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Abstract

Across much of the northern hemisphere, lakes are at risk of re-acidification due to incomplete
recovery from historical acidification and pressures associated with more intensive forest biomass
harvesting. Critical load (CL) calculations aimed at estimating the amount of pollutants an ecosystem
can receive without suffering adverse consequences are dependent on these factors. Here, we
present a modelling study of the potential effects of intensified forest harvesting on re-acidification
of a set of 3239 Swedish lakes based on scenarios with varying intensities of forest biomass harvest
and acid deposition. There is some evidence that forestry would have caused a certain level of
acidification even if deposition remained at 1860 levels. We show that all plausible harvest scenarios
delay recovery due to increased rates of base cation removal. Scenario results were used to estimate
critical loads for the entire population of lakes in Sweden. The forestry intensity included in critical
load calculations is a political decision. After scaling calculations to the national level, it was apparent
that a high but plausible forest harvest intensity would lead to an increase in the area of CL
exceedances and that even after significant reductions in forest harvest intensity, there would still be
areas with CL exceedances. Our results show that forest harvest intensity and regional environmental
change must be carefully considered in future CL calculations.

Background

In many regions of Europe and North America, there is an on-going legacy of surface water
acidification related to historic acid deposition (Evans et al. 2001, Garmo et al. 2014). In the second
half of 20™" century much of Fennoscandia received large amounts of sulphur (S) emitted from fossil
fuel combustion and industrial processes in northern and central Europe. As a consequence, soils and
surface waters in southern Sweden, Norway and Finland gradually acidified. Many lakes lost fish
populations (Tammi et al. 2003) and the long-term fertility of soils has been put at risk (e.g. Tamm
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1976, Akselsson et al. 2006). While acid deposition is well below historical highs, modelling studies
have suggested that more intensive forest harvesting for bioenergy production may slow or
counteract recovery (Akselsson et al. 2006, Iwald et al. 2013). Removal of the essential base cations
(BC; Ca + Mg + K) in forest biomass will reduce the buffering capacity of the catchment soils and may
make surface waters more sensitive to acidification.

In Sweden, the criterion for surface water acidification is based on the estimate of change in lake (or
stream) pH between reference conditions, assumed to exist in 1860 when there were only minor
industrial impacts on the environment, and the present. A decrease of pH (ApH) of more than 0.4
units is considered indicative of unacceptable biological damage and is used for the classification of
ecological status in Sweden (Naturvardsverket 2007). This criterion is derived from empirical data for
sensitive fish populations and littoral invertebrates (Folster et al. 2007). Reference condition pH is
modelled either directly with the dynamic model MAGIC (Model of Acidification of Groundwater In
Catchments; Cosby et al. 1985a, b, 2001) or indirectly by comparison with a similar water body that
has been modelled by MAGIC and stored in the MAGIC library (Moldan et al. 201343, b).

The extent to which surface water pH has changed between the reference condition and the present
depends on both past air pollution and land management in the catchment. The MAGIC model uses
present-day observed lake (or stream) water chemistry and soil chemistry for calibration of several
soil parameters such as mineral weathering and pre-industrial soil base saturation. Historical changes
in acid deposition and forestry practices must be specified to reconstruct time series of water and
soil chemistry between reference conditions and the present day. Credible future projections are
dependent on both realistic descriptions of the past to calibrate the model and on realistic
projections of the future acid deposition and land use.

The 2009 European Renewable Energy Directive requires the EU to fulfil at least 20% of its total
energy needs with renewables by 2020 — to be achieved through the attainment of individual
national targets. Several European countries, including Sweden, have interpreted the Directive to
promote a greater reliance on bioenergy from trees. Estimates of the effects of acid deposition and
current and future forest harvesting on surface water acidification are needed to ensure that more
intensive forest harvest does not lead to unacceptable environmental consequences.

The Convention on Long-range Transboundary Air Pollutants (CLRTAP) is an international body that
among other things seeks to reduce the emissions of acidifying air pollutants including sulphur and
nitrogen (N). Protocols have been “effects- based” and aim to reduce the deposition of Sand N
compounds such that the critical loads (CL) to terrestrial and aquatic ecosystems are not exceeded
(UNECE 2015). The CL concept is based on the idea that an ecosystem has a threshold for the amount
of pollutants it can receive before suffering unacceptable damage (Nilsson and Grennfelt 1988,
CLRTAP 2004). Thus, the CL concept provides a link between air pollution and effects. The CL concept
makes the implicit assumption that land use is static while in reality higher BC removal rates
associated with more intensive forest harvesting will leave less buffering capacity in the soils to
counteract acidifying atmospheric deposition, and if included in the calculations will result in lower
CLs.

Within the CLRTAP, each country can choose the method by which the critical loads are determined
to best suit the national conditions. This includes decisions about the future intensity of forest
harvesting and other possible land use in CL calculations. Declines in acid deposition since the peak
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in the 1980s means that assumptions about the intensity of forest harvesting used in CL calculations
have become increasingly important. This is because BC loss from soils due to acid deposition and
leaching to runoff has declined relative to BC removal associated with forest harvesting. Since the
1980s when the first critical load calculations for Sweden were made, S deposition has decreased by
more than 80% while the intensity of forest harvesting, especially whole tree harvesting, has
increased. The relative importance of forest harvesting for BC removal from soils has therefore
become much larger and consequently, the choice of forest harvest scenarios has become more
important for the outcome of CL calculations. The projected increasing intensity of forest harvesting
implies increasing exceedance of critical loads at constant - or even at decreasing — acid deposition.

While future forest harvesting practices are subject to many economic, technical and environmental
constraints, and thus are by no means certain, most scenarios suggest significant increases in harvest
intensity (Claesson et al. 2015). Here we used five different forest harvest scenarios as inputs to the
MAGIC model and calculated critical loads from these scenarios for a dataset of 5084 Swedish lakes.

Materials and methods

Lakes in this study

In Sweden, there are about 100 000 lakes larger than 1 ha (http://www.smhi.se/k-
data/hydrologi/sjoar_vattendrag/sjo_SVAR_2009.pdf). A set of 3239 Swedish lakes were calibrated
with MAGIC when building the 2012 version of the MAGIC library (Moldan et al. 2013a). The MAGIC
library (Moldan et al. 2013b) regionalizes individual MAGIC simulations using an analogue matching
procedure based on 10 parameters describing lake geographical position, surface area, measured or
estimated annual discharge and observed lake water chemistry. The MAGIC library consists of two
key components: a library of the existing MAGIC model runs and an analogue matching routine which
selects the library lake which is most similar to an evaluation lake described by the 10 parameters.
The acidification assessment modelled by MAGIC at the library lake is then assumed valid for the
evaluation lake as well (http://magicbiblioteket.ivl.se/, Moldan et al. 2013b). The MAGIC library
version 2012 (MAGIC library 2012) was used in this study.

Water chemistry data for the 3239 library lakes comes from three separate lake surveys. These are
163 “time series” lakes, 1625 “liming reference” lakes and 1451 “national survey” lakes (Folster et al.
2014). The liming reference lakes and most of the time series lakes were selected because they are
acid sensitive. Therefore, the 3239 modelled lakes represent a subset of Swedish lakes biased
towards acid sensitive lakes.

To estimate CLs for the whole of Sweden we used the entire 5084 lakes in the national lake survey
(Folster et al. 2014). The national survey lakes are a stratified random selection such that they
provide the basis for making estimates for the entire population of Swedish lakes. Stratification was
based on lake size class and geographic location (Grandin 2007).

The MAGIC model

MAGIC is a lumped-parameter model of intermediate complexity, developed to predict the long-term
effects of acidic deposition on soils and surface water chemistry (Cosby et al., 1985a, b, 2001). Details
of the soil data aggregation and deposition calibration procedure of the MAGIC application used here
are given in Moldan et al. (2013a).
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Scenarios

MAGIC was used to simulate lake and catchment soil chemistry under five different future scenarios
(Table 1) at each of the 3239 lakes in the MAGIC library. Four of the scenarios shared the same
description of historical development of air pollution and forest harvest from 1860 to 2010 (Moldan
et al. 2013a). For those 4 scenarios, MAGIC was calibrated to observed soil chemistry (year 1995) and
lake water chemistry (variable years between 1995 and 2010). The historical part of the fifth scenario
(Constant, cf Table 1) is hypothetical and does not lead to present-day observed catchment status
since it neglects forest harvest history by assuming no change in forestry practices since 1860. The
results for each lake and each scenario were evaluated by comparing simulated water and soil
chemistry for the years 1860, 2010 and 2030. These years represent reference, present day and
future conditions regarding surface water and soil chemistry. For future conditions, 2030 was chosen
since it is sufficiently close to the present to ensure that projections of air pollution and forest
harvest intensity are realistic.

The impact of forestry practices on soils and waters is simulated in MAGIC by BC and N uptake
needed to support forest growth. In the results presented here, the fraction of uptake associated
with forest growth which returns to the soil as litter or remains on site after thinning or harvest is
considered to be fully compensated by the release of nutrients back to the soil after the organic
matter is decomposed. Therefore only the net uptake is considered, i.e. the fractions of BCand N
which are incorporated in the part of biomass that is removed from the catchment following harvest.
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Table 1 Description of the forest harvesting intensity in the scenarios. Air pollution is considered the
same in all scenarios in the hindcast, and follows current legislation (Current Legislated Emissions;
CLE) in the future for all scenarios except for Maximum recovery, where air pollution from 2011 and
onwards is at the level of air pollution in 1860.

Scenario Forest harvesting intensity
Historical (1860-2010) Future (2011-2030)
Low Reference condition (1860) rates
harvest
Medium Stem harvest only at 2010 level
harvest
High Increase in harvest intensity including
harvest | Actual forest harvesting as in the branches, tops and ash recycling) from 2010
MAGIC libraryzo1, (Moldan et al. to 2020 then constant to 2030. This is the
2013a,b) scenario in the MAGIC libraryo1z
Maximum Reference condition (1860) rates
recovery
Constant | Reference condition (1860) rates held Reference condition (1860) rates
constant 1860-2010

Forest harvesting scenarios

The scenarios “Low harvest”, “Medium harvest”, “High harvest” and “Maximum recovery” are forced
in the calibration to run through the most recently observed lake water and soil chemistry. These
four harvest scenarios share the same historical uptake trajectory based on development of forestry
in Sweden as described above and in Moldan et al. (2013a). All five scenarios (Table 1) have identical
1860 chemical status of lake water and catchment soils. They have the same deposition, BC uptake,
climate and hydrology for the year1860. Prior to 1860, all scenarios assumed a forest harvest of “light
selective cutting” at a level based on historical estimates. The “Constant” scenario was added to
illustrate the chemical status of lakes and catchment soils if forest harvesting intensity had stayed the
same between 1860 and 2010. Further increases in harvest intensity between 2010 and 2020 are
assumed in the High harvest scenario. The increase in BC uptake in the High harvest scenario is
substantial (Figure 1) due to an assumed further increase in timber production and also an increasing
forest area with whole tree harvesting and associated removal of BC rich needles and branches. After
2010, the Medium harvest scenario retains 2010 stem only harvest levels, and the Low harvest
scenario drops back to 1860 harvest levels. After 2020 all scenarios are kept constant up to 2030. The
Low harvest and Maximum recovery scenarios use the same BC uptake but differ in their
assumptions about air pollution as the Maximum recovery assumes 1860 levels of deposition while
the Low harvest uses CLE (Current Legislated Emissions) values from 2011 onwards.

In Sweden the recent (2013) annual area of felling is 183 000 ha or 0.8% of the 23.2M ha productive
forest area with an average of 4.3 ha per felling (Skogsstyrelsen 2014). We therefore assumed that
forest harvesting is such that the forest in any lake catchment will be comprised of patches of young,
medium-age and harvestable trees. Consequently the uptake fluxes used in MAGIC were set equal to
the long-term average annual removal of nutrients in biomass (tree harvesting). For each lake
catchment the modelled forestry scenarios are translated to differences in annual net BCand N
uptake, weighted by percentage of forest in the catchment. Region and forest type specific uptake
rates were calculated by the Swedish ASTA program (International and national abatement strategies
for transboundary air pollution; Akselsson et al. 2006). BC net uptake (annual net accumulation in
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biomass) was assumed to be zero for non-forest areas. The annual average BC uptake rates for the
three harvest intensities thus follow the same trajectory from 1860 to 2010 but then differ
substantially (Figure 1).
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Figure 1 Average BC (Ca+Mg+K) loss through forest net uptake in catchments of 3239 modelled lakes
between years 1860 and 2030. Only the part of the uptake which is removed through harvesting is
accounted for. The Maximum recovery scenario follows the Low harvest scenario.

For the hindcast period (1860 — 2010), it was assumed that net annual uptake of nutrients in the
forest was equal to the amount removed from the catchment at harvest divided by the mean
rotation time (70 - 90 years in southern and 90 - 120 years in northern Sweden). Biomass (and thus
nutrient) removal from forest land was estimated from historic data on forest area and information
on harvesting of stems, branches and tops as follows: years 1860-1980 stems only were removed;
years 1980-1999 stems plus an increasing percentage of branches and tops; years 2000-2010 a
fraction of the nutrients removed was compensated by recycling of ash from biomass

combustion. Thus due to increasing timber production and onset and increase of branches and tops
(whole tree) harvest, the total annual BC removal from soils in the modelled catchments gradually
increased. Over the whole hindcast period, removal of base cations due to harvesting almost tripled
(Figure 1). The data used for the hindcast scenario were retrieved from the Swedish Forest Agency
(www.skogsstyrelsen .se) and Statistics Sweden (www.sch.se).

Deposition of acidifying compounds

Gridded 50X50 km sulphur and nitrogen deposition rates for each decade between the late 1800s
and 2010 were provided by the Coordination Centre of Effects International Cooperative Programme
on Modelling & Mapping (CCE ICP M&M, a part of the Working Group on Effects (WGE) of the UNECE
Convention on Long-range Transboundary Air Pollution). These data are in part based on Schopp et
al. (2003). Future deposition (for the Low, Medium and High harvest and Constant scenarios) was
assumed to follow the CLE scenario, given full implementation of the revised CLRTAP Gothenburg
protocol (UNECE 2013). These data were also provided by the CCE ICP M&M. Thus, any differences in
MAGIC model outcomes for these scenarios are solely due to differences in forestry scenarios.
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Critical load calculations

Data

CL calculations were made for 5084 lakes within the national lake survey program (Félster et al.
2014) of which approximately 850 lakes were sampled each year from 2007 to 2012. A subset of
these 5084 lakes have been calibrated with MAGIC and are included in the MAGIC library. For the
lakes with no MAGIC calibrations, estimates for CL were obtained by use of the analogue matching
routines in the MAGIC library. For those of the 5084 lakes that were limed, water chemistry was
corrected using the Ca/Mg ratio from non-limed reference lakes either upstream within the
catchment or outside the catchment within a 20-km distance (Folster et al. 2011).

Calculations

Critical loads were calculated using the First-order Acidity Balance (FAB) model (Henriksen and Posch
2001) with modifications as described below. The procedures were the same as used for previous
Swedish national CL calculations, as submitted to the CCE ICP M&M. The lake water chemical
threshold, ANC;mit, was calculated individually for each lake to a value corresponding to a change in
pH of 0.4 units from reference ANC conditions (1860) calculated by MAGIC. Delta pH was calculated
from AANC by using the model of Hruska et al. (2003) for organic acids and assuming that total
organic carbon (TOC) has been constant over time. The pressure of CO, was calculated from a linear
relationship with TOC (Sobek et al. 2011). This lake-specific value of ANCjimit takes better account of
individual lake properties including the large range of TOC in Swedish lakes (5 and 95 percentiles of
1.5 and 26 mg/I|, respectively). It assumes, however, that there has been no change in TOC
concentrations between 1860 and the present. The ApH > 0.4-criterion, as opposed to fixed pH
targets, also allows the appropriate treatment of naturally acidic lakes

In the FAB model calculations of N immobilisation in lake catchments were based on Gundersen et al.
(1998). Excess N deposition was calculated as deposition minus forest uptake. Immobilisation was set
to 100% for excess deposition up to 2 kg N ha yrl, 50% for excess deposition between 2 and 10 kg N
ha yr' and 0% for excess deposition above 10 kg N ha* yr. Organic N leaching was calculated from
measured lake total organic nitrogen (TON) concentrations and was regarded as non-acidifying. On
average about 1 kg N hal yrtis lost as TON in runoff at the modelled lakes.

The BC leaching used in the FAB-model was based on MAGIC-calculated BC concentrations for 1860.
pHiseo is calculated from the modelled ANCig60 and TOC in the lake as described above. The ANCiimit
was calculated from pHigso minus 0.4 according to the criterion for acidification. Results from the
5084 lakes were used to estimate the acidification state for all Swedish lakes larger than 1 ha using
interpolation procedures described elsewhere (Posch et al. 2012; Curtis et al. 2015).

Results and Discussion

Response in soils and surface waters

Since reference conditions in 1860, there has been a general decline in soil and surface water pH in
response to acid deposition and forest harvesting practices, followed by a recovery after the period
of peak acid deposition in the 1980s. The simulated changes in lake water pH and ANC and in soil
base saturation indicate that less intense forest harvesting results in less acidification (Table 2). The
High harvest scenario projects the most widespread acidification in the future (Table 2).
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Table 2 Median soil base saturation (BS), lake ANC, lake pH and % acidified lakes in the years 1860,
1980, 2010 and the projections 2030 for 3239 MAGIC calibrated lakes for scenarios Low, Medium and
High harvest and the Maximum recovery (Max rec) scenario. Area (in %) in which CLs are exceeded is
extrapolated to the whole country based on 5084 lakes representing all Swedish lakes.

Years Projections
Low Medium High Max rec

Median 1860 1980 2010 2030 2030 2030 2030
BS (%) 49.3 38.7 35.5 36.2 35.0 33.8 36.6
ANC (ueq/l) 190 145 159 164 161 159 168
pH 6.69 6.43 6.52 6.56 6.55 6.53 6.59
Acidified 0 43 29 20 24 27 13
lakes (%)
Exceeded area 0 58.7 20.0 3.4 14.4 22.1 3.4

(%) in Sweden

The four scenarios have different impacts on lake water chemistry. The results for the Medium and
Low harvest show that pH continues to increase through the period 2010 - 2030, whereas under the
High harvest scenario average improvement slows to a stop (Figure 2). Differences between
scenarios are larger for lakes with lower pH.
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Figure 2 The median pH of 3239 lakes for the different scenarios from 1860 to 2030 modelled with
MAGIC. The lakes are grouped by pH with subsets of 2161 higher pH lakes (pH>6 in 2010, upper set
of lines) and 1078 low pH lakes (pH<6 in 2010, lower set of lines), respectively.

The Maximum recovery scenario resulted in the fastest average pH increase and least number of
acidified lakes in 2030. Of the modelled 3239 lakes 13% were acidified (ApH > 0.4) in 2030 under the
Max recovery scenario, and 20%, 24% and 27% under the Low, Medium and High harvest scenarios,
respectively (Table 2).

The alternative scenario with constant forestry at the 1860 level (Constant, cf Table 1) suggests that
without active silviculture Sweden would have had fewer problems with lake acidification despite the
high levels of air pollution. Without the historical increase in forest harvesting intensity in the
catchments of the 3239 modelled lakes, the median ANC in 2010 would have been 165 peq I, pH 6.56
and BS 38.5%. These values are all higher than the observed median values in 2010; ANC by 6 peq I,
pH by 0.04 units and BS by 3% .

The difference in BS was larger in lakes that had catchments with low soil BS (Figure 3). The difference
in lake water ANC was more evenly distributed across the ANC span of the 3239 modelled lakes (Figure
3). ANC would have been up to 40 peq I higher in year 2010 with constant 1860 forestry. Due to the
nature of the ANC/pH relationship, the difference in pH was largest for pH values between 4.5 and 6,
where the median 2010 modelled lake water pH was 0.12 pH units higher with constant 1860 forestry.
For lakes outside the pH 4.5 — 6 interval, the difference was only 0.02 pH units. In 2010, 689 of the
3239 modelled lakes had a pH more than 0.4 pH units below the modelled 1860 pH, and therefore
were classified as acidified. When the intensification of forestry since 1860 was not included in the
model runs, the number of lakes with a pH more than 0.4 below the 1860 value decreased to 514, that
is 25% fewer acidified lakes.

BS ANC pH
18 60 1
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Figure 3. The difference in year 2010 between ‘Reference condition (Constant 1860 forestry)’ and
‘Actual forest harvesting’ (Table 1) for base saturation (BS), ANC (93 lakes with ANC>1000 peq I not
shown) and pH plotted against the 2010 values for the respective parameters.
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The scenario results put in perspective

Throughout the period of simulation (1860 — 2030), leaching associated with sea salt deposition and
weathering is responsible for the largest proportion of BC fluxes (Figure 4). Due to acidifying
deposition, resulting in cation exchange, BC leaching increased from a median value of 69 meq m2 yr
1in 1860 to a maximum of 89 meq m2yrtin 1984, and is projected to decrease to 65 meq m2yrtin
2030. Forest uptake increased steadily from 8 meq m2yrtin 1860 to 24 meq m2yr!in 2010. In the
Medium harvest scenario it decreased after 2010 to 21 meq m2 yr'! and remained at that level
through the rest of the modelling period. The High and Medium harvest scenarios (Tables 1 and 2)
suggest that the future acidifying effect of forest harvesting will be large relative to the effects of
future acid deposition.In 2010 the average non marine SO,> deposition at the modelled lakes was 9.3
meq m2yrl; this is expected to further decrease to an average of 4.9 meq m?2yr! by 2020 (Moldan
et al. 2013a). The average includes areas with low acid deposition and in most cases few acidified
lakes. At the 10% of the lakes which receive thehighest sulphur deposition, the sea-salt corrected
sulphur deposition in 2010 was between 20 and 61 meq m?2 yr and is expected to decrease to 10 —
37 meqg m2yrin 2020 (90" percentile and maximum, 3239 lakes). In comparison, the current and
future forest harvest practices in most of the modelled catchments result in several times larger BC
removal from soils than BC leaching to surface waters due to acid deposition. This will mean slower
recovery from acidification, lack of recovery or even re-acidification in lakes depending on the
mineral weathering rates, BC deposition, actual acid deposition, forestry practices and potential
increases in inorganic nitrogen leaching at each site.

120
m forest harvest

runoff leaching
100

[v2]
o

BC flux (megq m-2yr?)
(=]
(=]

S
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20

0
1860 1880 1900 1920 1940 1960 1980 2000 2020
Year

Figure 4 Median base cation (Ca+Mg+K) loss from the modelled catchments by leaching in runoff,
and forest uptake (BC removed due to harvesting from the Medium harvest scenario) from 1860 to
2030 based on the 3239 MAGIC modelled lakes.

For the future the Medium harvest scenario is projected to result in decreased BC leaching to
runoff. In 2030 the BC runoff leaching will be 65 meq m? yr! (median value), i.e. 4 meq m? yr lower
than in 1860. In comparison the 2030 forest harvest will remove BC from soils at an average rate of
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21 megm2yrl, ie. 13 meq m?2yrt higher than in 1860. Thus the future situation is different from
the acidification period in the second half of the 20" century. Leaching of BC remains the largest BC
flux, but in 2030 it is now lower than in 1860, whereas the removal of BC by forest harvest in 2030 is
now more than twice as high as in 1860.

The impact of forest harvesting on exceedances of CLs in Sweden 1980-2030

There has been a large decrease in the area in which acid deposition exceeds the CL for acidification
of lakes, from 58% of the country in 1980 to an expected 3-22% in 2030 for the four different
scenarios (Table 2). Also the decrease in CL Average Accumulated Exceedance (AAE, Figure 5) is
considerable. The 2030 AAE is lowest in Maximum recovery and Low harvest scenarios with some
regional differences between the two due to the underlying geographical pattern of deposition. The
year 1860 deposition of S and N, to which Maximum recovery changes after 2010, is slightly higher in
northern part and lower in the southern part of Sweden relative to the expected deposition in 2030.
For the Medium harvest and High harvest, the AAE gradually increases across the whole country
(Figure 5). Neither the area exceeded nor AAE decreases to zero by 2030 in any of the scenarios. This
means that using the current CL calculation methodology and based on realistic air pollution (much
decreased since 1980) and forestry scenarios, the Swedish national environmental goal of no
exceedance of CL for acidity cannot be achieved by 2030.
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The Low, Medium and High harvest scenarios follow the expected pattern where the exceeded areas
increase with harvest intensity (Table 2, Figure 6). The Maximum recovery scenario gives a result
nearly identical to the Low harvest scenario. This is because both use the same forest scenario, but
the Maximum recovery has a slightly lower future acid deposition (5 vs. 9 meq m2 yr?). The
difference between the Maximum recovery and Low harvest scenarios is driven by a difference of on
average only 4 meq m2 yr! of deposited SO4 %, too small to have much effect on the recovery of the
lakes by the year 2030.
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Figure 6. Changes in exceeded area after 2010 due to differences in the future forest harvesting (for
the four scenarios using actual forest harvesting up to 2010 in hindcast).

The current official Swedish CL calculations are based on realistic descriptions of past forestry and a
fairly conservative estimate of the future, considering stem-only harvest at the 2010 level.

Forestry scenarios are continually revised in light of e.g. changing world demand, climate and
silvicultural practices. The rate of BC uptake embedded in the forestry scenarios is the major reason
for the differences in exceedances. In practice, however, the acidifying potential of forest harvest
versus acid deposition is still inadequately understood. Several experimental studies indicate that BC
removal through forest harvest is less likely to cause soil acidification than atmospheric deposition
(Thiffault et al. 2011, Brandtberg and Olsson 2012, Zetterberg et al. 2013). Uptake of BC by trees is
dependent not only on demand but also on availability. Trees may actively affect weathering rates
(e.g. Palviainen et al. 2012). Such factors are difficult to quantify and neither of these or other
biological feedbacks is included in the MAGIC model. Thus, the exceedances associated with different
intensities of harvesting should be considered maximum estimates, and the actual effect of increased
forest harvesting may be lower.
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Separation of the effects of forestry from those of air pollution on soil and water acidification is a
difficult task. In a study of harvesting effects on soil solution chemistry, Zetterberg et al. (2013) noted
that the greatest decline in calcium concentrations occurred in a well-buffered site which was
unlikely to acidify. Furthermore, Akselsson et al. (2013) suggest that the on-going soil acidification is
more closely related to the legacy of acid deposition than to forestry.

Conclusions

Simulations indicate that in the future more intensive forest harvesting will cause higher rates of BC
removal from catchment soils as compared to the leaching of base cations to surface waters due to
acidifying deposition. The intensity of forest harvest has a major impact on CL exceedance for any
given deposition. Including intensive forest harvesting practices where branches, tops and stumps
are removed along with stems in CL calculations will result in very low CLs which will be exceeded
even at very low acidifying deposition. These results should be interpreted with caution, however, as
experimental studies suggest that base cation uptake by forest may have a lower acidifying potential
than acid deposition (Zetterberg et al. 2013).

Model results suggest that recovery from acidification in acid-sensitive lakes may continue, stabilize
or reverse depending on the intensity of forest harvesting and acid deposition (Figure 2). Both Low
and Medium harvest intensities are projected on average to lead to a continuing recovery from
acidification. Recovery stops with the High harvest scenario, and in some lakes re-acidification
starts. Despite the uncertainty associated with the acidifying effects of forest harvesting, the
precautionary principle should be applied and the potential for re-acidification must be taken
seriously. The environmental services and disservices related to bioenergy production and re-
acidification of surface waters must be evaluated in sensitive catchments.

Critical loads are expected to be exceeded at 14% of Sweden by the year 2030 under the scenario of
CLE deposition and Medium harvest forestry. That is a significant improvement from the year 2010
exceeded area of 20%. Under the scenario Low harvest, the CL exceeded area would decrease to
3.4%. On the other hand, under the High harvest scenario, the CL exceeded area would increase to
22% despite decreasing deposition. There is, however, a fundamental difference between
acidification due to air pollution as opposed to acidification due to land use: air pollution means
damage due to uncontrolled emissions, caused by often distant polluters. Acidification associated
with forest harvesting could be seen as use of resources (soil, mineral weathering, and base cation
deposition) that produce ecosystem services such as timber and biomass.
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