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Abstract
This thesis examines the impact of whole-tree harvest (WTH) on soils and surface
waters acid-base status in coniferous forests compared with conventional harvesting
(CH). A combination of field observations (up to four decades) and dynamic modelling
was used to describe the impact on soil calcium (Ca2+) pools and surface water acid
neutralizing capacity (ANC). The studies were undertaken in northern and southern
Sweden at sites belonging to the long-term wood fuel experiment (HELTRAD) and the
ICP Integrated Monitoring (IM) programme. One of the most important findings was
that WTH and CH caused large depletions (up to 60%) in soil exchangeable Ca2+ pools,
circa 40 years after harvest. Despite these losses, tree growth and vitality has not yet
been impaired. The results also implied that the fastest depletion rates occurred in CHplots why soil Ca2+ pools between CH and WTH have become more similar with time.
However, soil Ca2+ pools still remained significantly lower after WTH. Measured
differences in soil solution showed that the impact of WTH on ANC was small (16 μEq
l-1) and temporary but site-specific. This difference was not large enough to counteract
the natural recovery from acidification or lead to adverse ecological effects. The results
indicate that WTH can have a large impact on soil exchangeable pools without causing
surface water acidification in the absence of strong acid mobile anions. The rapidly
declining soil Ca2+ pools may be of concern for sustainable forest management.
However, trees will likely respond to lower Ca2+ availability by e.g. adjusting their
uptake or develop biological feed-back mechanisms. The model predictions
unanimously suggested that tree growth and net accumulation of nutrients in biomass
caused large depletions in soil exchangeable Ca2+ pools and a decrease in stream ANC
during the 19th and 20th centuries, exacerbated by acid deposition. Future predictions
also suggested that these Ca2+ losses would continue accelerated by more intense
harvesting practices. The impact on modelled stream ANC was smaller and depended
on the concentrations of mobile anions. The empirical data pointed in the same
direction as the MAGIC predictions, but the model exaggerated the impact. Until the
discrepancy between measured and modelled impact have been resolved,
interpretations changes related WTH using dynamic modelling or mass balance budget
calculations should be done with caution.
Keywords: Acidification, ANC, calcium, Ca2+, conventional harvesting, depletion,
MAGIC, mass-balance, pH, soil, soil solution, streams, Sweden, whole-tree harvest.
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It was the best of times, it was the worst of times…
Charles Dickens, A tale of two cities
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1

Introduction

To mitigate climate change, the member states of the EU have committed to a
set of national binding targets to increase the use of renewable energies by
2020 (European Commission, 2007). Forest biomass plays a significant role in
this strategy, particularly in countries with vast forest resources such as
Sweden where utilization of logging residues has steadily increased (Swedish
Forest Agency, 2013). However, increased recovery of biomass in final felling
or thinnings may compromise tree productivity and health and lead to soil and
surface water acidification (Achat et al., 2015; Kreutzweiser et al., 2008).
These effects are caused by a greater removal of nutrients and buffer capacity
when branches, tops and needles, in addition to stems, are harvested (WTH)
compared with conventional harvest of stems-only (CH) (Iwald et al., 2013).
The short- and medium-term impact of WTH on soils and surface water
acid base status is well-described in the literature (Achat et al., 2015; Thiffault
et al., 2011; Kreutzweiser et al., 2008; Feller, 2005). Although the results are
not unambiguous, increased base cation (BC) depletion after WTH is usually
demonstrated. Of all macronutrients, calcium (Ca2+) appears to be frequently
affected by increased harvest intensity (McLaughlin, 2014; Thiffault et al.,
2011; Federer et al., 1989). The observed differences between CH and WTH
are usually explained by a relocation of base cations from decomposing
logging residues to the soil exchange complex in CH-plots, thereby creating a
measurable difference compared with WTH-plots (Belleau et al., 2006). As a
result, the solute leaching from soils subjected to WTH is expected to have
lower concentrations of BC, which could prevent or delay a recovery from
acidification in surface waters (Futter et al., 2014).
Our understanding of the long-term response in soils and water is limited to
a few empirical studies which were established in the seventies or early
eighties (van der Heijden et al., 2013; Brandtberg & Olsson, 2012; Saarsalmi et
al., 2010; Vanguelova et al., 2010; Walmsley et al., 2009). In Sweden, one of
the oldest field experiments for studying the impact of CH and WTH was laid
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out in 1974-76 by Björkroth and Rosén (1977). Soil and tree productivity
studies in this experiment have shown that WTH can reduce tree growth
(Egnell, 2011; Egnell & Valinger, 2003; Egnell & Leijon, 1999), lower the
nutrient concentrations in needles (Olsson et al., 2000) and increase soil acidity
(Olsson et al., 1996). However, later soil studies from stand age 15 to 25 years
showed that the differences between WTH and CH had decreased but not
completely diminished (Brandtberg & Olsson, 2012), indicating that the
differences are not permanent. These studies have provided valuable insight
and empirical evidence on the effects of WTH in Swedish boreal forests.
However, the impact of practicing WTH over a rotation period is still unknown
making it difficult to assess the long-term sustainability.
As a complement to field experiment, a number of steady state mass
balances studies have been conducted to evaluate impact of WTH on soil Ca2+
pools on different temporal and spatial scales, defined as the difference
between inputs (deposition and weathering) and outputs (leaching and tree
uptake). Generally, these budgets show negative balances for Ca2+ for a variety
of tree species and soil types across Europe (Johnson et al., 2015; van der
Heijden et al., 2011; Akselsson et al., 2007; Joki-Heiskala et al., 2003;
Rademacher et al., 2001), Canada (Watmough & Dillon, 2003) and the United
States (Vadeboncoeur et al., 2014; Huntington et al., 2000). In Sweden, they
have been widely used for assessing the acidifying effect of forestry on soils
and for revising environmental goals (Swedish Environmental Protection
Agency, 2007a).
Dynamic models that account for time-dependent changes (MAGIC,
ForSAFE etc.) have also been used to simulate the biogeochemical response to
different harvesting scenarios. In the last three decades, MAGIC has been used
to predict the potential effect of land use changes and different forest
management scenarios across Europe (Aherne et al., 2012; Oulehle et al.,
2007; Ferrier et al., 1995; Durand et al., 1992; Jenkins et al., 1990) and the US
(McDonnell et al., 2013). A number of these studies provide examples how
land use changes such as afforestation may deplete the soil of base cations
(BC) and increase surface water acidity, despite declines in sulphate (SO42−)
deposition (Ferrier et al., 1995; Jenkins et al., 1990). However, the effect of
CH or WTH on surface water acidity in already forested areas has only been
considered in a few studies (McDonnell et al., 2013; Aherne et al., 2012;
Aherne et al., 2008).
Based on the long-term predictions by mass balances and dynamic models,
concern about the long-term sustainability and risk for acidification after WTH
has been expressed by Swedish authorities (Swedish Environmental Protection
Agency, 2007a). However, the model results have been difficult to verify with
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long-term experimental data. By combining the results from empirical studies
with mass-balance equations and dynamic modelling, the validity of model
results can be assessed.

13
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2

Objectives

The overall objective of this thesis was to assess the long-term impact on soil
and surface water acid-base status after WTH based on measured and modelled
data. The aim was to increase our understanding of the potentially acidifying
effect of harvest wood fuel as a mean to reduce the use of fossil fuels and
mitigate climate change. A second aim was to increase the credibility of future
predictions by validating model outcomes to measured data and identify
uncertainties in input parameters.
More specifically, the main objectives of the four papers were to:
 Simulate long-term (1860-2010) trends in soil and stream water chemistry
using the dynamic MAGIC model and test the robustness of the modelled
outcome by varying a set of key soil parameters (Paper I).
 Determine if WTH leads to lower soil solution Ca2+ concentrations
compared with CH, 27-35 years after clear-cutting (Paper II).
 Use MAGIC to model the long-term changes in soil exchangeable Ca2+
pools and stream water ANC following a virtual clear-cutting (WTH) and
test the sensitivity in model outcome by varying key parameters associated
with forestry (Paper III)
 Quantify long-term changes in soil exchangeable Ca2+ supply after WTH
and compare the results with CH-measurements and MAGIC model
simulations (Paper IV).

15
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3

Material and methods

3.1 Measuring the impact on soils and surface waters acid-base
status
The impact of WTH on the acid-base status was determined by measuring
changes in soil exchangeable (1 M NH4Cl) Ca2+ pools and surface water ANC.
Calcium is an essential macronutrient for plant development (McLaughlin &
Wimmer, 1999; Hepler & Wayne, 1985) and is generally the main cation of the
base saturation (BS) of soils. Calcium is also used to determine the acid
neutralizing capacity (ANC) of surface waters defined as the differences
between strong base cations and strong anions (Reuss & Johnson, 1986). Thus,
Ca2+ plays a key role for the nutrient status of forests and for providing buffer
capacity to soils and surface waters.
Calcium is also the base cation typically affected by WTH as indicated by
field studies (Thiffault et al., 2011; Kreutzweiser et al., 2008), mass balances
(Akselsson et al., 2007; Joki-Heiskala et al., 2003; Rademacher et al., 2001)
and dynamic modelling (Aherne et al., 2012).

3.2 Overview of study sites
The studies were undertaken at sites which belong to the ICP Integrated
Monitoring programme (Paper I and III) and the long-term wood fuel
experiment “HELTRAD” (Paper II and IV). The sites were chosen to represent
a geographical gradient in terms of climate, past and present deposition of acid
pollutants and sea-salt influence (Figure 1).
The Integrated Monitoring (IM) sites are part of an international program
for monitoring the effects of air pollution on ecosystems (UNECE, 2015). The
large number of data collected over the past circa 20 years makes the IM-sites
well suited for analyses of soil and surface water acidification trends using
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dynamic modelling. On the other hand, forest management has not been carried
out. Therefore, simulating the impact of forest practices such as WTH can only
be done in theory.
The long-term wood fuel experiment “HELTRAD” was established in the
mid-seventies by Björkroth and Rosén (1977). The original purpose was to
determine the effect on forest productivity after different levels of biomass
removal. With time the program expanded to also include environmental
studies. The tree stands have been carefully managed using modern forest
management techniques. It is the best studied Swedish experiment for
understanding the long-term effect of CH and WTH after final felling in boreal
forests. In addition, it belongs to one of the world’s oldest replicated biofuel
experiments. However, the sites are not as well described as the IM-sites and
pre-treatment data is limited to soil chemistry and tree stand characteristics.
Also, since the experiment was laid out as a block experiment (4 replicates),
stream data are not available.

Figure 1. Location of the study sites and their affiliation to the research programmes Integrated
Monitoring (Δ) and HELTRAD (●).
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3.2.1 The Integrated Monitoring (IM) sites (Paper I and III)

The four IM-sites are located in semi-natural unmanaged forests in northern
(Gammtratten), central (Kindla) and southern (Gårdsjön and Aneboda) Sweden
(Figure 1). The sites differ in terms of climate, marine influence, past and
present deposition of SO42−, NO3−, and NH4+. The temperature gradient shows a
similar pattern with the shortest vegetation period at Gammtratten. Gårdsjön
receives the highest annual precipitation (1000 mm) while Kindla has the
second highest annual precipitation (900 mm) (Table 1).
Norway spruce (Picea abies (L.) Karst.) covers the majority of the IM
catchments, mixed with smaller amounts of Scots pine (Pinus sylvestris L.)
and deciduous trees, notably white birch (Betula pubescens Ehrh.) (Table 1).
Podzolic soils are the dominant soil type, except for recharge areas where
histosols, gleysols, and regosols occur. Sampling and analyses of precipitation,
soils, surface waters and vegetation are carried out according to the ICP
manual of methodology (ICP Integrated Monitoring, 2013), described in detail
by Löfgren et al. (2011). Data necessary for the MAGIC modelling in Paper I
and III were extracted from the IM database.
Table 1. General site characteristics of the IM-catchments from Löfgren et al. (2011).
Gårdsjön

Aneboda

Kindla

Gammtratten

Latitude

58°03'N

57°05'N

59°45'N

63°51'N

Longitude

12°01'E

14°32'E

14°54'E

18°06'E

Altitude (m.a.s.l.)

114-140

210-240

312-415

410-545

Annual precipitation (mm) 1000

750

900

750

Dominant soil type

Podzols

Podzols

Podzols

Podzols

Area (ha)

3.7

18.9

20.4

45

Norway spruce

65%

73%

83%

70%

Scots pine

14%

20%

14%

16%

White birch

17%

3%

2%

13%

Others

-

3%

-

-

219

319

244

138

Dominant tree species

Stem volume (m3 ha-1)

3.2.2 The long-term wood fuel experiment (Paper II and IV))

The HELTRAD experiment was laid out at four different locations
(Tönnersjöheden, Kosta, Lövliden and Lund) following clear-cutting of mature
coniferous forests (Figure 1 and Table 2). After clear-cutting, the sites were
replanted with Norway spruce or Scots pine. Three treatments were replicated
in four blocks using a randomized block design. Each plot was 25 x 25 meter
surrounded by at 5 meter buffer zone. The treatments included a) conventional
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harvest of stems only (CH), b) harvest of all above-ground biomass except for
needles (BSH) and c) harvest of all above-ground biomass (WTH).
In this thesis, only three out of the four sites (Tönnersjöheden, Kosta and
Lövliden) and two out of the three treatments (CH and WTH) were used to
assess the long-term effect on soil and soil solution acid-base status. The fourth
site, Lund, was of low site quality and considered less representative for forest
management. Regeneration has also been less successful at this site due to frost
and snow blight fungus (Phacidium infestans Karst.). Furthermore, the BSH
treatment plots were omitted from the soil solution sampling in 2003-10 due to
restricted funding.
All sites are located on well-drained podzols on glacial till but climate,
deposition pattern and soil productivity differs. In short, Lövliden is the most
well buffered site in terms of soil and soil solution chemistry relative to Kosta
and Tönnersjöheden. Lövliden has also received less deposition in terms of sea
salts and past and present deposition of sulphate (SO42-), ammonium (NH4+)
and nitrous oxides (NOx). Precipitation is twice as high in Tönnersjöheden
(1140 mm) in comparison to the other two sites. Soil productivity ranges from
3.8 m3 stemwood per hectare and year (Lövliden) to 10.1 m3 stemwood per
hectare and year (Tönnersjöheden).
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Table 2. Site and stand characteristics of the HELTRAD experiment.
Tönnersjöheden

Kosta

Lövliden

Latitude

56°42'N

56°52'N

64°18'N

Longitude

13°40'E

15°23'E

19°36'E

Altitude (m)

100

240

260

Annual precipitation (mm)

1040

595

565

Forest type

Mesic dwarf-shrub

Mesic dwarf-shrub

Mesic-wet dwarf-shrub

Soil type

Podzol

Podzol

Podzol

Norway spruce (100%)

Scots pine (70%)

Norway spruce (50%)

General site data

Harvested stand
Tree species
Dominant:
Co-dominant:

Norway spruce (30%)

Scots pine (50%)

70

100

155-175

Site productivity (m ha yr )

10.1

5.9

3.8

Site index (H100)

G30

T24

G20

Harvested

Spring 1975

Fall 1975

Fall 1976

Tree species

Picea abies (100%)

Pinus sylvestris (100%)

Picea abies (100%)

Planted

Spring 1976

Spring 1976

Spring 1977

Pre-commercial thinning of
broadleaves

-

1983, 1989

1998

First thinning

Spring 2004

Autumn 2000

-

Second thinning

-

Autumn 2010

-

Tree diameter measurements

Autumn 1991

Autumn 1991

Spring 1991

Spring 1997

Spring 1997

Spring 1997

Autumn 2003

Autumn 2000

Autumn 2002

Autumn 2007

Autumn 2008

-

Stand age (year)
3

-1

-1

New stand

Soil solution sampling and analyses
In each plot, five ceramic suction cup lysimeters with a pore diameter of 0.8
μm were installed in the mineral soil at 50 cm depth beneath the ground
surface. Two of the lysimeters were installed in 2002-03 as part of a pilot
study. Installation of the remaining lysimeters took place in 2008. The samples
were collected during spring, summer and autumn. Sampling during the winter
period was not possible due to low temperatures and soil frost. The maximum
number of possible samples per treatment and location were 24 (2003–2005,
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pooled samples) and 100 (2008-2010, discrete samples). However, due to
weather conditions and disturbances by e.g. voles and wild boars, the actual
numbers of samples were somewhat lower. Furthermore, the soil solution
volumes were not always sufficient to conduct a full range of analyses.
Nevertheless, the sample size was sufficient to conduct statistical analysis.
A hand operated pump was used to generate an under pressure of 480 mbar.
After two days, the samples were transported to the laboratory. All samples
were analysed for pH and major anions and cations by accredited laboratories
(IVL and SLU). Full details about the analyses can be found in Paper II. The
soil solution data was used to determine the long-term (27-35 years)
concentration differences between WTH and CH (Paper II). In Paper IV, soil
solution data from the first sampling period (2003-05) was used to calibrate the
MAGIC model.
Soil sampling and analyses
Details about sampling, methods of analyses and calculations for samples
collected between 1990 and 2013 can be found elsewhere (Brandtberg &
Olsson, 2012; Olsson et al., 1996). Briefly, the forest floor and mineral soil
were collected at 25 locations within each plot. Mineral soil layers were
sampled at fixed depths intervals of 0–5, 5–10, 10–15 and 15–20 cm. Forest
floor and mineral soil samples were pooled into composite samples forming
one sample per soil layer and plot.
Distilled water was used to determine forest floor and mineral soil pH.
Concentrations of exchangeable BC, H+ and Aln+ were measured in a 1M
NH4Cl solution and exchangeable acidity (EA) was titrated to pH 8.2 in 0.2M
KCl. Effective cation exchange capacity (CECeff) at current soil pH was
estimated by summing exchangeable base cations, H+ and Aln+. Base saturation
(%BS) was calculated as the equivalent sum of exchangeable bases (Na+, K+,
Ca2+ and Mg2+) divided by CECeff.
Soil data collected in 2001-02 were included in Paper II to better interpret
the soil solution results. In Paper IV, the same data was also used to calibrate
the MAGIC model. To compile time-series, data from all three soil sampling
campaigns in 1990-91, 2001-02 and 2012-13 were used to determine the longterm (up to four decades) impact after clear-felling.
Statistical analyses
Soil solution data from 2003-05 and 2008-10 were analysed separately using a
mixed model analysis (SAS, version 9.2) with fixed and random factors (Paper
II). The fixed factors were site and treatment and the random effect factors
were block and lysimeter.
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Soil chemical differences in 2001-02 were analysed using a nested ANOVA
(Statistica 4.1 for Macintosh, StatSoft Inc., 1994) to evaluate treatment effects
across sites with site, treatment and block, including the interactions between
sites and treatments, as sources of variation (Paper II). To examine soil
chemical differences over time (1990-2013) a mixed model analysis was
performed, including fixed (site, treatment and time) and interaction effects
(treatment*site, treatment*time and site*time) (Paper IV). To determine which
treatment means that were significantly different from each other, a TukeyKramer post hoc test was performed. A significance level of 0.05 was used for
all three tests.

3.3 The MAGIC model
The Model of Acidification of Groundwaters in Catchments (MAGIC, version
7) was used to simulate past and future trends in soil and surface water acidbase status. MAGIC is a lumped parameter model developed in the 1980s
(Cosby et al., 1985a; Cosby et al., 1985b; Cosby et al., 1985c) and later refined
(Cosby et al., 2001) to model the long-term impact of acid deposition on water
chemistry. The model structure also makes it suitable to explore the impact of
other forcing variables. MAGIC has become widely used for the past 30 years
for studying historical and future trends in surface water acidification owing to
atmospheric pollution (Moldan et al., 2013; Whitfield et al., 2010; Wright et
al., 2005) as well as the impact of other drivers such as land use changes and
forestry (McDonnell et al., 2013; Aherne et al., 2012; Jenkins et al., 1990).
The model has also become a national tool for surface water acidification
assessments in Sweden (Swedish Environmental Protection Agency, 2007b).
One part of the model is used for simultaneously calculating the
concentrations of major ions from a set of equilibrium equations. Another part
of the model calculates the flux of major ions in and out of compartments from
a set of mass balance equations. The input and output of major ions must equal
the rate of change in each compartment. The physical and chemical
characteristics of the catchment are specified using fixed or adjusted
(optimized) parameters. A description of the model and details of the equations
can be found in Cosby et al. (2001).
The element fluxes vary over time according to user-defined scenarios.
These scenarios typically involve total deposition and net vegetation uptake,
but additional drivers can be added depending on the purpose of the study. In
this thesis, a third driver, decomposition of above- and belowground logging
residues, was added in Paper III and IV.
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Calibration usually follows a standard protocol where the model is
calibrated to one or more years of soil and surface water data. The calibration
is done in a step-wise order beginning with strong acid anions (SO42-, Cl- and
NO3-). Next, BC is calibrated by adjusting weathering rates and initial soil
exchangeable fractions. Finally the weak acid-base chemistry is calibrated.
Sometimes it may also be necessary to adjust other parameters to achieve a
good fit between measured and modelled data.
MAGIC was applied to both the IM-sites (Paper I and III) and the
HELTRAD sites (Paper IV) to model potential long-term effects of WTH and
examine the robustness of modelled outcome. A brief description of the
conceptualization, parametrization and calibration is given below.
3.3.1 Modelling the IM-sites with MAGIC (Paper I and III)

In the first paper, MAGIC was calibrated to all four IM-sites (Gammtratten,
Gårdsjön, Aneboda and Kindla) to predict acidification trends in soil and
stream water in semi-natural forests from 1860 (pre-industrial time) to present
time. A two-box model was used to describe the average (aggregated)
catchment characteristics including an upper organic and lower mineral soil
layer. Elements moved into and out of these boxes on an annual time-step
according to the deposition and net tree uptake patterns. Derivations of the
deposition sequences were undertaken in several steps involving the use of
EMEP-modelled data, measured data and assumptions about marine
background concentrations in 1860. Tree uptake sequences were created for
each site based on known land-use history, current forest age and measured
standing biomass. Parametrizations were based on site specific data from 19962008, collected and analysed according to Löfgren et al. (2011). Calibrations
followed the standard protocol but less effort was put into achieving a good fit
between measured and modelled BC pools owing to considerable variation in
soil data. However, the calibrated BC pools were representative for the regions
as a whole, and therefore considered satisfactory. The final calibrated sets
(SETII) were used as base scenarios for acidification assessment according to
the Swedish national criteria (Swedish Environmental Protection Agency,
2007b).
The robustness of model outcomes for assessing acidification and estimates
of exchangeable BC pools was then tested by varying a selection of soil
parameters (Paper I). These included 1) lowering the final calibrated apparent
aluminium solubility constant (log10 Ksp) in streams by -1 and 2) activating a
pH-dependant BC weathering rate instead of using a steady-state BC
weathering rate. The latter is achieved by a power function in MAGIC which
allows the user to define the relationship between mineral dissolution and pH.
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In this study we raised the variable H+ concentration by a fixed exponent (0.4)
for all four BC, sites and soil layers. The impact of varying BC pools by
changing soil depth and CEC was also compared using an alternate calibrated
data set (SET I). In this dataset, soil depth was set at fixed depth of 15 cm (soil
layer 1) and 85 cm (soil layer 2) and CEC was set to 100 mEq kg-1 for the
upper soil and 25 mEq kg-1 for the lower soil. In addition to these tests, the
outcome for acidification assessment was examined by changing the “preindustrial year” from 1860 to 1920.
In Paper III, MAGIC was re-calibrated to three (Gammtratten, Kindla and
Aneboda) out of the four IM sites. A theoretical clear-cutting and biomass
removal (80% of the logging residues) was simulated in 2020 and the future
effects on soil and stream water acid-base properties were simulated for one
rotation period (base scenario). Uncertainties in future model predictions were
then tested in nine alternate scenarios by varying a number of parameters
associated with forest practices; 1) the amount of logging residues removed in
final felling (0%, 60%, 80% and 100%), 2) Ca2+ concentrations in forest
biomass (5th, 25th, 50th, 75th and 95th percentiles) and 3) site productivity
(current site index ±4 m). Parameterizations were similar to Paper I since it
largely built on the same input data. However, an additional three years of data
could be added to the calibration period (1996-2011) allowing for more stable
aggregated values. Also, instead of a two-box model, a one-box model was
tested. Efforts were also made to calibrate the soil BC pools. An extra model
driver (decomposition) was also introduced after harvest. Another difference
lied in how total deposition was calculated. In Paper I, total deposition of Clwas normalized against Na+ deposition. In Paper III, total deposition of Cl- was
simply calculated by summing bulk deposition (after correcting for dry
deposition in bulk collectors; i.e. wet deposition) to dry deposition (difference
between wet and throughfall deposition). Finally, small differences also existed
in allocating nutrients over time depending on the assumed uptake and
deposition scenarios.
3.3.2 Modelling the HELTRAD sites with MAGIC (Paper IV)

In Paper IV, the MAGIC model was used to calibrate the HELTRAD sites
using a one-box model for each site (Tönnersjöheden, Kosta and Lövliden) and
treatment (CH and WTH) to describe changes in the former and current tree
stands. Soil data from 2001-02 and soil solution data from 2003-05 were used
to calibrate the sites. However, since soil data have only been collected down
to 20 cm depth, deeper soil data were taken from the Swedish Forest Soil
Inventory database (SLU, 2015). The two soil data sets were combined to form
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mass-weighed values for the entire soil column down to lysimeter depth (50
cm).
Three drivers were used; deposition, net tree accumulation and
decomposition of above- and belowground logging residues. However
deposition was not measured at the HELTRAD sites why data from the IMsites and SWETHRO (The Swedish Throughfall Monitoring Network) were
used. The nutrient content in above- and belowground biomass, including
thinning amounts, was calculated by multiplying BC concentrations by
biomass dry weight. These amounts were then allocated over time to describe
tree uptake during different periods of growth. Decomposing biomass was
calculated in a similar way and released over time according to weight loss
functions by Hyvönen et al. (2012).
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4

Results and Discussion

4.1 The impact of WTH on soil acid-base status
4.1.1 Modelling results (Paper I, III and IV)

Overall, the results from the MAGIC modelling simulations at the IM- and
HELTRAD sites were consistent, indicating that large losses in soil Ca2+
exchangeable pools had occurred throughout the 19th and 20th century (Paper I,
III and IV). The predictions also suggested that these losses may continue into
the future, exacerbated by more intensive harvesting.
At the three IM-sites (Paper III), the hindcast Ca2+ losses up until the point
of the theoretical clear-cutting (2019) ranged from circa 2 to 33 kmolc ha-1 (or
10-47%) compared to the original soil pools in 1860 (Table 3). Large
depletions in BC pools (8-87 kmolc ha-1 or 34-84%) were also noted in Paper I
when simulating all four IM-sites for the time period 1860-1996. Much of this
loss was associated with Ca2+ (4-45 kmolc ha-1 or 33-87%), which
predominated over the other base cations. Similarly, the estimated losses at the
HELTRAD sites during the growth of the former tree stands up until the point
of clear-cutting (Tönnersjöheden: 1904-1975, Kosta: 1874-1975, Lövliden:
1810-1976) varied from 14 to 22 kmolc ha-1 (or 46-66%) (Paper IV).
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Table 3. Mass balance equations for Ca2+ inputs (deposition, weathering and decomposition) and outputs (uptake and runoff) for hindcast (1860-2019) and
forecast (Gammtratten 2020-2100, Kindla 2020-2085 and Aneboda 2020-2075) simulations. In the SitProd1 and 2 scenarios, the length of the rotation period
increased or decreased somewhat depending on site index. Fluxes in kmolc ha-1.
Historic

Future
Base

CalConc1

CalConc2

CalConc3

CalConc4

SitProd1

SitProd2

BioRem1

BioRem2

BioRem3

9.41
45.76
6.58
0
51.62
-3.03

4.41
23.17
16.7
2.78
18.73
-5.07

4.41
23.17
9.13
2.78
22.64
-1.41

4.41
23.17
13.95
2.78
20.22
-3.8

4.41
23.17
20.97
2.78
16.26
-6.87

4.41
23.17
25.61
2.78
12.44
-7.69

5
26.03
12.79
2.78
23.91
-2.89

3.83
20.31
19.44
2.77
14.27
-6.8

4.41
23.17
16.7
5.67
21.15
-4.6

4.41
23.17
16.7
3.5
19.34
-4.96

4.41
23.17
16.7
2.06
18.12
-5.17

16.47
19.2
23.47
0
13.75
-1.54

6.22
7.92
19.33
5.77
5.05
-4.46

6.22
7.92
10.52
5.77
5.93
3.47

6.22
7.92
16.17
5.77
5.36
-1.62

6.22
7.92
24.29
5.77
4.55
-8.92

6.22
7.92
30.92
5.77
3.58
-14.58

6.77
8.52
13.18
5.77
6.13
1.75

5.68
7.32
19.73
5.77
4.78
-5.74

6.22
7.92
19.33
12.46
6.46
0.82

6.22
7.92
19.33
7.44
5.42
-3.16

6.22
7.92
19.33
4.1
4.68
-5.76

14.27
14.4
18.76
0
42.53

4.66
5.04
25.05
6.65
8.22

4.66
5.04
13.53
6.65
9.18

4.66
5.04
21.02
6.65
8.56

4.66
5.04
31.43
6.65
7.66

4.66
5.04
44.77
6.65
6.4

5.4
5.76
24.47
6.7
9.54

3.92
4.32
25.29
6.57
7.07

4.66
5.04
25.05
14
9.12

4.66
5.04
25.05
8.49
8.46

4.66
5.04
25.05
4.81
7.97

-32.62

-16.93

-6.37

-13.24

-22.74

-34.82

-16.17

-17.55

-10.48

-1.533

-1.852

GAMMTRATTEN

Deposition
Weathering
Uptake
Decomposition
Runoff
Mass balance:
KINDLA

Deposition
Weathering
Uptake
Decomposition
Runoff
Mass balance:
ANEBODA

Deposition
Weathering
Uptake
Decomposition
Runoff
Mass balance:
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These historical losses were largely explained by net tree accumulation and
Ca2+ leaching owing to mobile SO42- ions in deposition. At the more wellbuffered sites (Gammtratten and Lövliden) naturally occurring anions (HCO3and RCOO-) also explained the Ca2+ leaching losses, especially during times of
low SO42- deposition. For example, at Lövliden, the sum of HCO3- and RCOOconstituted 49-95% of the anion sum between 1810 and 1976. Similar values
were found at Gammtratten (49-95%) between 1860 and 2019.
The simulated results were consistent with empirical long-term studies
confirming that a depletion in soil Ca2+ exchangeable pools has taken place in
Sweden (Hallbäcken, 1992; Falkengren-Grerup et al., 1987), central Europe
(Jandl et al., 2004) and the United States (Bedison & Johnson, 2010; Johnson
et al., 2008a; Johnson et al., 2008b; Likens et al., 1998; Richter et al., 1994)
during the 20th century. However, it seemed as if MAGIC over-estimated the
Ca2+ losses at Tönnersjöheden when compared to the estimated declines
between 1927 and 1984 in the same area (Hallbäcken, 1992).
In addition to these results, we found that much of the BC depletion (3476%) occurred prior to 1910-20, a period when sulphur emissions were low
(Mylona, 1996) (Paper I). Similar results were found in Papers III and IV for
Ca2+. This implies that the forest uptake may have been more important at
these sites for the modelled declines in soil Ca2+ pools than acid deposition.
Yet, much of the changes in cations pools between 1949 and 1985 have been
attributed to acid deposition (Falkengren-Grerup et al., 1987). These results
indicate that more research is needed to establish the relationship between soil
Ca2+ depletion, acid deposition and forest harvesting, considering that a preindustrial reference condition is used to assess surface water acidification
owing to acid deposition in Sweden (Swedish Environmental Protection
Agency, 2007b).
The large simulated losses at the IM-sites were expected to continue into
the future after a theoretical clear-cutting and removal of 80% logging residues
in 2020 (base scenario, Paper III) (Table 3). Thus, by the end of the second
rotation period, WTH had caused a further decline in Ca2+ pools by 66%
(Gammtratten), 30% (Kindla) and 46% (Aneboda), despite a return of nutrients
via decomposing logging residues (which caused a temporary replenishment).
However, the sensitivity analysis showed that the impact of WTH varied
depending on assumptions made about Ca2+ concentrations in above-ground
tree biomass, site productivity and to a lesser degree, the amount of logging
residues removed in final felling (Table 3). Nevertheless, the outcome from the
sensitivity analyses generally pointed in the same direction of change as in the
base scenario, suggesting that soil Ca2+ would continue to diminish with time.
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The only exception occurred at Kindla where soil exchangeable Ca2+ pools
were predicted to be replenished under a given set of input data (Paper III).
These included 1) applying the lowest Ca2+ concentrations in biomass (5th
percentile), 2) simulating the lowest site productivity (SI=20 m) or 3) by
leaving all the logging residues on site (100%=CH) (Table 3). These results
indicated that WTH may be sustainable at some sites.
In Paper IV, MAGIC was used to simulate the impact of an actual clearcutting in 1975-76 at the HELTRAD sites with (WTH) or without biomass
removal (CH). Similar to the results in Paper III, we found a temporary
increase in soil Ca2+ pools during the first circa 15 years in the CH-plots as
nutrients were returned to the soil via decomposing logging residues. At the
same time tree uptake remained low. A much smaller increase was observed in
the WTH-plots owing to decomposition of stumps and roots. As the nutrient
uptake of the current stands began to increase, soil Ca2+ pools began to decline,
independent of treatment. When taking into account the entire simulation
period, the former and current tree stand in Tönnersjöheden had depleted the
soil by 85% (CH) and 88% (WTH) between 1904 and 2013. This can be
compared to Lövliden where the soil pools decreased much less (CH=57% and
WTH=68%) during almost double the time (1810 to 2013). Similar losses were
also found at Kosta, but for a shorter time period (1874-2013): 59% (CH) and
66% (WTH). Thus, the largest losses occurred after WTH when taking into
account the entire time period. However, when only considering the time
period 1990-2013, the situation was reversed with larger losses from the CH
treatment.
The MAGIC modelled Ca2+ mass balances suggested that tree uptake
dominated the fluxes between 1990 and 2013 at the HELTRAD sites (Figure
2). Furthermore, the overall fluxes were greater in CH-plots than in WTH-plots
at all three locations (Figure 2). This indicated that the Ca2+ cycling in these
forests largely depended on Ca2+ availability. In addition to these results, the
mass balances showed that the Ca2+ weathering was higher in CH-plots than in
WTH-plots. However, Ca2+ inputs via weathering were based on manual
calibration and not on actual measurements. In MAGIC, weathering is
considered as a source of BC and can therefore make up for underestimates of
BC via e.g. deposition or other unidentified pools. Thus, weathering might not
necessarily have been higher in CH-plots.
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Figure 2. MAGIC modelled Ca2+ fluxes (kmolc ha-1) in CH- and WTH-plots summarized over the
period 1990-2013 (Tönnersjöheden), 1991-2012 (Kosta) and 1991-2013 (Lövliden). The fluxes
are divided into sinks (uptake, leaching) and sources (deposition, weathering, decomposition, soil
change).
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The results presented here suggested that nutrient uptake and storage by
trees in the past have depleted the exchangeable Ca2+ pools causing the soils to
become more sensitive to acid deposition. Large future depletions were also to
be expected following harvest in coniferous boreal forests, in particular after
WTH. This is in accordance with other mass-balances (Akselsson et al., 2007;
Johnson & Todd, 1998; Likens et al., 1998; Hornbeck et al., 1990; Federer et
al., 1989) and dynamic modelling (McDonnell et al., 2013; Aherne et al.,
2012; Jenkins et al., 1990) results. For example, Likens et al. (1998) estimated
a complete depletion in soil exchangeable pools of Ca2+ within one rotation
period following WTH. Large Ca2+ losses were also simulated by McDonnell
et al. (2013) who suggested, perhaps ironically, that the only way to restore soil
Ca2+ pools would be a “complete cessation of tree harvesting”. We believe,
however, that trees will respond to lower soil Ca2+ pools by adjusting their
nutrient uptake (but still be able to meet their physiological need), as indicated
by the MAGIC simulated asymptotic Ca2+ curves for Tönnersjöheden (Paper
IV).
4.1.2 Empirical results (Paper II and IV)

Previous studies at the HELTRAD sites by Olsson et al. (1996) have confirmed
mass-balance (Akselsson et al., 2007) and dynamic model predictions (Aherne
et al., 2008); namely that WTH leads to reduced amounts of exchangeable Ca2+
in the soil, relative to CH, at least in the medium-term. Later studies at the
HELTRAD sites showed, however, that the differences between WTH and CH
had decreased but not completely diminished from stand age 15 to 25 years
(Brandtberg & Olsson, 2012). More specifically, treatment differences in the
forest floor and uppermost mineral soil were no longer statistically significant
whereas the differences in deeper mineral soil (down to 20 cm) remained.
Similar results were found in Paper II when only Tönnersjöheden, Kosta and
Lövliden were tested (ΔWTH-CH: -0.29, -0.37 and -0.24 kmolc ha-1 in the 5–
10, 10–15 and 15–20 cm soil layer, respectively). The diminishing differences
were explained by 1) greater tree uptake of Ca2+ in CH-plots, 2) increased Ca2+
weathering rates in WTH-plots and 3) greater Ca2+ leaching from CH-plots.
The result from the statistical analysis in Paper II also suggested that the
effect of WTH varied depending on site. The most pronounced effect was
found at the well-buffered site Lövliden while the treatment response at the
southern sites Tönnersjöheden and Kosta were much smaller. This is in
contrast to what is generally expected from Swedish authorities (Swedish
Environmental Protection Agency, 2007a). One explanation might be that these
two latter sites soils were richer in exchangeable Aln+ and therefore more
resilient towards cation exchange reactions, a mechanism proposed by
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Bélanger et al. (2003) and Thiffault et al. (2011). Calcium released from
decomposing logging residues may therefore not have been sufficient to
displace Aln+ ions from the soil complex. On the other hand, it is also possible
that the impact of WTH has diminished over time.
Resampling of the soils in 2012-13 (Paper IV) made it possible to determine
whether or not the differences between CH and WTH had continued to
decrease or if they still persisted in the deeper mineral soil layer, four decades
after clear-cutting. The results confirmed the observed trend from 1990-91 to
2001-02, i.e. that the soil exchangeable Ca2+ pools have continued to decrease,
independent of treatment from stand age of circa 25 years to 37-38 years
(Figure 3). However, the sites responded differently as indicated by a
significant time*site interaction.

Figure 3. Exchangeable Ca2+ pools in the FH and 0-20 cm soil layer.

The measured Ca2+ losses for the whole period (1990-2013) ranged from
0.2 to 8.6 kmolc ha-1. In addition, faster soil Ca2+ depletion was observed at the
CH-plots (2.6-8.6 kmolc ha-1) compared with WTH-plots (0.2-5.0 kmolc ha-1).
This implies that soil Ca2+ pools have become more similar with time as
indicated by a near significant time*treatment effect (p=0.0626). These results
were in accordance with the latest tree diameter measurements from 2002
(Tönnersjöheden), 2007 (Lövliden) and 2008 (Kosta) which showed that
biomass differences were still present at these points in time (unpublished
data). Nevertheless, soil Ca2+ pools still remained significantly lower in the
WTH-plots. Whether or not the Ca2+ pools in the CH-plots will continue to
decrease at a faster rate and eventually become similar or lower than the Ca2+
pools in the WTH-plots remains to be studied. However, should the current
depletion rates in CH-plots continue, soil pools would become comparable
within a near future, at least at Lövliden and Tönnersjöheden (Figure 3).
The measured declines in Ca2+ soil pools were greater than what has been
found in other studies and were largely explained by the high tree Ca2+ net
uptake and high soil Ca2+ availability. But, despite these large Ca2+ losses, tree
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growth and vitality has not yet been impaired. In addition, the largest losses
were observed at the northern well-buffered site Lövliden, where CH and
WTH is less likely to lead to soil acidification. At the two southern sites
(Tönnersjöheden and Kosta), soils were more acid but CH and WTH have not
made them more acidic according to the current Swedish soil acidification
classification system (Swedish Environmental Protection Agency, 1999).
The measured losses between 1990 and 2013 were however smaller than
what MAGIC predicted for the same time period; 3.6-9.9 kmolc ha-1 (CH) and
3.1-8.3 kmolc ha-1 (WTH). Thus, the decline in Ca2+ pools was verified, but the
model exaggerated the depletion. However, both the measured and predicted
estimates suggested that the Ca2+ losses were greater following CH than WTH
although the model failed to predict the rate by which the soil Ca2+ pools have
become more similar over time.
The discrepancy between modelled and measured impact of WTH was
likely due to an inability to understand and incorporate biological feed-back
mechanisms in the scenario making. These may include an underestimation of
the available soil Ca2+ by neutral salt extractions (Vadeboncoeur et al., 2014;
Yanai et al., 2005), diffusion from deeper soil layers (Grigal & Ohmann,
2005), development of a deeper root system (Dijkstra & Smits, 2002) or direct
uptake of Ca2+ from the atmosphere by the foliage (van der Heijden et al.,
2014; Berger et al., 2006). Recently, van der Heijden (2015) also put forward
the hypothesis of an internal Ca2+ oxalate tree pool. It has also been shown that
Norway spruce can mobilize Ca2+ in the topsoil via acidification (Berger et al.,
2006). Additionally, the ability of trees to increase weathering fluxes through
the association with “rock-eating” fungi has been discussed (Blum et al., 2002;
Jongmans et al., 1997). According to this theory, uptake of nutrients will
increase via ectomycorrhizal symbiosis when trees show signs of depletion.
Not including ignored soil pools and/or a biotic control in mass balances or
dynamic modelling may lead to a risk for exaggerating the impact of WTH.
We believe that future research should aim at identifying and quantifying
overlooked Ca2+ sources and potential biotic control mechanisms.

4.2 The impact of WTH on soil solution and stream water acidbase status (Paper I, II and III)
4.2.1 Modelling results (Paper I and III)

The MAGIC modelling results (hindcast scenarios) for the IM-sites
Gammtratten, Kindla and Aneboda, indicated that all three streams started with
positive ANC, which gradually declined from 1860 to late 1980s and early
1990s (Paper III) (Figure 4). After that, MAGIC predicted a recovery in ANC,
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but not a return to pre-industrial levels by the end of the simulation period. The
overall change in ANC was closely related to changes in SO42- deposition and
stream water SO42- concentrations (data not shown). Similar trends in ANC
were found in Paper I when modelling all four sites (including Gårdsjön).
These results were consistent with the significant increase in stream ANC
documented at these sites (Löfgren et al., 2011). The results were also in
agreement with the general recovery from acidification in surface water
demonstrated for a large number of lakes and streams across Europe (Garmo et
al., 2014; Evans et al., 2001).
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Figure 4. Measured (white circles) and modelled streamwater ANC (solid black line) under the
base scenario along with the nine alternate scenarios. Left panel: varying biomass (BioRem1–3);
middle panel: varying Ca2+ concentration in above-ground biomass (CalConc1–4) and right panel:
varying site productivity (SitProd1–2). Black dashed line= BioRem1, CalConc1 and SitProd1, 1;
grey dashed line = BioRem2 and CalConc2; grey dotted line = BioRem3 and CalConc3, black
dotted line= BioRem4, CalConc4 and SitProd2. Note that the minimum age of cutting differs
between the base, SitProd1 and SitProd2 scenarios. In 2020, the virtual clear-cutting takes place
(arrow).

In Sweden, hindcast predictions by MAGIC are used to classify lakes as
acidified if there has been a change in pH by more than 0.4 units from a preindustrial state (1860) to present time (Fölster et al., 2007; Swedish
Environmental Protection Agency, 2007b). The estimated change in ANC (55211 mEq m-3) between 1860 and 2000 corresponded to a pH-change between
0.4 and 1.4 units (Paper I). Thus, prior to the theoretical clear-cutting in 2020
(Paper III) all four streams were classified as acidified, despite the increase in
pH and ANC that occurred after 1990 (Paper I). However, the predicted
response in ΔANC and ΔpH changed when a selection of key input parameters
were varied. These included e.g. lowering the aluminium solubility in stream
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and letting BC weathering rates to change depending on soil acidity (Paper I).
Changing the apparent aluminium solubility constant (log10 Ksp) in streams
increased ΔpH to 0.9-1.7 units, suggesting that the streams would have been
more severely affected by anthropogenic acidification in the past. On the other
hand, releasing more BC when soil acidity increased lowered stream ΔpH to
0.3-1.2 units. The lower value (ΔpH=0.3) belonged to Gammtratten. Thus, by
including a weathering feedback in MAGIC, Gammtratten would no longer be
classified as acidified according to the current system (Paper I). A similar
result was achieved when the pre-industrial reference year (1860) was
postponed to 1920.
One of the consequences of using input data associated with large
uncertainties is that streams or lakes could be misclassified as acidified and
thereby wrongfully subjected to liming. Alternatively, streams or lakes in need
of liming may be overlooked. Thus using site-specific data based on long-term
monitoring is important for our ability to accurately predict trends in surface
waters. However, the results in Paper I showed at the same time that using
another input data set (SET I) resulted in comparable estimates in ΔpH and
ΔANC although the initial BC soil pools were overestimated by a factor of 2.
Therefore, putting efforts into soil sampling to reduce a potential large standard
deviation in catchment BC pools may not necessarily lead to more accurate
predictions in stream pH and ANC. These results also showed that substantial
changes may occur in the soil without causing a large impact on surface water
acid-base status (Paper I).
In 2020, the IM-catchments were theoretically clear-cut and replanted with
Norway spruce, leaving 20% of the above-ground logging residues to
decompose (base scenario, Paper III) (Figure 4). During the first circa 5-10
years after felling, this caused a further increase in ANC. But, as the
contribution from decomposing residues started to decline and the nutrient
demand of the forest increased, ANC began to decrease. By the end of the
second rotation period (forecast scenario), WTH had led to a reversal of the
positive trend in ANC at Gammtratten, Kindla and Aneboda. The magnitude of
impact on stream ANC varied, however, depending on site and the
concentration of mobile strong acid anions. Contrary to common beliefs, the
largest decrease in modelled ANC was observed at the well-buffered site
Gammtratten. The effects at Kindla and Aneboda were much more limited and
not large enough to offset the general recovery from acidification.
Variations in the future possible impact of WTH were examined in nine
alternate scenarios (see Chapter 3.3.1) by changing a set of input parameters
related to forestry (Paper III). The results showed that modelled stream ANC
varied the most when changing the Ca2+ concentrations in tree biomass (Figure
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4). Site productivity was the second most important variable while harvesting
different amount of logging residues (0-100%) only marginally affected the
results. The results showed that the reliability of modelled outcome would
increase by using site-specific Ca2+ concentrations in tree biomass and field
determined identification of site productivity.
Overall, the results from Paper I and III indicated that the impact on stream
ANC was much less than the impact on soil exchangeable Ca2+ pools. Similar
results were found by Jenkins et al (1990). These modelled results were also
well in agreement with the long-term measured impact of WTH on Ca2+ and
ANC in the soil solution at the HELTRAD sites (Paper II).
4.2.2 Empirical results (Paper II)

Results from the first soil solution sampling at the HELTRAD sites in 2003-05
(27-30 years after harvest) demonstrated few statistically significant
differences between CH and WTH (Paper II, Table 4). The greatest treatment
difference was noted for Ca2+, which was significantly lower (17 μEq l-1 or
40%) in WTH-plots compared with CH at 50 cm soil depth. These results
agreed well with the observed differences in Ca2+ concentrations and pools in
deeper mineral soil layers (down to 20 cm) from 2001-02 (Paper II and IV). In
addition to these results, ANC differed in the same order of magnitude (16 μEq
l-1) as Ca2+ and pH was slightly lower after WTH (-0.05 units).
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Table 4. Average soil solution chemistry and results from the statistical analysis. Bold numbers indicate statistically significant differences at pz0.05.
Treatments
CH

Test of fixed effects
WTH

Main effects

Interaction effects

Site

Site x treatment Site x season Treatment x season

Treatment Season

2003-2005
pH

4.92 (0.63) 4.87 (0.66)

<.0001 0.0295

0.5675

0.5539

0.6249

0.7224

ANC (μeq l-1)

9 (68)

-7 (62)

0.0001

0.0191

<.0001

0.0233

0.0657

0.0775

DOC (mg l-1)

5 (2)

4 (2)

0.0142

0.3772

0.0002

0.2561

0.9577

0.1968

Ca2+ (μeq l-1)

43 (34)

26 (18)

0.0095

0.0123

0.4139

0.5104

0.0086

0.4980

Mg2+ (μeq l-1)

24 (9)

19 (10)

0.5105

0.0877

0.0001

0.5214

0.2659

0.3606

Na (μeq l )

152 (117)

138 (118)

0.0001

0.9257

0.0001

0.6910

0.7123

0.6361

K+ (μeq l-1)

8 (4)

9 (8)

0.5014

0.8609

0.6329

0.0484

0.0013

0.7882

SO42- (μeq l-1)

91 (47)

76 (52)

0.0028

0.1880

0.0063

0.0999

0.1042

0.3628

Cl- (μeq l-1)

124 (112)

118 (121)

<.0001 0.2370

0.0253

0.4377

0.8635

0.0689

RCOO (μeq l ) 37 (19)

30 (16)

0.1422

0.287

0.0001

0.2392

0.9753

0.1584

HCO3- (μeq l-1)1 60 (24)

43 (11)

-

0.2724

0.1256

-

-

0.1402

Alt (μg l-1)

403 (277)

396 (349)

<.0001 0.2375

0.0013

0.8406

0.0136

0.4070

Alo (μg l-1)

141 (158)

109 (108)

<.0001 0.482

0.0023

0.1572

<.0001

0.6267

311 (163)

336 (240)

<.0001 0.7709

0.0538

0.5066

0.0158

0.7859

+

-1

-

-1

-1

Ali (μg l )
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Treatments

Test of fixed effects
Main effects

Interaction effects
Site x reatment

Site x season Treatment x season

CH

WTH

Site

Treatment Season

5.0 (0.7)

5.2 (0.6)

<.0001 0.7264

0.2681

0.4009

<.0001

0.2969

ANC (μeq l )

54 (68)

43 (60)

0.0166

0.4552

<.0001

0.0958

<.0001

0.1972

DOC (mg l-1)

8 (13)

5 (4)

0.0002

0.1238

<.0001

0.0610

0.5248

0.8930

Ca2+ (μeq l-1)

47 (32)

37 (23)

0.0023

0.0573

<.0001

0.0282

<.0001

0.3077

Mg2+ (μeq l-1)

23 (15)

24 (18)

0.3387

0.5818

<.0001

0.6326

<.0001

0.9265

Na (μeq l )

143 (143)

124 (101)

<.0001 0.2862

<.0001

0.0847

0.0145

0.2378

K+ (μeq l-1)

14 (22)

14 (16)

0.6540

0.4017

<.0001

0.4168

0.5934

0.1912

SO42- (μeq l-1)

68 (50)

68 (53)

<.0001 0.3101

0.0168

0.0089

0.0019

0.8247

Cl- (μeq l-1)

105 (145)

88 (109)

<.0001 0.2508

<.0001

0.0937

0.0060

0.1174

RCOO (μeq l ) 60 (73)

43 (28)

0.0013

0.1637

<.0001

0.072

0.4052

0.9681

HCO3- (μeq l-1)1 86 (34)

75 (23)

-

0.1683

<0.001

-

-

0.7029

Alt (μg l-1)

407 (481)

358 (426)

<.0001 0.7034

0.0028

0.4762

<.0001

0.1498

Alo (μg l-1)

205 (310)

131 (204)

<.0001 0.4443

0.2264

0.0166

0.1462

0.2106

179 (201)

219 (345)

<.0001 0.8526

0.1566

0.7096

<.0001

0.2898

2008-2010
pH
-1

+

-1

-

-1

-1

Ali (μg l )
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Despite these measured differences, ANC remained positive at the wellbuffered northern site Lövliden, independent of treatment (CH=111 μEq l-1;
WTH= 67 μEq l-1). Therefore, at this site, the loss of Ca2+ and the subsequent
decline in ANC following WTH was not likely to have caused adverse effects
on aquatic biota in receiving streams or lakes. The two southern sites were
more acidic in terms of ANC (-28 to -10 μEq l-1 at Tönnersjöheden and -58 to 24 μEq l-1 at Kosta depending on treatment). At these sites, WTH was expected
to have a large impact on the acid-base status. However when comparing the
treatment differences to the general increase in ANC following the natural
recovery in this area, the small difference between CH and WTH almost
became negligible. For example, the difference in ANC between CH and WTH
at Tönnersjöheden was less than 8 μEq l-1. The difference at Kosta was slightly
higher (12 μEq l-1). These figures can be compared to the general increase in
ANC (9.6-176 μEq l-1) recorded in 10 small forest streams in southern Sweden
(Löfgren et al., 2009). A similar positive trend (2-20 μEq l-1) in the soil
solution have also been shown for 32 out of 68 monitoring sites in the same
region (Löfgren & Zetterberg, 2011). This implies that the long-term effect of
WTH was not likely to have fully counterbalanced the natural recovery from
acidification during the study period at these sites. Similar results were found
in Paper III when modelling the IM-sites. However, acidification effects prior
to the study period (<27 years) cannot be ruled out.
The results from the first soil solution sampling thus showed that WTH
caused the soil solution to be more acidic. However, the impact on Ca2+
concentrations was only temporary as the results from the second soil solution
sampling in 2008-10 (32-35 years after harvest) showed no main treatment
response (although the difference was nearly significant; p=0.0573). There
was, however, an interaction effect between site and treatment which indicated
still present effects on the Ca2+ concentrations at the northern well-buffered site
Lövliden. Hence, the effect of WTH on the soil solution composition was not
only a function of time but also of site and can therefore be expected to last
longer at some sites.
To find the underlying cause for the differences in soil solution Ca2+
concentrations, we examined the anion composition as it has been shown that
the mobility of BC depend on the concentrations of mobile anions (Reuss &
Johnson, 1986). Knowing how these mobile anions form, we could gain insight
into the processes which caused lower Ca2+ leaching in the WTH-plots.
At the well-buffered site Lövliden, biologically processes appeared to be
important for regulating the concentrations of anion and cations. At this site,
mineralisation of organic matter was probably higher in the CH-plots as
indicated by higher concentrations of organic acids (RCOO-), bicarbonate
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(HCO3-) and SO42- in these plots (Figure 5). It is also possible that desorption
of previously adsorbed sulfate was higher. Together, these anions seemed to be
responsible for the greater Ca2+ leaching from the CH-plots. The same line of
reasoning was used at the two southern sites Tönnersjöheden and Kosta,
although the interpretation was more difficult due to the small differences in
Ca2+ concentrations between CH and WTH. However, it was argued that since
HCO3- was lacking at both sites, differences in Ca2+ concentrations were
mainly due to higher concentrations of SO42- (Tönnersjöheden) and RCOO(Kosta) from the CH-plots, resulting from higher mineralisation and/or
desorption of sulfate.

Figure 5.The difference in soil solution concentrations of major cations and anions between
conventional harvest (CH) and whole-tree harvest (WTH) at Lövliden. Positive values indicate
higher ion concentrations in CH-plots and negative values higher ion concentrations in WTHplots.

Overall, the field measurement and modelling results showed that the effect
of WTH on surface-water acidity depended on the concentration of mobile
anions. The results suggest that practicing WTH in times of low acid
deposition does not cause long-term acidification (low ANC and pH) in surface
waters except for areas with naturally occurring strong acid mobile anions
(SO42-, NO3- and Cl-). Other areas are generally well-buffered by HCO3(circumneutral pH) or weak organic acids (low pH).
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5

Conclusions

 MAGIC simulations at the IM and HELTRAD sites suggested that tree
growth and net storage of Ca2+ in tree biomass caused large depletions in
soil exchangeable Ca2+ pools during the 19th and 20th centuries, exacerbated
by acid deposition. The impact of tree growth and acid deposition also
caused streams to become acidified in terms of ANC and pH.
 The modelled depletions in soil exchangeable Ca2+ pools and the decrease
in ANC were expected to continue to decline in the future at the IM-sites
following a theoretical clear-cutting and biomass removal (WTH and CH),
despite a temporary recovery during the first circa 5-10 years after clearcutting.
 In all MAGIC future simulations, the impact of WTH was larger than after
CH. However, varying a selection of key input parameters had a large
impact on the WTH modelled outcome although the results generally
pointed in the same direction of change as in the WTH base scenario.
 Field measurements at the HELTRAD sites confirmed that WTH and CH
caused large depletions in soil exchangeable Ca2+ pools, two to four
decades after clear-cutting. Despite rapidly diminishing differences between
WTH and CH, soil Ca2+ pools remained lower in plots where logging
residues had been harvested. Soil solution measurements also showed that
WTH caused a temporary but site-dependant decrease in ANC.
 Despite rapidly declining soil Ca2+ pools, tree growth and vitality has not
been impaired at the HELTRAD sites. Nor did the measured differences in
ANC between CH and WTH offset the natural recovery at the southern sites
Kosta and Tönnersjöheden. At the well-buffered northern site, Lövliden, the
ecological impact of WTH on ANC was considered insignificant.
 A comparison between modelled and measured soil Ca2+ pools indicated
that MAGIC exaggerated the losses at the HELTRAD sites. Furthermore,
MAGIC could not reproduce the rapidly diminishing differences between
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CH and WTH. Uncertainties in model parameters, underestimation of soil
Ca2+ pools or a lack of understanding biological feed-back mechanisms
could explain this discrepancy. Until these have been resolved,
interpretations of Ca2+ changes related to CH or WTH using dynamic
modelling should be done with caution.
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6

Possible implications for the society and
future research needs

Sustainable forest management aims to achieve a balance between society’s
need for forest products and the long-term health and productivity of the forest
ecosystem. For the past decades, WTH has become a common practice in
Sweden and will no doubt continue to play an important role in the future.
However, the use of WTH poses several threats to the ecosystem which may
not be compatible with sustainable forest management, relative to CH. This
thesis has provided valuable insights into the long-term effect of WTH on soils
and surface water acid-base status in coniferous boreal forests, up to four
decades after stand development. The practical implication of these results and
need for future research is listed below.
 The results can provide significant input in efforts to identify regions in
Sweden where WTH can be carried out without compromising the longterm (several harvest cycles) soils Ca2+ supply or adversely affect the acidbase status of soils and surface waters.
 According to our results, it would appear as if WTH can be practiced in
large parts of Sweden. There are several reasons for this conclusion. First,
despite large variations in site characteristics, marine influence and past and
present deposition of SO42-, the long-term impact of WTH on surface water
ANC was relatively small, especially at the southern sites. The effect at the
northern sites were larger but considered ecologically insignificant due to
bicarbonate buffering. As long as the concentration of strong mobile anions
remains low, the supply of Ca2+ (and other BC) is large enough to maintain
reasonably high ANC at the investigated sites. Still, temporary short-term
decreases in ANC cannot be ruled out due to e.g. large inputs of sea salts
during heavy storms or an increase in NO3- concentrations following clearcutting, storm felling or insect outbreaks. Second, WTH did not make the
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soils at the HELTRAD sites more acidic according to the Swedish soil
acidification classification system, despite the impact on soil Ca2+
exchangeable pools. Third, earlier studies at the HELTRAD sites have
shown that tree growth and health were not impaired by the soil
exchangeable Ca2+ losses according needle analysis and unpublished tree
diameter measurements. On the contrary, the trees were still able to take up
Ca2+ at concentrations that far exceeded their optimal needs. These results
suggest that WTH can be carried out over large parts of Sweden without
compromising tree health and productivity or lead to acidification effects on
soils and waters. We do, however, recognize that WTH may lead to other
unwanted effects such as a reduction of decaying dead wood in the forests,
which may reduce the biodiversity and put future limitations to the use of
logging residues.
 The results can also be used to quantify to what extent WTH should be
compensated for by ash-recycling to maintain tree health and productivity
as well as counteracting soil and surface water acidification. At present, the
Swedish Forest Agency (2008) recommends a low dose (3 tonnes ha-1, and
on occasion 6 tonnes ha-1, per rotation period) of ash to mitigate
acidification effects caused by the additional removal of base cations during
WTH. However, long-term forest liming studies have shown that the
downward movement of added Ca2+ is very slow which is why
improvements in soils acid-base status so far has been restricted to the
uppermost soil layers (Löfgren et al., 2009). Furthermore, ash recycling on
mineral soils may not necessarily counteract surface water acidification
during periods when the concentrations of strong mobile anions are low. At
the current rate of natural recovery from acidification in streams, ash
recycling may seem redundant in the short-term. From a socioeconomic
view, ash should rather be used as a fertilizer on peat soils (Ekvall et al.,
2014). In terms of maintaining tree health and productivity, previous studies
at the HELTRAD sites by Egnell (2011) have shown that the trees are
limited by nitrogen rather than BC. From these considerations, ash
recycling at the HELTRAD sites is not required. Over several harvesting
cycles though, ash recycling could however become necessary.
Furthermore, practicing WTH on thin, base poor soils may require
compensatory measures.
 Future research should focus on identifying and quantifying overlooked
Ca2+ sources and potential biotic control mechanisms so that uncertainties
in mass balances and dynamic modelling can be reduced. A number of
ignored sources have been proposed including an underestimation of soil
exchangeable Ca2+ pools from common extraction methods. However, as
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tree net uptake was identified as the major cause for soil Ca2+ depletion,
attention should be given to examining how trees exerts control of their
nutrient uptake. This can be achieved by means of e.g. isotopic tracing
experiment using enriched 44Ca to better understand how Ca2+ is cycled
through the soil and the vegetation.
 There is a lack of long-term empirical studies where the effect of CH and
WTH can be compared (Thiffault et al., 2011). The HELTRAD experiment
is one of few European experiments, and the only on-going experiment in
Sweden. This experiment has provided valuable and unique insight into the
long-term impact of WTH relative to CH in Swedish coniferous boreal
forests. The results have also helped shaping policies for sustainable forest
management. It is important that funding can be provided to maintain this
type of long-term experiment so that the impact of WTH over an entire
rotation period can be studied.
 Although the HELTRAD sites offer many future possibilities to explore the
impact of WTH there are some limitations which should be considered. For
example, all of the logging residues were removed in the WTH-plots. This
is higher than what is generally recommended (80%) by the Swedish
Forest Agency (2008). In reality, there is always some slash left on site why
the impact of WTH on soil Ca2+ exchangeable pools may be lower than
expected from this thesis. Also, the trees were planted at a stand density of
circa 3 300 trees per hectare which is higher than what is currently
practiced. This could have led to greater depletion of Ca2+ via net nutrient
uptake and an exaggeration of the impact of WTH. In addition, the block
experiment did not include uncut mature trees why changes over time
owing to other stressors cannot be separated from that of CH and WTH.
Finally, since the experiment was primarily designed to measure differences
in tree productivity, pre-treatment data for other measures than soil and
stands characteristics are lacking. To ensure that the results from the
HELTRAD sites are reproducible, new similar experiments should
therefore be established.
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