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1. Introduction
The effect of future climate, forest management and atmospheric deposition on the
environmental objectives is studied within and outside CLEO using a wide range of
models and experiments. Different methods apply for different scales, and the
applicability in time and space varies. In order to be able to perform an overall analysis
of effects, as has to be done when analyzing synergies and conflicts, a common platform
that handles different scales and methods and where common scenarios are used, is
required. Within CLEO, represented by researchers covering a wide range of areas
including climate, deposition, forestry and soil processes, we have had the opportunity
to merge a wide range of data and scenarios that are required in the study of climate
and management effects on the CLEO environmental objectives, namely Natural
acidification only, Zero Eutrophication, A non-toxic environment and Clean Air. Common
scenarios have been developed for climate, deposition and forest management in
cluster 1 in the first phase of CLEO, as described in the CLEO progress report for phase 1.
In this report, a platform and database for analysis of the CLEO environmental
objectives is presented, together with some results from CLEO phase 1 that can feed in
to the analysis of synergies and conflicts. Finally an example of how the platform can be
used for analyzing synergies and conflicts of whole-tree harvesting is given.

2. Platform for analysis in different scales
Sweden is a country with a large spread from north to south. The conditions for climate,
forestry and atmospheric deposition vary widely, and climate and forest management is
expected to change differently in different regions. Moreover, there is a large variation
over the country of the present state of the environmental objectives. When future
effects on the environmental objectives are analyzed, this has to be taken into account.
Sweden was thus divided into seven regions reflecting the different conditions, as a
basis for the analyses of synergies and conflicts.
For modelling purposes, two catchment databases are used within CLEO, one with high
resolution, subcatchments, and one in a coarser scale with merged subcatchments, for
different modelling purposes. Catchments were used as a basis since the main focus is
on surface water effects.
Detailed modelling studies of responses on processes require well investigated
catchments and thus a catchment database with nine catchments in different regions
was established.
Thus the analysis platform includes four different scales, seven regions, subcatchments,
merged subcatchments and nine well investigated catchments. Below the different
scales are described in more detail.
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2.1. CLEO regions for analysis of synergies and conflicts
As a basis for the division into regions for analysis of synergies and conflicts, the 19
forecast regions of SMHI were used (www.smhi.se, Fig. 1a). They were merged to seven
regions based on expert knowledge on the gradients of climate, deposition and forest
management (Fig. 1b).
a.

b.

Figure 1. The 19 forecast areas used by SMHI (www.smhi.se) (a) and the seven CLEO
regions for analysis of synergies and conflicts (b).
The seven regions, the CLEO regions, are intended to be used for region specific analysis
of synergies and conflicts (see example in chapter 5). Future effects on the
environmental objectives, as well as synergies and conflicts, are expected to be
completely different in different CLEO regions due to differences in present state and
expected changes in climate, forest management and deposition. By performing
separate analyses for different CLEO regions these differences can be accounted for and
policies can be optimized.
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2.2 Subcatchments
SMHI is responsible for a database, SVAR (Swedish Water Archive), which contains
information on Sweden’s catchments, lakes, rivers, dams and coastal areas. Its latest
version contains ca 38000 subcatchments in Sweden (Fig. 2; www.smhi.se/). The
database has been used by SMHI for modelling of hydrology and nutrient transports on
a national scale. The SVAR database was adopted as part of the analysis platform
representing this kind of modelling. In CLEO cluster 3 the SVAR version 2010_2 has been
used as described in the CLEO progress report for phase 1.

a.

b.

Figure 2. The subcatchment database of SVAR (www.smhi.se), containing about 38000
subcatchments. The whole country (a) and zoomed in on southern Sweden (b).
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2.3 Merged catchments - the CLEObase
Within SMED (www.smed.se) subcatchments are used as a basis for calculations on
leaching of different substances to surface waters and the ocean, but the catchments
are merged for simplification matters, resulting in 2079 merged catchments (Fig. 3). The
SMED database includes a lot of data required for the calculations, e.g. fraction of
different land use classes, runoff and leaching coefficients for a number of elements. In
2011 the division into merged catchments was revised, and the new version (PLC-6) was
launched. Within CLEO the merged catchments division from the PLC-6 version of the
SMED database was used as a basis for a CLEO merged catchments database – the
CLEObase. Data on climate, hydrology, tree growth, weathering and deposition for
present conditions and with climate change was incorporated in the CLEObase. It is
intended to serve different model approaches with input, e.g. weathering rates and tree
growth for MAGIC. Moreover, it constitutes a basis for mass balance calculations on a
regional/national scale (see examples in chapter 4.4). The CLEObase is described
thoroughly in chapter 3.1.

Figure 3. 2079 merged catchments from SMED (PLC-6 version) used as a basis for the
CLEO merged catchment database – CLEObase.
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2.4 Well investigated catchments
Nine well-investigated catchments were chosen for ensemble modelling in CLEO (Fig 4,
Table 1). The criteria when choosing catchments were high availability of input data for
modelling and as good spread as possible among the CLEO regions. Originally 10 sites
were chosen, but one site in the southeast appeared not to have enough data for
modelling. Although single catchments cannot be seen as representative for
corresponding CLEO regions, they can be expected to respond differently to future
changes depending on their location, both due to different initial conditions and to
differences in the magnitude of change. The detailed modelling on a limited number of
sites can contribute with increased understanding of processes and responses of climate
and management responses on soil and water quality. The database content is
described shortly in 3.2, and more in detail in Bishop et al. (2012).

Figure 4. Nine well investigated catchments for ensemble modelling.
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3. Databases
3.1 The CLEObase
Data on climate, hydrology, tree growth, weathering and deposition for present
conditions and for some parameters for future conditions was incorporated in the
CLEObase (Table 1). Each parameter and the sources are described thoroughly in the
sections below.

3.1.1 Climate scenario data
Temperature and precipitation (1960-2100) were taken from regional climate
simulations performed by SMHI using the RCA3 model (Samuelsson et al., 2011;
Kjellström et al., 2011). In the first phase of CLEO European downscalings were used
(regional climate simulations of higher resolution, forced by a courser-resolution global
climate model on it’s boundaries) of ECHAM5 A1B-r3 and HadCM3 A1B-ref (cf.
Kjellström et al. 2011). Daily surface temperatures (ºC) and precipitation were biascorrected using a statistical downscaling method (DBS-method, Yang et al., 2010) to
transfer the data to a form suitable for hydrological modelling.
The results were incorporated in the CLEObase by estimating average temperatures and
precipitation for three 30-years-periods representing present conditions, 2050 and
2100. The temperature and precipitation according to the bias-corrected RCA3
downscaling of ECHAM5 A1B-r3 is shown as an example in Figure 5 and 6.
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Table 1. Data in the 2079 merged subcatchments in the CLEObase.
Parameter
Unit
Source
Temperature 1981-2010
ºC
RCA3 model1
Temperature 2036-2066
ºC
RCA3 model1
Temperature 2071-2100
ºC
RCA3 model1
Precipitation 1981-2010
Mm
RCA3 model1
Precipitation 2036-2066
Mm
RCA3 model1
Precipitation 2071-2100
Mm
RCA3 model1
Specific runoff 1981-2010
Mm & m3/s S-HYPE model2
Specific runoff 2036-2066
Mm & m3/s S-HYPE model2
Specific runoff 2071-2100
mm & m3/s
S-HYPE model2
Water discharge 1981-2010
m3/s
S-HYPE model2
3
Water discharge 2036-2066
m /s
S-HYPE model2
Water discharge 2071-2100
m3/s
S-HYPE model2
-2 -1
S deposition 2001-2010
mg m y
MATCH, two scenarios3
S deposition 2045-2054
mg m-2 y-1
MATCH, two scenarios3
S deposition 2091-2100
mg m-2 y-1
MATCH, two scenarios3
-2 -1
N deposition 2001-2010
mg m y
MATCH, two scenarios3
N deposition 2045-2054
mg m-2 y-1
MATCH, two scenarios3
N deposition 2091-2100
mg m-2 y-1
MATCH, two scenarios3
-2 -1
Weathering Ca, T 1981-2010
meqv m y
PROFILE model4
Weathering Mg, T 1981-2010
meqv m-2 y-1 PROFILE model4
Weathering Na, T 1981-2010
meqv m-2 y-1 PROFILE model4
Weathering K, T 1981-2010
meqv m-2 y-1 PROFILE model4
Weathering Ca, T 2036-2066
meqv m-2 y-1 PROFILE model4
Weathering Mg, T 2036-2066
meqv m-2 y-1 PROFILE model4
Weathering Na, T 2036-12066
meqv m-2 y-1 PROFILE model4
Weathering K, T 2036-2066
meqv m-2 y-1 PROFILE model4
Forest growth spruce
m3 ha-1 y-1
National forest inventory data
3
-1 -1
Forest growth pine
m ha y
National forest inventory data
Ca deposition 2007-2009
mg m-2 y-1
MATCH model
-2 -1
Mg deposition 2007-2009
mg m y
MATCH model
-2 -1
Na deposition 2007-2009
mg m y
MATCH model
K deposition 2007-2009
mg m-2 y-1
MATCH model
1

Data from two global climate models (ECHAM5 A1B-r3 and HadCM3 A1B-ref) which first has been
downscaled dynamically using the RCA3 model (Kjellström et al., 2011) and then scaled statistically
against observed data using the Distribution Based Scaling (DBS) method (Yang et al., 2010).
2
Forced with precipitation and temperature data described in this table.
3
Deposition data is from MATCH runs where European emissions of sulphur (S) and nitrogen (N)
compounds follow the RCP4.5 scenarios (Thomson, et al., 2011). MATCH was run with meteorology from
two different downscalings of RCA3 (ECHAM5 A1B-r3) and HadCM3 A1B-ref).
4
Temperatures from the RCA3 downscaling of ECHAM5 A1B-r3 was used.
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Figure 5. Annual mean temperature (ºC) during three periods according to a RCA3
downscaling of ECHAM5 A1B-r3, bias corrected by the DBS method (Yang et al., 2010).

Figure 6. Average annually accumulated precipitation (mm) during three 30-years
periods according to a RCA3 downscaling of ECHAM5 A1B-r3 and bias corrected using
the DBS method (Yang et al., 2010).
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3.1.2 Hydrology data under climate change
Hydrology was modelled with the HYPE model, based on temperature and precipitation
(Strömqvist et al., 2012). Water discharge and specific runoff (Figure 7) was added to
the CLEObase.

Figure 7. Specific runoff (mm) during three 30-years periods modelled with HYPE, using
temperature and precipation scenarios based on results from ECHAM A1B-r3
(Strömqvist et al., 2012).

3.1.3 Sulphur and nitrogen deposition data under climate change
Deposition of sulphur (S) and nitrogen (N) in the forms of oxidised and reduced N, have
been modelled for the entire period 1960-2100 in the scenario projects of CLEO. The
runs were made with the MATCH model where European emissions of S and N
compounds follow the RCP4.5 scenarios (Thomson, et al., 2011). MATCH was run with
meteorology from two different climate downscalings: RCA3 with ECHAM5 (A1B-r3) and
HadCM3 (A1B-ref). The deposition is the total (anthropogenic) deposition for mixed land
use, i.e for the actual mix of land use classes in each 50×50 km2 grid cell. The deposition
development is exemplified in Figure 8 where deposition of total N, averaged over the
2079 merged catchments from SMED, is shown for the three ten-year periods.
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Figure 8. Total (dry + wet) deposition of anthropogenic N during three 10-year-periods
from a MATCH simulation using downcaled ECHAM5 A1B-r3 climate and emissions from
RCP4.5. (Engardt and Langner, manuscript in preparation).

3.1.4 Weathering for present conditions and under climate change
Calculations of base cation weathering rates and critical loads on a national scale for
international reporting (Posch et al., 2011) and for following up the environmental
objective Natural Acidification Only (Naturvårdsverket, 2007) are presently based on the
National Forest Inventory sites (Hägglund, 1985). The model that is used is PROFILE
(Sverdrup & Warfvinge, 1993).
Within CLEO, the modelled weathering rates of the base cations calcium (Ca),
magnesium (Mg), potassium (K) and sodium (Na) on 17333 sites were interpolated to a
one by one km grid using kriging with Gaussian Markov Random Fields (Figure 9;
Lindgren et al.,2011, Rue et al., 2009). Although it still doesn’t fully cover the variation
on a local level, it can be useful for applications with the subcatchments within CLEO.
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Figure 9. Modelled Ca weathering rate interpolated with kriging, Gaussian Markov
random fields (Lindgren et al., 2011, Rue et al., 2009) based on 17333 National Forest
Inventory sites.
The weathering rates on the 17333 sites were transferred to the CLEObase, using
median values in each of the merged subcatchments (Figure 10a). The standard
deviation was calculated to illustrate the variation in weathering rates within the
merged subcatchments. The standard deviation map shows the large variation in the
eastern parts of Sweden (Figure 10b).
Furthermore, the weathering model PROFILE was run for a second scenario with
increased temperature - the temperature 2050 using downcaled ECHAM5 A1B-r3
climate - in order to test the temperature sensitivity of the weathering rates. The results
were transferred to the CLEObase using medians for the merged subcatchments (Figure
11).

13

a.

b.

Figure 10. Modelled Ca weathering rates, medians for each of the merged
subcatchments (a) and standard deviations (b).
a.

b.

Figure 11. Modelled Ca weathering rates, with average temperature for 1981-2010 (a)
and 2036-2066 (b).
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3.1.5 Base cation deposition
Wet deposition of base cations is modelled yearly with the MATCH model (Langner et
al., 1996) in 20*20 km grid cells. Within CLEO, the modelled wet deposition of Ca, Mg, K
and Na for 2007-2009 was derived from SMHI (www.smhi.se) and the three years
average deposition was estimated for each of the base cations. The gridded data was
transferred to the merged subcatchments, using area weighted averages. Dry deposition
is not modelled at present, but was modelled in a special study of base cation
deposition in the late 1990:ies (Lövblad et al., 2000). For 1998, both wet and dry
deposition of base cations was modelled, and within CLEO the ratio between wet and
dry deposition from 1998 for each base cation was used to estimate dry deposition for
2007-2009. This builds on the rough assumption that the ratio is constant. Projects on
base cation deposition are on-going, and the results will be used to update the CLEO
database. Total deposition of Ca and Mg is illustrated in Figure 12.
a.

b.

Figure 12. Total deposition to forest of Ca and Mg, average for the years 2007-2009,
modelled by the MATCH model (Langner et al., 1996).

3.1.6 Forest growth
The stem growth was estimated for the merged subcatchments in the CLEObase for
spruce and pine separately based on the National Forest Inventory sites (Hägglund,
1985). The site fertility gives the optimal growth in a stand, and using that would
overestimate the actual growth. Thus the site fertility was reduced by 20%.
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The data was interpolated using kriging in a 1 by 1 km grid using Gaussian Markov
random fields (Lindgren et al., 2011, Rue et al., 2009), and the mean values and
standard deviation for each merged catchment was calculated based on the kriging
results. The kriging was based on 5412 sites for spruce and 6361 sites for pine. The stem
growth varies between less than 2 and 10 m3 ha-1 y-1 (Figure 13). The growth is
substantially higher for spruce than for pine in the southern half of Sweden, pine growth
does not exceed 6 m3 ha-1 y-1. In northern Sweden the difference is smaller. The
standard deviation was relatively low, between 0.1 and 0.4 in most parts of the country.
a.

b.

Figure 13. Stem growth for spruce (a) and pine (b). Mean values for each one of the
merged subcatchments, based on kriging interpolation of forest monitoring sites.

3.2 Well investigated catchments
Data for the nine well-investigated catchments, according to the model requirements,
was compiled within the framework of project 2.2 in CLEO. Time series of hydrology and
water chemistry were available for the catchments. Other data, for example deposition
and soil properties, were in some cases available in the catchments, whereas in some
catchments data had to be generalized, e.g. through the use of modelled data (for
deposition) or data from sites close by (e.g. mineralogy data). The database is described
further in Bishop et al. (2012).
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4. Inputs from CLEO and related projects to the analysis
of synergies and conflicts
The CLEO work on climate effects on the different environmental objectives is meant to
contribute to the analysis of synergies and conflicts. In this chapter some results from
phase 1 that can be used in the analysis are described. There are other projects that will
contribute in phase 1, e.g. about acidification modelling with MAGIC. Work on
synthesizing results from phase 1 will continue in autumn 2012. Two additional projects,
that are not included in CLEO but that have run in parallel with CLEO phase 1, are also
described since they are highly relevant for CLEO and since there have been interactions
between them and CLEO.

4.1. Ozone effects on forest
4.1.1 Introduction
Tropospheric ozone acts as a SLCF (short lived climate forcer), both directly as an
important GHG (green house gas) (the third most important according to the last IPCC
report) and indirectly through its negative impacts on the growth of trees and other
vegetation and hence on the carbon sequestration of forests. The potential effect on
growth can also have implications on other environmental objectives, such as Zero
Eutrophication and Natural Acidification Only. It is thus important to correctly map the
occurrence of ozone in the landscape and its impacts on vegetation.
It has been shown that the effects of ozone on vegetation are more strongly related to
the stomatal uptake of ozone than to the concentration of ozone in the air surrounding
the plants (e.g. Pleijel et al., 2004). The stomatal conductance to gas exchange is highly
sensitive to short-term variation in meteorological conditions such as light, temperature
as well as soil and air humidity (notably the water vapour pressure deficit, VPD). On a
larger time scale the seasonality of both ozone concentrations and phenological
development of vegetation are very important for the integrated ozone dose/exposure.
Since several of the meteorological factors affecting stomatal conductance and
phenology are strongly affected by climate change, there is strong potential for
important interactions with ozone effects on for vegetation (Klingberg et al., 2012a).
Different plants respond differently to ozone. Although effects are essentially always
negative their magnitude is variable. This variability is driven by two sets of factors: 1.
dose-modifying factors, and 2. response- modifying factors. Dose-modifying factors
include aspects such as maximum stomatal conductance and stomatal response to
environmental variables, while response-modifying factors reflect variation in sensitivity
once ozone has entered the plant, e.g. the strength of the biochemical defense capacity
against reactive oxygen species of the leaf tissues. Not only are these factors potentially
strongly affected by climate change. The vegetation type, e.g. the composition of tree
species in the forests, can be critical for ozone sensitivity. Thus management practices in
forestry and agriculture can be of large importance for ozone effects. A further aspect of
the choice of tree species, potentially affected by climate change, is the biogenic
17

emissions of VOCs (isoprene, terpenes), which participate in photochemistry and thus
can affect the formation and destruction of ozone.

4.1.2 Main results
The activities within CLEO have contributed to the understanding of variations of ozone
levels in the forested landscape and how this depends on the synoptic weather
conditions (Klingberg et al., 2012b). It has been shown in these studies that the limited
vertical mixing of the air, especially in valley/low relative elevation sites during the
evening, night and morning has a strong negative effect on the ground-level ozone
concentration, limiting ozone exposure of vegetation and humans. Projections of the
ventilation index during the growing season for the next century, performed within
CLEO (M Engardt, SMHI), indicate that vertical mixing is likely to increase under climate
change, which may lead to higher surface ozone exposure even if ozone precursor
emissions remain constant.
The new knowledge of ozone variation in the landscape and its links with local climate
and synoptic meteorology, generated within CLEO, can be used for developments and
assessments based on the MATCH model to better predict local ozone concentrations
today and in a future, changed climate.
Phytotoxic effects of ozone are dependent on the rate of ozone uptake to the leaf
interior. Ozone has no negative effects of plants from “outside”. Within CLEO, we have
further developed methods to estimate the phytotoxic dose of ozone on different
vegetation in Europe, today and in the future under climate change (Klingberg et al.,
2012). These studies indicated that, while ozone concentrations (at constant precursor
emissions) are only weakly positively influenced by climate change in Northern Europe,
ozone uptake by vegetation is likely to increase in this region due to enhanced stomatal
conductance in a warmer climate. In south-west Europe, on the other hand, ozone
concentrations are likely to rise, but ozone uptake will probably decline significantly due
to much drier conditions in the projected future climate based on RCA3. One further
important aspect pointed out by that study is that the rising CO2 concentrations may
reduce stomatal conductance to an extent which is relevant for ozone risk assessment.
This aspect, however, needs further study.
An aspect which is most important in the north of Sweden is the start of the growing
season in the relation to the spring ozone peak, which may be very pronounced and
corresponds to a much larger part of the yearly ozone exposure in North Sweden than in
South Sweden. Today, the spring ozone peak occurs mainly before the growing season
starts and will thus not influence vegetation to any large extent. Preliminary studies,
which have recently been initiated within CLEO, indicate that in northern Sweden there
is strong evidence that the growing season has already started to become earlier over
the last 20 years and is likely to increasingly overlap with the spring ozone peak,
enhancing the risk for ozone effects on vegetation.
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4.1.3 Use in synergies and conflicts
In the short term (decades), the largest increase in the forest carbon stocks is to the
living biomass carbon stocks. The increase in the living biomass of forests depends
mainly on the relation between growth and harvest rates at the large geographical scale
(landscape). If growth is higher than the harvest rates, then the living biomass carbon
stocks will increase. Hence, a relative modest decrease in the forest growth rates,
caused by e.g. ozone, may have a substantial impact on the gap between growth and
harvest rates. It has been estimated in a study performed within the ICP Vegetation
(Karlsson, 2012), financed by the Swedish Environmental Protection Agency, that the
current levels of ozone, as compared to pre-industrial levels, may reduce the rates of
forest carbon sequestration in 10 northern European countries by approximately 10 %.
This corresponds to a reduced forest carbon sequestration in these countries by 19 M t
CO2e yr-1.
On a general level the consequences of reduced emissions of ozone precursors can be
considered. In many cases (e.g. fossil fuels) reduced emissions of CO2 from combustion
will also lead to lower emission the ozone precursors (NOx and VOC). However, in the
case of certain types of biofuel use (replacing fossil fuels) increased emissions of VOC
cannot be excluded. Thus there could be a trade-off between the two aspects and it is
important that biofuel combustion does not lead to increases of air pollutants other
than CO2.
Reduced emissions of NOx are favourable for many environmental problems, including
ground-level ozone, acidification, eutrophication etc. Thus there is a win-win situation. A
reduced forest growth by ozone can also interact with acidification and eutrophication,
since it may lead to a smaller uptake of N by the trees, increasing the risk for excess N,
nitrification and acidity.
Regarding the range of effects relevant, it should be kept in mind that ground-level
ozone contributes to a number of environmental effects and hazards, including effects
on forest growth and carbon sequestration (indirectly contributing to radiative forcing),
crop loss, health effects (ozone considered the second most important air pollutant
after particles), damage to materials and a direct contribution to radiative forcing.
Generally, action to reduce tropospheric ozone (within Clean Air) will in most cases be
beneficial for the possibility to reach other environmental objectives such as other
aspects of Clean Air (NO2 standards), Natural Acidification Only, Zero Eutrophication and
Reduced Climate Impact. The effects of changed forest management need to be studied
further. A more detailed analysis of the interaction of ground-level ozone with other
environmental objectives over Sweden would have to include regional differences, e.g.
between the north and the south of Sweden (certain aspects of climate change being
more important in the north, e.g. start of the growing season in relation to the spring
ozone peak) and between areas which are expected to become more and less humid,
respectively (since humidity is very important for plant ozone uptake). The CLEO regions
would be a suitable platform for this.
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4.2. Sensitivity analysis of climate and management on
acidification and eutrophication
4.2.1 Introduction
In project 2.2 the sensitivity of changes in climate, forest management and deposition
on different parameters related to the environmental objectives Natural acidification
only and Zero Eutrophication was tested through ensemble modelling on the nine well
investigated catchments in different regions in Sweden (Strömqvist et al., 2012). The
advantage of using this approach is that the dynamic models used in combination with
the high data availability give the opportunity to achieve increased understanding of
processes and responses. The spread of the catchments in different regions can increase
the knowledge about differences in responses in different parts of the country.

4.2.2 Main results
The sensitivity analysis was initiated in 2012 and the work is still in progress. Some
preliminary results are:
 Both dynamic models which were able to model hydrology, COUP and HYPE,
predicted reduced discharge at higher temperatures. The response is, however,
stronger according to HYPE. The difference is caused by different ways of
describing potential evapotranspiration.
 The precipitation response on hydrology was similar for COUP and HYPE.
 Increased temperatures led generally to substantially increased total N
concentrations according to HYPE, whereas the response was smaller for COUP.
The RIM model gave very small responses, and often in the opposite direction as
compared to HYPE and COUP.
 Two models, COUP and HYPE, predicted the effect of fertilization on
concentrations of inorganic N. The response was high in most cases according to
HYPE. COUP only modelled two sites. For one of the sites, the response was high
whereas it was relatively low on the other.
 The temperature response on weathering rates was strong, an increased
temperature of 2º led to an increase of 20% in weathering rates according to the
PROFILE model. Also increased precipitation led to substantially higher
weathering rates. Whole-tree harvesting led to increased weathering rates in
most cases, but the effect was rather small according to PROFILE, up to 6%.
 Increased temperature led to reduced concentrations of inorganic aluminium, a
toxic substance often used as an indicator of acidification, on the three sites
modelled by the MAGIC model.
The results will be further analysed and put into the perspective of the environmental
objectives Natural Acidification Only and Zero Eutrophication in phase 1. In phase 2,
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scenario analyses will be performed, and the results will used for the analysis of
synergies and conflicts.

4.2.3 Use in synergies and conflicts
Comparing the sensitivity of changes in different climate and management parameters
on indicators related to acidification and N leaching, in different parts of the country,
gives a first indication of what are the most important factors and what could be
potential synergies and conflicts in different pats of the country. The plan is to follow-up
with a scenario analysis, which will give even more straight-forward information to the
analysis of synergies and conflicts, i.e. the effect of different scenarios on important
processes and in the end on acidification and N leaching in different parts of the
country.

4.3 Effects of climate and management on mercury
4.3.1 Introduction
Leaching of mercury from soils to surface water can be affected both by climate change
and by intensified forest management. In phase 1, mercury leaching results from
experiments and monitoring from all over Sweden have been compiled, and an analysis
of the results is in progress. Efforts will be made to scale up the results to a national
scale. For the first time, not only the total mercury concentrations will be handled, but
also methylmercury.

4.3.2 Main results
The review of experimental and monitoring data on mercury showed that different
kinds of disturbance, e.g. clearcuttings, storm fellings, ditching and track damages led to
increased mercury leaching in many cases. Moreover, there was a correlation between
DOC concentrations and mercury leaching. The highest concentrations generally
occurred in areas with high DOC concentrations and some kind of disturbance (Figure
14). Different leaching coefficients were given for four different combinations of DOC
concentrations (low-high) and disturbance levels (no disturbance – substantial
disturbance), both for total mercury and methylmercury. The leaching coefficients for
total mercury were compared to the ones used in SMED 2010 (www.smed.se) and they
were generally higher than the SMED ones.
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Figure 14. Concentrations of methylmercury (medians and percentiles) on the sites
included in the compiled mercury database, divided into undisturbed and disturbed
sites and into high and low DOC levels.

4.3.3 Use in synergies and conflicts
There is a lack of information on effects on intensified forest management on leaching
of mercury, and thus effects on the environmental objective A Non-Toxic Environment.
The results from this project can be used to quantify potential effects of disturbance
caused by intensified forest management, e.g. stump harvesting, on mercury leaching.
Correlations with other factors, e.g. DOC, can be the basis of a spatial distributed
quantification of potential mercury leaching in Sweden, which can be incorporated in
the CLEObase so that this aspect is represented in the analysis of synergies and conflicts.
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4.4 Effects of whole-tree harvesting on mass balances on a
national scale
4.4.1 Introduction
National mass balance calculations for base cations (Ca, Mg, K and Na) and N has been
performed before, on a grid cell level (Akselsson & Westling, 2005; Akselsson et al.,
2007a; 2007b) and later on a large number of National Forest Inventory sites in Sweden
(Akselsson et al., 2008). Through CLEO, where input data for mass balance calculations
has been collected on a merged subcatchment level in the CLEObase (Table 1), mass
balance calculations can be made on a merged catchment level. One advantage of using
the CLEObase is that the catchment division is suitable for surface water applications
performed in CLEO. Another advantage is the direct connection to future climate and
deposition scenarios, that makes it possible to perform mass balance calculations also
for future conditions, e.g. reduced deposition or increased weathering due to increased
temperatures.

4.4.2 Main results
The CLEObase has been developed throughout the first phase of CLEO and the
important pieces for mass balance calculations are in place since spring 2012. Mass
balance calculations have been made for Ca, Mg, K, Na and N, both simplified ones
including only weathering and harvesting, and complete mass balances including
deposition, weathering, harvesting and leaching. In figure 15- 18 the different terms as
well as the mass balance is shown for Ca and K. The results are comparable with the
results from Akselsson et al. (2007a), with some differences due to updated input data,
mainly deposition, soil water chemistry and runoff. Deposition and runoff from the
CLEObase was used (Table 1) and soil water chemistry data was derived from the
SWETRHO network, measurements from October 2005 to September 2008 (Pihl
Karlsson et al., 2011).
The deposition and weathering inputs are in the same order of magnitude both for Ca
and K. Harvest losses is the dominating term in the southern part of Sweden for both
nutrients. For Ca, leaching is the dominating term in northern and eastern Sweden.
There are net losses of both Ca and K in the stem-harvesting scenario in almost the
whole country. The losses are higher for Ca. At whole-tree harvesting the losses become
substantially higher.
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a. Deposition

b. Weathering

c. Harvest (stem)

d. Leaching

Figure 15. Inputs and outputs in the Ca budget.
a.

b.

Figure 16. Ca budget at stem-harvesting (a) and whole-tree harvesting (b).
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a. Deposition

b. Weathering

c. Harvest (stem)

d. Leaching

Figure 17. Inputs and outputs in the K budget.
a.

b.

Figure 18. K budget at stem-harvesting (a) and whole-tree harvesting (b).
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4.4.3 Use in synergies and conflicts
Mass balance calculations is a suitable tool for testing the effect of different harvest
intensities on the base cation and N balance, e.g. stem harvesting versus whole-tree
harvesting, as has been done in Akselsson & Westling (2005) and Akselsson et al.
(2007a). The CLEObase makes it easy to test the effect of different forest management
scenarios as well as deposition and climate scenarios. The results from such calculations
can be directly used as inputs in the analysis of synergies and conflicts
A first attempt to use climate, deposition and forest management scenario data to
perform mass balance calculations for the future is described in chapter 5, where the
effect of temperature on base cation weathering rates is compared with the effect of
whole-tree harvesting on base cation losses, and the effect of reduced N deposition and
whole-tree harvesting on the N budget is assessed. This can be directly used in the
synergies and conflict analysis related to the environmental objectives Natural
Acidification Only and Zero Eutrophication. The next step might be to also include a
climate induced growth effect in those calculations. Results on effects of intensive
fertilization on N leaching from Kronnäs et al. (in press), performed on the same
platform, can also be used in this context (see further chapter 4.6).
Overall, the CLEObase platform can be used as a test bench comparing the importance
of different drivers, climate, deposition and forest management, on processes and on
the mass balances in different parts of the country. This can help us to identify the most
important drivers and effects in different regions.

4.5 Nitrogen leaching for different harvesting scenarios
(financed by HAV)
4.5.1 Introduction
Between 2010 and 2012, the project “Nitrogen leaching from forest soils at different
management scenarios”, led by IVL and financed by the Swedish Environmental
Protection Agency and Swedish Agency for Marine and Water Management, has been
running (Kronnäs et al., in press). The topic fits perfectly within CLEO and was thus
performed in cooperation with CLEO, both regarding scenarios and GIS platform. The
aim of the project was to estimate gross N load from forest soils to the Baltic Sea and
Västerhavet for different forest management scenarios, and to compare with loads from
other land use. Simplified estimations of net load were also made. This was done for
subcatchments (chapter 2.2) for three water districts in Sweden, Northern Baltic Sea,
Southern Baltic Sea and Västerhavet. The studied management methods were final
felling with clearcuts, final felling with shelterwood, fertilization, demand driven
fertilization, ditch cleaning and continuous cover forestry. The estimations were based
on available data from experiments and environmental monitoring.
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4.5.2 Main results
The study showed that fertilization, particularly demand driven fertilization, has the
potential to substantially increase N leaching from forest soils (Figure 19). The
estimations showed that conventional fertilization according to the present
recommendations will increase gross N leaching by 8 %. If, in addition, demand driven
fertilization is performed on 5% of the productive forest area in Sweden, the leaching
would increase with 60% according to the calculations.

Figure 19. Gross N load per hectare forest land and year from the
subcathments draining to the southern and northern Baltic Sea and
Västerhavet, for six scenarios:
a) background, b) todays fertilization and clearctting (D10.D.D), c)
higher fertilization (the maximum amount allowed in conventional
fertilization) and clearcutting (max.D.D), d) Demand driven
fertilization on 5 % of Sweden´s productive forest area (B05.D.D), e)
todays fertilization with shelterwood on all clearcuts (D10.S.D) and f)
todays fertilization and continuous cover forestry (D10.P.D).
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The calculations for demand driven fertilization is based on results from only a few
experiments, and thus the uncertainties are large. Shelterwood and continuous cover
forestry are management strategies that would substantially reduce N leaching.

4.5.3 Use in synergies and conflicts
The effect of different forest management methods on N leaching will be studied
through dynamic modelling exercises within CLEO. However, although the process
understanding is continuously improving, it has shown to be difficult to dynamically
model N leaching in a satisfactory way, and even more difficult to scale it up to
catchments and water districts. Therefore, approaches like this, where experimental
and monitoring data are up-scaled, is exceptionally important in assessments of N load
to surface water. Demand driven fertilization is one of the methods that is often
suggested as a strategy to increase tree growth and thus increase carbon sequestration
and the potential for renewable fuels. This study is one of few efforts to quantify the
possible effects on N leaching. Since the subcatchments are used as a basis for the
calculations the results can easily be used in analyzing synergies and conflicts within
CLEO. The Furthermore, leaching coefficient for the different management methods
can be fed into the national modelling with S-HYPE, for more detailed mapping of N
loads.

4.6 Consequences of increased harvesting of forest fuels
(financed by the Energy Agency)
4.6.1 Introduction
The Biofuel program (Bränsleprogrammet), managed by the Swedish Energy Agency,
was running between 2007 and 2011. Between 2010 and 2012 a synthesis work
including the projects in the Biofuel program and other relevant studies, was performed
(de Jong et al., 2012), with the main aim to answer the question “Can we increase forest
fuel harvesting without negative consequences for the environment?” The time range
overlaps completely with CLEO phase 1, and the aim is central within CLEO. CLEO was
represented in the project (C. Akselsson), there has been a fruitful exchange between
the two programs.

4.6.2 Main results
The synthesis showed that it is possible to almost double the harvest of logging residues
(branches, tops and stumps) without any negative impact on the environmental
objectives. The intensity of harvesting of branches and tops is limited by Natural
Acidification Only. According to the synthesis assessment, maximum 60% of the
branches and tops on a stand level can be harvested in 60% of the landscape. For
stumps, Sustainable Forests and A Non Toxic Environment are the environmental
objectives limit harvesting, according to the assessment. The maximum stump
harvesting is set to 80% and the stand level combined with 10% on the landscape level.
The chance to fulfill the environmental objective Zero Eutrophication will not be
significantly affected according to the analysis.
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However, to make the maximum harvesting of logging residues possible, with desired
effect on CO2 emissions and without negative effects on the environmental objectives, a
number of requirements must be obtained:
• Biofuel substitutes fossil fuel,
• General conservation consideration is used according to the forestry policy,
• The extraction is mainly limited to branches, tops and stumps of conifers,
• Nutrient compensation is applied in some cases after extraction of biofuel in thinning
operations,
• Extraction is restricted to grounds with strong bearing capacity to avoid soil damage,
and is not carried out in, or near areas of high conservation values, if this is negative
for conservation,
• Ash recycling with ash of good quality is applied in some cases.
The requirements listed above are not new, and some of them have been
recommended for a long time, but are still difficult to implement. It was concluded that
new policy measures might be necessary to fulfill these requirements.
Demand driven fertilization was also included in the synthesis. The effect on N leaching
from available experiments varies from relatively low to very high. Further research on
the reasons for this spread has to be performed. Demand driven fertilization will be
strongly negative for the biodiversity in the treated stands. The overall effect on
Sustainable Forests depends on the distribution of treated stands in the landscape. If it
can be optimized from a biodiversity point of view, the effects can be kept small.

4.6.3 Use in synergies and conflicts
The synthesis corresponds to parts of the goal of project 4.3 in CLEO. It constitutes a
robust basis for the further analysis. However, differences between different parts of
Sweden are only touched upon in the synthesis. Moreover, the direct effect of climate
change is only mentioned, when in reality the combination of a changing climate and
changed management can imply other effects than if only management is taken into
account. The CLEO platform can be the basis for an integrated analysis of effects of
climate change, forest management and deposition on a higher resolution, taking the
differences between different regions in Sweden into account.

5. Example of application using the new platform:
Acidification and N leaching effects from whole-tree
harvesting with future climate and N deposition
5.1 Acidification, recovery and N leaching – present state
There has been a strong gradient of acidifying deposition in recent decades (Figure 20a).
Although the deposition of S has decreased to relatively low levels, the soil water
acidification is still evident in the high deposition areas according to measurements in
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the SWETHRO network (Pihl Karlsson et al., 2011; Figure 20b). The southwestern region
has received the most deposition, and is the region with highest concentrations of
inorganic aluminium (iAl) in soil water, generally over 0.4 mg l-1, which is sometimes
used as an indicator for acidification (Gustafsson et al., 2001). Also in the southeastern
region the concentrations are over 0.4 mg l-1 in most cases. In the two central regions
and the northeastern region, with much lower deposition than in the south but
substantially higher than the inland in north, there are two sites with concentrations
over 0.4 mg l-1 and several sites with concentrations close to 0.4. In the northern inland
all sites show low concentrations of iAl. Pihl Karlsson et al. (2011) have shown that there
are signs of recovery on some sites, but that it is very slow.
The soil water chemistry gradient in Sweden shows that the prerequisites for fulfillment
of Natural Acidification Only are very different in different parts of the country. This is
important in the assessment of climate change effects on the recovery.

a.

b.

Figure 20. S deposition to forests the hydrological year 1991/92 (a) and inorganic
aluminium in soil water October 2005 – September 2008 (b). For inorganic aluminium,
the limit 0.4 mg l-1 is sometimes used as an indicator for acidification. Data from the
SWETHRO network (Pihl Karlsson et al., 2011).
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N deposition shows a similar geographical gradient as S (Figure 21a), with completely
different conditions in the north (very low deposition) an in the south (intermediate
deposition). The emission reductions have not been as successful for N, and there is no
change in N deposition on most of the monitoring sites (Pihl Karlsson et al., 2012). The
northern forest ecosystem usually take up all N, but in southern Sweden, where the N
deposition is the highest, there are several examples of forest sites with elevated nitrate
concentrations in soil water, indicating an excess of N (Figure 21b, Akselsson et al.,
2010). At higher deposition levels on the continent, elevated nitrate concentrations in
soil water is very common (Gundersen et al., 1998). Thus, the southern part of Sweden
is on the limit to saturated N conditions. Changes in climate, deposition and
management can push the border in either direction.

a.

b.

Figure 21. Inorganic N deposition (mixed landuse) as an average for 2001-2010,
according to the MATCH model (see chapter 2.3) (a) and a classification of SWETHRO
sites into different nitrate concentration classes (Akselsson et al., 2010).
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5.2 Effects of increased temperature on base cation weathering
Climate change may lead to direct effects on acidification and recovery through effects
of temperature and precipitation on processes affecting recovery. Growth, weathering
and dcomposition are some of the important processes that can be affected by climate
change. Weathering is one of the most important processes from an acidification point
of view.
Chemical weathering (except CaCO3) is a kinetically controlled process, and is thus highly
dependent on temperature (Warfvinge, 1998). The temperature dependence can be
described with the Arrhenius function, as for most chemical reactions (Brantley, 2007).
Mineral specific constants for calculating the temperature dependence are given in
Sverdrup (1990). These are built into the PROFILE model (Sverdrup & Warfvinge, 1993).
In an on-going project (Akselsson et al., manuscript), PROFILE modelled weathering
rates for two 30-years-periods, 1981-2010 and 2036-2066, taking the effect of the
increasing temperatures into account, were compared (Figure 22). For 2036-2066
temperatures from the AIB-r3 scenario where the RCA3 model has downscaled the
ECHAM5 data was used (Figure 5). The median temperature increase in Sweden was
about 3ºC. This led to an average increase of the weathering rates of 30%.
a.

b.

Figure 22. Base cation weathering rates for two periods; 1981-2010 and 2036-2066, with
a temperature rise according to the A1B-r3 scenario, where the RCA3 model has
downscaled the ECHAM5 data.
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5.3 Effects of whole tree harvesting on base cation losses
As important as the direct climate effects are the indirect effects, i.e. different kinds of
policy induced changes, such as changed forest management. For base cation cycling
and acidification, harvesting of harvest residues (branches, tops and stumps) is the
management method that has the highest potential effect. The increased removal of
biomass leads to increased base cation losses and thus reduced buffering capacity in soil
which has the potential also to affect runoff water quality.
In the on-going study mentioned above (Akselsson et al., manuscript) base cation losses
at stem harvesting and whole-tree harvesting were calculated. In the stem harvesting
scenario 100% of the stems were removed. In the whole-tree scenario also 60% of the
branches were removed based on SKA-VB 08 (Skogsstyrelsen, 2008). As in earlier
national calculations (Akselsson et al., 2007a; 2007b; 2008), 75% of the needles were
assumed to accompany the harvested branches.
Base cation losses through stem harvesting were estimated based on the net stem
growth for spruce (Figure 13a) combined with concentrations of nutrients in stems
(Egnell et al., 1998; Swedish pulp and paper institute, 2003) (Figure 23). The amount of
branches and tops was estimated using ratios between branches and stems as well as
between needles and stems, from estimations with Marklund’s functions (Marklund et
al., 1998). Base cation losses through harvesting of branches, tops and needles were
estimated by multiplying the biomass removal with base cation concentrations in
branches and needles (Egnell et al., 1998; Swedish pulp and paper institute, 2003).

Figure 23. Base cation losses at stem harvesting and whole-tree harvesting.
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5.4 The net effect of increased weathering rates and increased
harvest losses
A comparison was made between base cation weathering (the sum of Ca, Mg, K and Na
weathering) and harvest losses, by substracting harvest losses from weathering rates,
for three scenarios (Figure 24):
-present weathering and stem harvesting
-present weathering and whole-tree harvesting
-increased weathering and whole-tree harvesting
Weathering and harvest losses are only two of the four terms in the mass balance of
base cations (Chapter 4.4), deposition and leaching being the other two. Leaching is a
dominant term in mass balance calculations of base cations, strongly influenced by the
last decades of high acidity input, and highly variable over time. Although the
comparison between weathering and harvest losses does not give the actual net change
from the system, it gives clear indications of the effect on base cation cycling of
different influences, more clear than if also deposition and leaching were included.
When only stems are harvested and the present weathering is used (Figure 24a),
weathering rates and harvest losses are of about the same size in large parts of Sweden.
In parts of southern Sweden the harvest losses are larger and in parts of the north it is
the other way around. When also branches and tops are harvested according to the
scenario described above, the harvest losses substantially exceed the weathering in the
southern half on Sweden and along parts for the coast in the northern half (Figure 24b).
The increased weathering rates due to increased temperatures counteracted the
harvesting of branches and tops to some extent (Figure 24c). In the southern half of the
country it only counteracted part of the increased losses through harvesting, whereas in
northern Sweden it counteracted all of it. In parts of northern Sweden the increased
base cation weathering even exceeded the base cation losses through harvesting of
branches and tops (Figure 25).
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a.

b.

c.

Figure 24. Base cation weathering minus base cation losses through harvesting for: stem
harvesting and weathering with present temperatures (a), whole tree harvesting and
weathering with present temperatures (b), whole tree harvesting and weathering with
the temperature of 2050 (c).

Figure 25. The weathering response on temperature
increase versus the difference between stem
harvesting and whole-tree harvesting. In the red
and orange areas the effect of whole-tree
harvesting exceeds the effect of increased
weathering. In the yellow areas the response is of
about the same size. In the green areas the
response of temperature on weathering exceeds
the effect of whole-tree harvesting.
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5.5 Effects of reduced N deposition and whole-tree harvesting
on the N budget
High N accumulation in soil, caused by N deposition and/or fertilization, can eventually
lead to elevated N leaching, as can be seen on several monitoring sites in the south
(Figure 21). N accumulation is the sum of deposition and fixation minus the harvest
losses and leaching. N budgets have been calculated before, on a grid cell level
(Akselsson & Westling, 2005) and on a site level (Akselsson et al., 2008). Here we made
calculations on a merged catchment level, with the CLEObase as a basis. Runs were
made for four combinations of deposition and harvesting; deposition from 2001-2010
and 2045-2054 was combined with stem harvesting and whole-tree harvesting. The
same scenarios for whole-tree harvesting as for the base cations were used, and the
same methodology for was used to estimate N losses based on tree growth (Chapter
5.3). N leaching in high resolution for Sweden was derived according to methodologies
in Akselsson et al. (2010), and transformed to the CLEObase catchments.
The results show, in accordance with prior studies, that whole-tree harvesting has a
large impact on the N budget. In large parts of northern, central and southeastern
Sweden the N accumulation turns to net losses after whole-tree harvesting. In the
southwestern part, however, there is an accumulation even at whole-tree harvesting. In
this region there is already elevated nitrate concentrations on several sites (Figure 26).

Figure 26. N accumulation for four combinations of deposition and harvesting intensity.
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5.6 Implications for future acidification, recovery and N leaching
in different CLEO regions
The initial conditions for acidification and eutrophication as well as the response to
increased temperature, increased biomass harvesting and reduced N deposition differs
between different regions. Below the results from this synthesis is presented for each of
the seven CLEO regions (Figure 27). The study is limited to effects of whole-tree
harvesting and increased weathering rates on the base cation budget, and the effect of
whole-tree harvesting and reduced N deposition on the N budget. These are some of
the most important factors that can affect the environmental objectives Natural
Acidification Only and Zero Eutrophication in the future. There are, however, several
other important factors that can be affected by changes in climate and forest
management that could complement the analysis, e.g. tree growth and decomposition.
Furthermore, results from the mercury leaching studies can be included so that the
environmental objective A Non-Toxic Environment is included in the analysis.

Figure 27. The seven CLEO regions; Southwest (SW), Southeast (SE), Central West (CW),
Central East (CE), Northwest (NW) North Central (NC) and Northeast (NE).
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SW (southwest): This is the region that has received the highest S and N deposition.
Accordingly, it is the most acidified region, with inorganic aluminium concentrations in
soil water exceeding 0.4 mg per liter. It is the region where elevated nitrate
concentrations are most frequent. Whole-tree harvesting has a high impact on the base
cation budget in both SW and SE due to high growth rates. Thus, whole-tree harvesting
can counteract recovery or even further acidify soils, and delay recovery from
acidification of surface waters in this region. The weathering rates are relatively high
compared to other parts of Sweden, except for the CE region and parts of northern
Sweden where the weathering rates are higher. Increased temperatures have the
potential to increase weathering rates substantially. The weathering rates have,
however, not been high enough to buffer against the acid deposition, and the increased
weathering rates at increased temperature will, according to the estimations in this
study, only counteract parts of the base cation losses at whole-tree harvesting. Whole
tree harvesting also leads to removal of N. In SW, where elevated nitrate leaching is
common, the removal of N can reduce the N excess which is positive for the
environmental objective Zero eutrophication. With todays deposition there is an excess
of N in most parts of SW even after whole-tree harvesting. However, in 2050, according
to the A1B-r3 scenario, whole-tree harvesting leads to net losses of N or very low
accumulation in the region.
SE (southeast): The S and N deposition to SE has generally been lower than the
deposition to SW, but still high. The soil water is generally acidified, with concentrations
of inorganic aluminium concentrations in soil water exceeding 0.4 mg per liter, except
for in the northernmost part. Elevated nitrate concentrations occur occasionally, but is
not at all as common as in SW. As in SW, whole-tree harvesting leads to substantial
losses of base cations and can counteract recovery or even further acidify soils and
delay recovery of surface waters. The weathering rates are lower than in SW, and thus
the response of increased temperature on weathering rates is smaller. Increased
weathering rates and increased base cation losses through whole-tree harvesting thus
leads to larger net losses in SE than in SW. Whole tree harvesting leads to reduced
accumulation of N in the western part of SE and net losses of N in the east. As in SW,
this can be positive for Zero Eutrophication. When the deposition of 2050 is used in the
calculations, net losses occur in most parts of the region.
CW and CE (central–west and central-east): CW and CE received substantially less
deposition than SW and SE, and accordingly the regions are less acidified and elevated
nitrate leaching is not common. Tree growth is a bit lower than in the south, but still
high, so whole-tree harvesting affects both the base cation budget and the N budget
substantially. The increased weathering rates due to higher temperatures cannot
compensate for the increased base cation losses at whole-tree harvesting. Thus, there is
a risk of delayed recovery also in these regions. At whole-tree harvesting the N budget
shows net losses in most parts of the regions. However, since nitrate leaching is
uncommon in these regions, the impact on the environmental objective Zero
Eutrophication is limited.
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NE (northeast): The deposition in NE has been substantially higher than in NW and NC
and there are only very few examples of monitoring sites with highly affected soil water
(e.g. elevated concentrations of inorganic aluminium and nitrate). Also tree growth is
higher than further west. Increased weathering rates due to higher temperatures
cannot compensate for the increased base cation losses in the southern part and thus
there is a risk of delayed recovery In acidified areas. In the northern part the increased
weathering and the increased base cation losses are in the same order of magnitude.
Whole-tree harvesting leads to net losses of N already with todays deposition. Thus
whole-tree harvesting may lead to reduced N leaching in forests with elevated N
leaching. However, as in CW and CE he effect on Zero Eutrophication is limited since
there most forest retain almost all inorganic N.
NW and NC (northwest and north–central): These are the regions least affected by
deposition of suphur and N. Concentrations of both inorganic aluminium and nitrate in
soil waters are generally very low. Growth rates are low compared to other parts of
Sweden, and thus the effect of whole-tree harvesting is also relatively low. When the
increased weathering rates due to increased temperature were compared with base
cation losses at whole tree harvesting, the increased weathering rates compensated for
all of it or more. However, if tree growth increases due to increased temperatures, the
effect of whole-tree harvesting will increase. Accumulation of N was low already at stem
harvesting, and at whole-tree harvesting it was around 0 and in many cases there were
net losses. The deposition of 2050 led to net losses in most parts of the regions.

5.7 Conclusions
This study shows that highly acidified areas (SW and SE), or partly acidified areas (CE,
CW and NE) are also the areas where whole-tree harvesting would lead to the highest
base cation losses. In these areas, potential increased weathering rates due to a warmer
climate only counteract a small part of the increased base cation losses according to the
calculations. The recovery is already slow, but can be predicted to slow down even more
if more base cations are removed. Thus there is a potential risk of negative effects on
the environmental objective Natural Acidification Only, if not nutrient compensation is
applied. However whole-tree harvesting also leads to less N accumulation or even net
losses of N. In SW, where elevated nitrate leaching is common, the reduced N
accumulation can reduce nitrate leaching, which is positive for the environmental
objective Zero Eutrophication, and which can counteract some of the negative
acidification effect caused by removal of base cations. In NW and NC the soil water is
not acidified and the amount of base cations removed at whole-tree harvesting is
substantially smaller than in other parts of the country. According to the calculations,
increased weathering due to increased temperature has the potential to counteract the
losses. These are the regions with the lowest risk of negative effects of whole-tree
harvesting on acidification. Increased tree growth in a changing climate can, however,
increase the impact of whole-tree harvesting. The N accumulation is low in NW and NC,
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and also the risk of N leaching. Whole-tree harvesting will lead to net losses and the net
losses will be even bigger in 2050 if the deposition decreases.

6. How to use the platform and database in phase 2
The platform and database from phase 1 creates a robust basis for phase 2, where more
in-depth analyses of synergies and conflict can be made. Both results from CLEO and
from other relevant projects should be included.

6.1 Continued work on the CLEObase to provide Input to the
regional and national modelling
The CLEObase is meant to feed into the regional and national modelling on a
subcatchment level that is planned to be the continuation of cluster 3 in phase 2.
Weathering rates for the two climate scenarios as well as tree growth and deposition
will be important input data that can be derived from the CLEObase. Furthermore, the
CLEObase will be complemented with more modelling results from CLEO, e.g. groundlevel ozone. The results from the N leaching project (chapter 4.5) is adapted for
incorporation in the CLEObase and can be used for N modelling with HYPE. The results
from the national and regional modelling of N leaching and acidification within cluster 2
and 3 will, in turn, feed into the analysis of synergies and conflicts.

6.2 Including more climate, deposition and management effects
in the mass balance calculations
In phase 1 the effect of increasing temperature on weathering rates and on the base
cation balance was analysed and compared with the effect of whole-tree harvesting on
the base cation balance, using the new catchment database (chapter 5). There are many
other parameters and processes that are likely to change due to climate change,
intensified management and changed deposition. In phase 2, the plan it to test the
sensitivity of other processes, based on the literature review from project 4.3 (Jönsson
Belyazid et al., 2012). For example, the climate change effect on growth, and thus also
on biomass removal at whole-tree harvesting, can be incorporated in the mass balance
calculations. In addition, more management scenarios will be included in the analysis.

6.3 Incorporation of results in different scales to the evaluation
platform
The different scales, from the seven CLEO regions through the CLEObase resolution to
the subcatchments, make it possible to incorporate results from different scales to the
analysis of synergies and conflicts. Single model runs, e.g. the ensemble modelling on
the nine well-investigated catchments, as well as regional and national model runs, can
be linked to corresponding climate region and thus contribute to the analysis of
synergies and conflicts, as long as the CLEO scenarios are used. Results from experiments can also be linked to corresponding CLEO region and used in the analysis. An
example of how results from different scales can be used together is given in chapter 5.
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