed along chronosequences from arable land
to forest floors that SOC stocks increased in the
forest floor, but decreased in the mineral horizons,
resulting in relatively small net effects. Systematic
comparisons for forest and agricultural soils in
alpine regions are not available. Our data compi-
lation suggests that forest soils store 35 tC ha™'
more C than grassland soils. Because forests are
usually on marginal land with smaller inherent
SOC stocks (as it is the case for agricultural land;
Table 3), it seems likely that reforestation indeed
increases C stocks. Our assessment suggests also
that extensification of currently intensively used
open-land leads to decreasing C stocks. Again, this
conclusion is based on the current C stocks in Swiss
agricultural soils, which are greater in intensively
managed soils (+28 tC ha™'). Intensively managed

land is wusually on more favorable sites with
inherently greater C stocks (Leifeld and others
2005). Consequently, we might have overesti-
mated the potential SOC losses through extensifi-
cation. We suggest that a 31% greater C stock in
intensively managed soils is reasonable because (a)
of their higher productivity, and (b) for sites with
similar texture and climate approximately one
standard deviation of SOC stocks is observed under
permanent grassland in the Swiss Central Plateau
(Leifeld and others 2005). This result agrees with a
number of case studies (Conant and others 2001;
Guo and Gifford 2002; Jandl and others 2007) and
is confirmed by recent eddy-covariance measure-
ments of a meadow under intensive versus exten-
sive use in the Swiss Central Plateau (Amman and
others 2007). Although intensive agriculture likely
leads to C gains in soils, it could increase emissions
of other greenhouse gases such as N,O and meth-
ane due to larger animal herds and the use of
fertilizers.

Rates of C-Stock Changes

Our static assessment represents an estimate of
potential effects on C stocks. We can only speculate
on the rates of change and the C source-sink
dynamics that are most relevant for the Swiss C
budget. For reforestation, the most significant land-
use change, the rates of change in biomass may be
estimated by assuming a mean stand age of
100 years as a likely build-up time for Swiss forests
(National Forest Inventory, Brassel and Brandli
1999). In this case, the liberalization scenario
would lead to a C-stock increase by approximately
0.5 MtC per year (47 MtC/100 years) in forest
biomass (Table 4), which corresponds to 3% of the
gross annual greenhouse gas emissions of 1990.
This assumption is a maximal C-stock change rate
because the increase in forest area is a slow process.

Rates of changes in soil C stocks contain much
greater uncertainties than those of biomass as they
depend on regional variation in climate, geology,
mineralogy, hydrology, and the magnitude of dif-
ference between current and expected C stocks. For
the conversion of agricultural open-land to forest,
we assume that the major SOC stock changes take
as much time as required to fully establish a mature
forest. This corresponds to the time until C stocks in
soil organic layers in forests reach a steady state
(80-100 years, Bottcher and Springob 2001).
Changes in management intensity of agricultural
land, for example, fertilization, are also expected to
take decades until new steady-states are reached.
For example, the Rothamsted Broadbalk continu-
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ous wheat experiment shows continuously
increasing C stocks since 1860 under steady man-
ure applications, indicating that even 100 years
may be too short to balance inputs and outputs
(Jenkinson 1991). Assuming that SOC stocks
would change during 50-100 years shows that the
C sink in soils would amount to 0.2-0.4 MtC y '
at maximum under the liberalization scenario
which represents the greatest expected changes in
land use (Table 4). For the business-as-usual and
the extensification scenario with an estimated
build-up time of 30 years, the C sink in soils would
be below 0.05 MtC y~'. In combination with the
expected C sink under liberalization, the total C
sink in Switzerland due to land-use changes would
sum to 0.7-0.9 MtC y ' (69 MtC/100 years),
which corresponds to a mere 5-6% of the current
anthropogenic greenhouse gas emissions.
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