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Abstract: The demand of renewable energy has increased the interest in whole-tree harvesting. The 
sustainability of whole-tree harvesting after clear-cutting, from an acidification point of view, de-
pends on two factors: the present acidification status and the further loss of buffering capacity at 
harvesting. The aims of this study were to investigate the relationship between these two factors at 
26 sites along an acidification gradient in Sweden, to divide the sites into risk classes, and to examine 
the geographical distribution of them in order to provide policy-relevant insights. The present sta-
tus was represented by the acid neutralizing capacity (ANC) in soil solution, and the loss of buffer-
ing capacity was represented by the estimated exceedance of critical biomass harvesting (CBH). The 
sites were divided into three risk classes combining ANC and exceedance of CBH. ANC and ex-
ceedance of CBH were negatively correlated, and most sites had either ANC < 0 and exceedance 
(high risk) or ANC > 0 and no exceedance (low risk). There was a geographical pattern, with the 
high risk class concentrated to southern Sweden, which was mainly explained by higher historical 
sulfur deposition and site productivity in the south. The risk classes can be used in the formulation 
of policies on whole-tree harvesting and wood ash recycling. 

Keywords: acidification; forest management; deposition; base cations; site productivity; wood-ash 
recycling; Sweden 
 

1. Introduction 
Emissions of sulfur (S) and nitrogen (N) from the burning of fossil fuels have led to 

acidic deposition, peaking in the second half of the 20th century [1,2] and resulting in 
acidified soils and waters in the forest ecosystems of Europe [3]. These emissions have 
been reduced considerably, but both measurements [4–6] and modelling [7] indicate that 
the recovery of forest soils, which is required for surface waters to fully recover, is slow 
compared to the emission reductions. Recovery may slow down more, or even be re-
versed, if branches, tops, and stumps are harvested, since harvesting is an acidifying pro-
cess [8,9] which is reinforced if other parts than the stems are harvested [10–13]. Removal 
of branches and tops means a significantly increased removal of base cations, due to the 
higher base cation concentrations in those parts [14,15]. 

The demand for renewable fuel is expected to increase to replace fossil fuel and thus 
mitigate climate change [16]. In Sweden, the harvesting of branches and tops were noti-
fied on 35–41% of the notified final fellings during the five years between 2015 and 2019, 
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whereas stump harvesting was very uncommon [17]. Estimations of the future biomass 
potential in Sweden have shown that the harvesting of branches and tops has the potential 
to increase [18]. It is therefore important to be able to assess the sustainability of whole-
tree harvesting in regions with different acidification history and site properties. 

The sustainability of whole-tree harvesting at a site, from an acidification point of 
view, depends on two factors: (1) how the site has been affected by previous acidification 
and (2) how whole-tree harvesting will affect the buffering capacity of the soil. The effects 
of anthropogenic acidification on soils are often described by soil solution chemistry be-
low the root zone [4–6,19]. Acid neutralizing capacity (ANC) is an indicator often used to 
provide a quantitative estimate of the acidification status at a site as well as the quality of 
the water leaving the root zone [20]. However, it does not give any indications about the 
effect of whole-tree harvesting. The effect of whole-tree harvesting on the buffering ca-
pacity can be estimated using acidity budget calculations, e.g., through the concept of crit-
ical biomass harvesting (CBH) [13]. Such estimates can give indications of how the buff-
ering capacity is affected by whole-tree harvesting, but since they only give information 
about the direction and a rate of the development, and not about the starting point, they 
do not give a complete assessment of the risks related to whole-tree harvesting. By com-
bining ANC data based on soil solution chemistry measurements with acidity budget cal-
culations, both previous acidification and the effect of whole-tree harvesting on the buff-
ering capacity of the soil can be taken into account. 

In this study we perform a refined mapping of the risks of acidification of forest soils 
caused by whole-tree harvesting, in this article defined as the harvesting of branches and 
tops but not stumps after clear-cutting, across a strong deposition gradient in Sweden. We 
achieve this by combining data on the present acidification status, represented by ANC in 
soil solution, with estimates of the potential effect of whole-tree harvesting on the buffer-
ing capacity, represented by exceedance of CBH, at 26 well investigated spruce sites. The 
aims were to (1) investigate the relationship between ANC in soil solution and exceedance 
of CBH, (2) identify risk classes for the sustainability of whole-tree harvesting, taking both 
factors into account, (3) investigate the geographical distribution of the risk classes and (4) 
discuss the results in relation to policies about whole-tree harvesting and wood ash recy-
cling. 

2. Materials and Methods 

2.1. Study Sites and Measurements 
The study was performed at 26 spruce sites from the Swedish Throughfall Monitor-

ing Network (SWETHRO) [21], most of them active during all five years in the period 
2014–2018 (Table 1). The 26 sites are geographically distributed across all three regions of 
Sweden—South, Central and North (Figure 1a)—to cover the steeply decreasing gradient 
of atmospheric S deposition from southwest to the north (Figure 1b). The site density is 
highest in the south of Sweden where deposition is highest, which is reflected in the num-
ber of sites in the three regions (Table 1). 
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(a) (b) 

Figure 1. The 26 sites within the Swedish Throughfall Monitoring Network (SWETHRO) included 
in the study, and the borders delineating the three regions of Sweden: North (Norrland), Central 
(Svealand) and South (Götaland), (a) and the average S deposition in Sweden for the years 2001–
2006, created by interpolation of SWETHRO data [21] from those years (b). 

The SWETHRO sites are 30 by 30 m squared plots within managed forest stands, 
where atmospheric deposition and soil solution chemistry are measured continuously. 
Throughfall deposition, i.e., precipitation that passed through the canopies, is collected 
monthly using open buckets in the winter, and polyethylene bottles with funnels threaded 
into the lid in the summer. Ten throughfall collectors are placed on each site, in an “L” 
shape along two of the borders of the monitoring area. The water samples are merged to 
one composite sample at the end of each month for chemical analysis at the accredited 
laboratory at IVL Swedish Environmental Research Institute and analyzed as described 
in previous studies [5]. The amount of throughfall precipitation per hectare is estimated 
based on the volume of water and the known diameter of the open bucket/funnel, and the 
throughfall deposition is derived by multiplying the amount of throughfall precipitation 
with measured concentrations. 

For some of the sites, there are also wet deposition measurements on an open field 
close by, which are used to separate between wet and dry deposition. Wet deposition is 
measured using a 1.5 m high collector made of polyvinylchloride. A polyethylene plastic 
bag is placed inside the cylinder and changed at every sampling occasion. In addition, a 
robust plastic ring with a smooth rim is attached to the top of the cylinder. A net made of 
polyolefin is placed at the opening of the cylinder during spring, summer and autumn, to 
prevent debris to enter the plastic bag. During 2016 and 2017, the wet deposition samplers 
were equipped with “birdrings”, positioned horizontally around the openings of the sam-
pler to prevent birds from sitting on the rim of the sampler. 
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Table 1. Characteristics for the 26 SWETHRO sites included in the study. The sites are organized 
from north to south. 

Site Lat Long 
Site 

Index 1 
Moisture 

Class 6 
Stoni-

ness, % 
Data Period 

7 
BC Dep 

OF 8 
No of 

Lysimeters 
Region 

BD06 66.066 21.468 G18 2 4 20 2016–2018 Yes 5 North 
AC34 65.945 16.314 G17 4 3 20 2014–2018 No 4–5 North 
AC04 65.408 18.112 G16 3 4 20 2014–2018 Yes 5 North 
AC35 64.542 21.086 G20 2 3 20 2014–2018 Yes 5 North 
Y07 62.284 16.348 G20 3 3 20 2014–2018 Yes 5–6 North 
U06 59.941 16.524 G22 3 3 60 2014–2018 No 5–6 Central 
S22 59.821 12.902 G32 3 3 5 2014–2018 Yes 5 Central 
S05 59.008 13.110 G22 5 4 5 2014–2016 Yes 5 Central 
R09 58.625 13.777 G30 3 3 15 2014–2018 No 5 South 
O35 58.441 11.731 G26 3 4 5 2014–2017 Yes 3–5 South 
E21 58.156 15.435 G32 3 3 5 2014–2018 No 3–5 South 
P95 57.866 12.673 G26 5 3 15 2014–2018 Yes 5 South 
F22 57.839 15.000 G28 3 3 35 2014–2018 No 5 South 
F12 57.825 14.394 G28 3 3 5 2014–2018 No 5 South 
F23 57.509 15.341 G32 3 2 10 2014–2018 Yes 4 South 
F18 57.149 13.594 G26 3 3 10 2014–2018 No 5 South 
G22 57.061 14.374 G28 3 4 5 2014–2018 Yes 5 South 
N12 56.953 12.816 G30 3 2 50 2014–2018 No 4–5 South 
H03 56.853 16.316 G28 3 3 30 2014–2018 Yes 5 South 
N13 56.772 13.158 G30 5 3 20 2014–2018 Yes 5 South 
H22 56.638 15.629 G32 3 3 20 2014–2018 No 4 South 
N19 56.355 12.993 G32 5 3 10 2014–2018 No 5 South 
K13 56.270 15.453 G34 3 3 10 2014–2016 No 3–4 South 
L18 56.177 13.521 G30 5 3 10 2014–2018 Yes 5 South 
L15 55.620 14.094 G34 3 3 20 2014–2018 No 5 South 
M16 66.066 21.468 G36 5 3 5 2014–2018 Yes 5 South 

1 Site index is directly linked to site productivity (m3 ha−1 y−1) and is a measure of the optimal 
growth of a stand. The letter “G” means that the tree species is Norway spruce and the number is 
the projected tree height when the stand is 100 years old. 2 Field assessments in 2020. 3 From the 
ICP level II database (International Co-operative Programme on Assessment and Monitoring of 
Air Pollution Effects on Forests, http://www.icp-forests.org). 4 Assessment based on satellite data 
and information from a nearby wood-land key habitat. 5 From forest owner/forest manager/Forest 
Agency. 6 Class 2: Dry (0.15 m3 m−3), Class 3: Moderately moist (0.20 m3 m−3), Class 4: Moist (0.25 
m3 m−3). Translation to volumetric water content is based on [22]. 7 Years available in the period 
2014–2018. 8 Information on whether there is an open field site close by, where base cation (BC) 
wet deposition is measured. 

To be able to quantify dry deposition for the chemical species that interact with the 
tree crowns, e.g., N, Ca, Mg, and K, string samplers are placed at the open field of some 
of the sites. The string samplers are placed under a transparent roof made of polycar-
bonate. The samplers consist of Teflon strings. They are sprayed with deionized water 
once a month, all year round, and the samples are sent to the laboratory for chemical anal-
ysis. During wintertime the string samplers sometimes have to be brought indoors before 
being sprayed with deionized water [23]. 

At each of the 26 sites, soil solution samples from a depth of 50 cm in the mineral soil 
are collected using 3–6 separate suction lysimeters with ceramic cups (P 80) (Table 1). 
Samples are taken three times a year: before (February–May), during (May–September), 
and after (September–December) the vegetation period. At the time of the sampling, neg-
ative pressure is initiated so that the lysimeter can suck in water, and after two days the 
water is collected. For each occasion, the water samples from the lysimeters are merged 
into one composite sample for analysis. If there is no collectible water, the site is still not 
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revisited until the next scheduled sampling occasion. Drier sites therefore have fewer 
measurements of soil water concentrations. 

Starting in 2010, a soil sampling campaign was performed at the SWETHRO sites. 
Soil samples from 4–5 distinct soil horizons, down to 50 cm in the mineral soil, were col-
lected and sent for chemical analysis of, e.g., total elemental content and grain size distri-
bution. Cylinders (three per soil sample) were used to estimate soil bulk density. Stoniness 
and moisture were assessed in field at all sites. 

2.2. Estimation of ANC in Soil Solution 
Acid neutralizing capacity (ANC in meq L−1) in soil solution was calculated for each 

site and each sampling occasion as: 

ANC = [Ca2+] + [Mg2+] + [K+] + [Na+] + [NH4+] − [SO42−] − [Cl−] − [NO3−] (1)

where all element concentrations are given in meq L−1. The median ANC for the available 
samples in 2014–2018 (Table 1) was calculated and used for analyses in this study. 

2.3. Estimation of Exceedance of Critical Biomass Harvesting (CBH) 
2.3.1. Concept 

The concept critical biomass harvesting (CBH [13]) has been used in Swedish policies 
since 2018, when a new indicator “Acidification from forestry” was introduced in the Swe-
dish Environmental Objective Framework. CBH builds on the same principle as critical 
loads (CL), which was a successful concept in reducing acidic deposition [19]. 

The basis for both CL and CBH calculations is the SMB formula (Equation (2), [24]) 

Sdep + Ndep + Cldep + BCharv +Alkleach = BCdep + BCweath + Nimm + Nharv + Nde (2)

where dep = deposition, BC = base cations (Ca, Mg, Na and K), harv = net losses at har-
vesting, Alk= Alkalinity, leach = leaching, weath = weathering, imm = immobilization and 
de = denitrification (meq m−2 y−1). 

In CL calculations, the critical load of acidity, i.e., the maximum amount of acid dep-
osition (S + N) that can be allowed without negative ecosystem effects, is estimated 
through Equation (3), where all factors except Sdep and Ndep have been moved to the right 
side of the equation and the Alkleach is the critical alkalinity leaching (Alkleach(crit)). To calcu-
late CL at a site, all factors on the right side of the equation except Alkleach(crit) are quantified 
based on site data. A chemical criterion and a critical limit are defined, linking acid depo-
sition to ecosystem effects. They are used to calculate Alkleach(crit), which is a measure of the 
acidification of runoff water. Exceedance is then calculated according to Equation (4), 
where the actual deposition at the site is compared with the CL. 

CL (Sdep + Ndep) = BCdep + BCweath + Nimm + Nharv + Nde − Cldep − BCharv − Alkleach(crit)  (3)

Exceedance = Sdep + Ndep − CL (Sdep + Ndep) (4)

In a national study in Sweden, CBH was defined as the maximum biomass extraction 
that does not lead to an ANC value less than zero in the water leaving the root zone, and 
therefore does not lead to export of acidity [13]. Biomass harvesting contributes to the 
acidity flows by removing BC from the forest ecosystem. In the CBH calculations, the crit-
ical removal of BC through harvesting was quantified and compared with the actual bio-
mass harvesting, based on Equation (2) and the same logics as in the CL calculations in 
Equations (3) and (4), but with a few simplifications. The chemical criterion used was 
ANC, and since the critical limit was set to 0, the Alkleach(crit) factor disappeared. Further-
more, the N cycling was greatly simplified based on three assumptions: 
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 Only N that leaches is affecting acidity: NO3-N leaching is acidifying, one equivalent, 
and NH4-N leaching counteracts acidification, one equivalent, based on theories in 
[25]. 

 N leaching is not affected by whole-tree harvesting. 
 N accumulating in soil organic matter will not contribute to acidification in the fu-

ture. 
By implementing those assumptions in Equation (1), CBH could be calculated using Equa-
tion (5), and exceedance could be calculated using Equation (6). 

CBH (BCharv) = BCweath + BCdep + NH4-Nleach − Sdep − Cldep − NO3-Nleach (5)

Exceedance = BCharv − CBH (BCharv) (6)

In this study, the same formulas and assumptions as in the national CBH calculations were 
applied [13], and calculations were made for the upper 50 cm in the mineral soil, which is 
assumed to be the root zone for spruce. The calculations assume a steady state, meaning 
that all fluxes are given as annual averages over an entire forest rotation, varying accord-
ing to site productivity. Therefore, the acidification history of a site is not taken into ac-
count, and the results only show a direction and a rate of the change. 

2.3.2. The Weathering Model PROFILE 
Whereas deposition, leaching, and removal of BC by harvesting can be based on site 

measurements, weathering rates were modelled using the PROFILE model [26]. PROFILE 
is a steady state soil geochemical model, in which weathering rates are calculated using 
transition state theory. Geochemical properties of the soil, e.g., mineral composition, min-
eral surface area, and soil moisture, are required as input, along with atmospheric depo-
sition, climate, and biological parameters. An overview of the input data required for 
PROFILE and for calculations of CBH and its exceedance is given in Table 2, and a detailed 
description of the data and how they were processed is given in the following paragraphs. 

Table 2. Main input data used for weathering modelling (Weath), calculation of critical biomass 
harvesting (CBH), and exceedance (Exc). 

Parameter Use Source 
Deposition   

Deposition S, Cl Weath, CBH Field measurements 
Deposition of N Weath Based on field measurements 

Deposition of Ca, Mg, 
K 

Weath, CBH Based on field measurements and modelling 

Deposition of Na Weath, CBH Based on Cl deposition 
   

Leaching   
NH4-Nleach CBH Based on field measurements and runoff 

NO3-Nleach CBH Based on field measurements, runoff, and an empirical 
function 

   
Climate   

Temperature Weath Estimated by SMHI 1, based on measurements 
Precipitation Weath Estimated by SMHI 1, based on measurements 

Runoff Weath, CBH Estimated by SMHI 1, based on measurements 
   

Soil properties   
Mineral composition Weath Modelled with A 2M 2, based on field measurements 
Specific surface area Weath Estimated based on field measurements 

Stoniness Weath Field observations 
Moisture Weath Field observations 
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Soil bulk density Weath Estimated based on field measurements 
   

Forest data   
Net harvest loss of BC 

3 
Weath, Exc Estimated based on site index from sites (Table 1) 

Net harvest loss of N 3 Weath Estimated based on site index from sites (Table 1) 
1 Swedish Meteorological and Hydrological Institute. 2 The A2M program [27]. 3 Net loss at har-
vesting of biomass (stems, branches, and tops). 

2.3.3. Input Data 
Deposition was required both for PROFILE modelling and for calculating CBH and 

its exceedance. The average deposition of S, Cl, N and BC for the years 2014–2018 was 
based on SWETHRO measurements (Appendix A). For S and Cl, where the canopy ex-
change was assumed to be very small, throughfall deposition was used. For N and the 
base cations Ca, Mg, and K, the canopy exchange is substantial, and thus the throughfall 
deposition could not be used as it is. For N, wet deposition was measured on all 26 sites. 
Dry deposition was estimated for ten SWETHRO sites in Sweden, based on measurements 
and calculations included in the surrogate surface method [23]. These results were gener-
alized to all 26 sites, based on a method where the share of dry to total deposition of inor-
ganic N (NO3-N + NH4-N) could be correlated with geographical position [23]. Wet dep-
osition of Ca, Mg, and K for 2014–2018 was available for 14 of the 26 sites (Table 1). For 
the sites missing measurements, wet deposition was derived from interpolation using the 
inverse distance method. For this interpolation, the 14 sites, and additionally 12 sites from 
the SWETHRO network not included in this study but for which wet deposition data were 
available, were used. Dry deposition of Ca, Mg, and K was estimated based on the rela-
tionship between wet and dry deposition in an extensive modelling study based on data 
from 1998 [28,29], assuming that the relationship between wet and dry deposition has 
been constant over time. Na was assumed to come only from sea salt, and was calculated 
based on Cl deposition and the sea salt composition. 

Climate data was required for the weathering modelling. Temperature, precipitation, 
and runoff for the years 2014–2018 were obtained from Swedish Meteorological and Hy-
drological Institute (SMHI) (Appendix A). Temperature and precipitation were extracted 
from the database PTHBV (data delivered in August 2020). Runoff was derived from 
SMHI:s water web, with data for 40,000 subcatchments in Sweden. 

Leaching of N in the form of NH4-N and NO3-N was required for the CBH calcula-
tions, and was based on measurements of concentrations in soil solution at 50 cm depth 
and runoff (Table 3; Appendix A). Median concentrations from the years 2014–2018 were 
multiplied with runoff from the sites. For the results to be representative for a forest rota-
tion, NO3-N after clearcutting was added. For that, an empirical function from was used, 
where NO3-N leaching in the clearcut phase was related to site productivity [30]. 

Table 3. Soil solution chemistry, medians for the period 2014–2018 (meq L−1). The sites are ar-
ranged from north to south. The last column “n” is the number of samples. 

Site S Cl NO3-N NH4-N Ca Mg Na K ANC n 
BD06 0.03 0.02 0.00 0.00 0.04 0.03 0.05 0.01 0.07 6 
AC34 0.09 0.05 0.00 0.00 0.42 0.03 0.07 0.01 0.39 15 
AC04 0.03 0.02 0.00 0.00 0.03 0.02 0.05 0.01 0.06 15 
AC35 0.12 0.02 0.00 0.00 0.04 0.05 0.06 0.02 0.05 10 
Y07 0.02 0.02 0.00 0.00 0.03 0.02 0.06 0.00 0.05 13 
U06 0.05 0.07 0.00 0.00 0.05 0.04 0.10 0.01 0.09 2 
S22 0.08 0.12 0.00 0.00 0.07 0.02 0.12 0.00 −0.003 14 
S05 0.07 0.15 0.00 0.00 0.03 0.03 0.19 0.00 0.02 9 
R09 0.28 0.31 0.00 0.00 0.04 0.11 0.43 0.01 0.02 14 
O35 0.07 0.45 0.00 0.00 0.01 0.07 0.37 0.01 −0.07 11 
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E21 0.15 0.02 0.00 0.00 0.10 0.04 0.04 0.04 0.05 9 
P95 0.11 0.34 0.00 0.00 0.03 0.08 0.40 0.01 0.04 35 
F22 0.10 0.26 0.00 0.00 0.04 0.03 0.22 0.01 −0.06 8 
F12 0.13 0.23 0.00 0.00 0.10 0.03 0.21 0.00 −0.005 9 
F23 0.28 0.48 0.00 0.00 0.07 0.08 0.39 0.01 −0.20 14 
F18 0.09 0.26 0.00 0.00 0.02 0.02 0.22 0.00 −0.05 12 
G22 0.17 0.40 0.00 0.00 0.07 0.10 0.41 0.02 0.02 12 
N12 0.10 0.37 0.00 0.00 0.02 0.07 0.46 0.02 −0.03 14 
H03 0.59 0.88 0.00 0.00 0.23 0.24 0.85 0.01 −0.01 8 
N13 0.14 0.52 0.01 0.00 0.01 0.04 0.53 0.00 −0.13 12 
H22 0.12 0.13 0.00 0.00 0.04 0.04 0.14 0.00 −0.01 11 
N19 0.09 0.59 0.00 0.00 0.01 0.04 0.40 0.01 −0.04 12 
K13 0.26 0.46 0.00 0.00 0.03 0.06 0.51 0.01 −0.11 18 
L18 0.19 0.78 0.17 0.00 0.02 0.08 0.76 0.01 −0.29 16 
L15 0.12 0.41 0.00 0.00 0.01 0.02 0.39 0.00 −0.13 11 
M16 0.15 0.74 0.45 0.00 0.13 0.18 0.35 0.02 −0.22 11 

Net harvest losses of N and BC by whole-tree harvesting were required inputs for 
weathering modelling with the PROFILE model, and net harvest losses of BC were also 
important in the calculations of exceedance. The net harvest losses were calculated based 
on site productivity from the sites, derived from site index (Table 1). The site productivity 
is the growth of a stand under optimal conditions, and to imitate real conditions the site 
productivity was reduced by 20%, in accordance with earlier mass balance studies [13,31]. 
All stems and 60% of the branches, accompanied by 75% of their needles, were assumed 
to be harvested, in accordance with a scenario from the Swedish Forest Agency [32]. The 
calculations were performed in the same way as in a national CBH study [13], and the 
methodology along with densities and nutrient concentrations in different tree parts are 
given there. 

Data on soil properties were important inputs to the weathering model PROFILE. 
Soil data in this study came from soil samplings at the sites, performed between 2010 and 
2016. One of the required inputs was mineralogy for all soil layers, which was not meas-
ured, but can be calculated from measured total elemental content, quantified by plasma 
emission spectrometry analysis (ICP-AES). The total elemental content was used in the 
A2M program [27], model version 1.41, to calculate all possible mineral modes given a set 
of allowed minerals. However, for the organic upper layer the total elemental content 
from the second layer was used since the organic material in the organic layer substan-
tially affects the total elemental content. For each layer at each site, the arithmetic means 
from A2M were then selected to represent the mineralogy at each layer. In absence of any 
other information, this was regarded as the best solution as it represents the barycentre of 
the solution polyhedron spanned by the extreme modes [27]. Mineralogies used for the 
sites are presented in Appendix B. 

Soil bulk density was derived by weighing the dried samples collected with cylinders 
with known volume. Specific surface area was estimated based on grain size distribution 
and an empirically derived formula [33]. Stoniness (volume fraction of stones and boul-
ders) and moisture were estimated based on visual assessments on the sites. Moisture was 
translated from a moisture class to m3 water per m3 soil [22]. Soil input data are described 
in Appendices C and D. 

2.4. Risk Classification 
As a basis for the risk classification, factor two, exceedance of CBH was plotted 

against factor one, ANC in soil solution. The sites were then grouped into three classes, 
based on their position in the graph (Table 4). Sites where both factors indicated risks 
related to acidification, i.e., sites where ANC was negative and whole-tree harvesting led 
to an exceedance of CBH, were placed in Class 1. Sites for which one of the factors indi-
cated a risk but not the other, i.e., either negative ANC and no exceedance, or positive 
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ANC and exceedance, were placed in Class 2. Finally, sites where none of the factors in-
dicated risks related to acidification, i.e., sites for which ANC was positive and whole-tree 
harvesting did not lead to an exceedance of CBH, were placed in Class 3. 

Table 4. Risk classes for whole-tree harvesting sustainability, based on present acidification status 
(acid neutralizing capacity (ANC) in soil solution) and exceedance of CBH. 

Class Outcome for the Two Risk Factors Risk Related to Acidification 
from Whole-Tree Harvesting 

1 ANC< 0 and ExcCBH > 0 High 
2 ANC < 0 and ExcCBH < 0 or ANC > 0 and ExcCBH > 0 Medium 
3 ANC > 0 and ExcCBH < 0 Low 

3. Results 
3.1. Present Soil Status: ANC in Soil Water (Factor 1) 

ANC in soil solution spanned from −0.29 meq L−1 to 0.39 meq L−1, along a geograph-
ical gradient with generally higher ANC towards the north, although several deviations 
occurred at the regional scale (Figure 2, Table 3). In the northern region, ANC was clearly 
positive at all five sites. In the central region, ANC was positive at two sites and negative 
at one. In the southern region only four of the eighteen sites showed a positive ANC. 

 
Figure 2. ANC in soil solution at a 50 cm depth in the mineral soil as medians for the years 2014–
2018, with three sampling occasions per year. 

3.2. Effect of Whole-Tree Harvesting: Exceedance of CBH (Factor 2) 
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The CBH calculations showed an exceedance of critical harvesting for 21 of the 26 
sites (Figure 3, Table 5). Just as for ANC in soil solution, there was a clear geographical 
gradient, with a generally decreasing exceedance towards the north. In the northern re-
gion, there was no exceedance for two of the five sites, and a low exceedance (up to 25 
meq m−2 y−1) for the others. In the central and southern regions, the exceedance was above 
25 meq m−2 y−1 for most of the sites, and at three of the sites in southernmost Sweden the 
exceedance was over 100 meq m−2 y−1. In the central and southern regions, three sites stood 
out with negative exceedance. 

 
Figure 3. Exceedance of CBH if whole-tree harvesting is applied. 

Table 5. CBH and its exceedance on the 26 sites, along with the different components in the calcu-
lations (meq m−2 y−1). The sites are arranged from north to south. 

Site 
Weath-
ering 

Ca + Mg + 
K dep. S dep. 

NO3-N 
leaching 

NH4-N 
Leaching 

BC Removal at 
Harvesting CBH Exc. 

BD06 52.6 5.3 4.1 1.5 0.31 19.1 51.9 −32.7 
AC34 16.5 6.2 3.1 1.4 0.59 17.7 17.1 0.6 
AC04 16.9 6.0 3.3 1.2 0.44 16.2 18.0 -1.8 
AC35 15.2 8.2 11.9 1.9 0.37 22.0 8.7 13.4 
Y07 7.7 6.7 4.8 1.9 0.47 22.0 6.5 15.5 
U06 3.9 14.0 5.5 4.2 0.23 34.8 6.6 28.2 
S22 15.9 10.4 12.4 8.0 0.49 60.2 0.9 59.3 
S05 54.1 18.4 12.5 3.6 0.33 30.7 47.5 −16.8 
R09 18.4 21.1 10.2 7.7 0.24 58.5 13.0 45.6 
O35 12.9 33.3 32.7 8.4 0.66 45.8 −22.7 68.5 
E21 25.7 21.8 6.9 8.9 0.20 65.5 28.1 37.4 
P95 19.3 30.7 28.9 5.9 0.62 45.8 −9.5 55.2 
F22 10.8 22.3 8.8 6.8 0.25 52.1 12.8 39.4 
F12 10.8 25.0 9.2 6.8 0.27 52.1 12.4 39.7 
F23 13.9 19.6 11.2 8.7 0.24 65.5 7.7 57.7 
F18 58.1 33.7 16.4 5.9 0.51 45.8 53.6 −7.8 
G22 63.0 24.9 11.9 6.8 0.37 52.1 61.5 −9.3 
N12 5.3 44.2 43.4 7.8 0.79 58.5 −44.2 102.7 



Sustainability 2021, 13, 2395 11 of 19 
 

H03 17.0 25.9 11.5 6.8 0.19 52.1 18.4 33.7 
N13 22.2 52.6 32.9 11.5 0.81 58.5 4.6 53.9 
H22 30.2 26.1 12.5 8.7 0.25 65.5 29.7 35.7 
N19 20.2 38.8 33.3 8.8 0.61 65.5 −5.6 71.0 
K13 24.0 28.1 19.4 9.9 0.26 73.0 13.3 59.7 
L18 12.2 32.9 31.4 88.6 0.52 58.5 −96.6 155.1 
L15 4.1 34.4 37.0 9.9 0.40 73.0 −23.4 96.4 
M16 4.9 34.1 50.9 135.6 0.30 80.5 −169.0 249.5 

3.3. Risk Classification Based on the Two Factors 
A comparison between ANC in soil solution and the exceedance of CBH for the 26 

sites showed that exceedance was negatively and significantly (p = 0.00025) correlated 
with ANC in soil solution (Figure 4a). A slightly weaker correlation was also found be-
tween ANC and CBH (p = 0.0046). 

The risk classes (Table 4) were unevenly distributed in the country (Figure 4b, Table 
6). Risk Class 1 was highly dominating in the southern region, whereas the sites in the 
northern region belonged to either Class 2 (three sites) or Class 3 (two sites). In the central 
region, with only three sites, all three classes were represented. 

Table 6. Distribution of the different risk classes among sites in the three regions. 

Region Number of Sites 
 Class 1 Class 2 Class 3 

North 0 3 2 
Central 1 1 1 
South 13 4 1 

 

  
(a) (b) 

Figure 4. The sites divided into risk classes based on ANC in soil solution and exceedance of criti-
cal harvesting, shown as a graph (a) and a map (b). 

4. Discussion 

4.1. Geographical Distribution of Risk Classes 
The geographical pattern, with Risk Class 1 highly dominating in the southern region 

and Risk Class 2 and 3 dominating in the other regions, could be explained by the S dep-
osition gradient with decreasing deposition towards the north (Figure 1b), and the site 
productivity gradient going in the same direction (represented by site index in Table 1). 
The historical S deposition, which has been higher than today but always followed a sim-
ilar gradient [2], could be regarded as the main explanatory factor for the gradient for the 
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first factor in the risk classification: ANC in soil solution. S deposition causes BC to leach 
from the soils [3], and the effect could be seen in the relationship between S and the base 
cations Ca, Mg, and K in soil solution, with generally more S compared to BC towards the 
south (Table 3). For the second factor, exceedance of CBH, site productivity was the most 
important reason for the gradient. Higher site productivity in the south leads to more 
removal of base cations at whole-tree harvesting (Table 5), which increases the risk of ex-
ceedance of CBH. This is consistent with the conclusions from a study at nine forest sites 
with different site productivity in Sweden and Scotland where fast growing forests led to 
more acidification than slow growing forests [8]. 

The sites in Risk Class 1 had all been exposed to high S deposition and all had high 
site productivity. The two sites with the lowest ANC, M16 and L18, situated in the south-
ernmost part of Sweden, were the only sites with elevated NO3-N concentrations in soil 
solution. This had a high impact both on ANC in soil solution and exceedance of CBH, 
and highlights the considerable potential of acidification from N deposition in areas 
where the N retention capacity is being exceeded [25,34]. 

Sites in Risk Class 3 appeared in the whole country, except for in the far south. Three 
of the sites, BD06, S05, and G22, had high weathering rates in comparison with most of 
the other sites (Table 5), which can partly explain both the high ANC and the negative 
exceedance. The site productivities for BD06 and S05 were low, which was also the case 
for the fourth site, AC04, and low site productivities were an important contributing factor 
for the negative exceedance at those sites. 

Additionally, the sites in Risk Class 2 were spread over the country. Several of the 
sites had values close to 0 for ANC and/or for exceedance of CBH, and for those sites, 
uncertainties have a great impact in the risk classification. Seven of the eight sites in Class 
2 had positive ANC, but the CBH calculations showed exceedance at whole-tree harvest-
ing. Three of these sites, in the northern parts of the southern region, E21, R09, and P95, 
were situated outside the area with the highest historical S deposition (Figure 1b), but still 
in the part of southern Sweden where site productivities are generally high, which could 
explain the combination of positive ANC and exceedance of CBH. In northern Sweden, 
the exceedances were generally close to 0, and small differences in weathering rates, dep-
osition or site productivity determined if the estimated exceedance was positive or nega-
tive. The site AC34 had an exceedance just above 0, but very high ANC. The high ANC 
indicates that there are sources of base cations not accounted for in the CBH calculations, 
e.g., that weathering rates are underestimated. 

One of the eight sites in Class 2, F18, had a slightly negative ANC, but CBH was not 
exceeded at whole-tree harvesting. Negative exceedance at a site in this part of Sweden, 
where most sites show exceedance, could be explained by a combination of higher esti-
mated weathering rates and a somewhat lower site productivity than at most surrounding 
sites. 

The low density of sites in the central and northern regions in this study limited the 
possibilities to perform geographical generalizations. However, earlier studies of ANC in 
soil solution [21,35] and exceedance of CBH [13] at higher resolution can contribute to the 
interpretation of the results in this study. The ANC gradient over Sweden has been pre-
sented for 2006–2008 [21] and 2017–2019 [35], where ANC on all SWETHRO sites active 
those years were included (55 sites in 2006–2008 and 48 in 2017–2019). Although the ANC 
levels were generally slightly lower in 2006–2008 than in 2017–2019, indicating a slight 
recovery, both of those two studies showed positive ANC in the north (except for one site 
along the east coast in 2006–2008), ANC around 0 in the central part, and mainly negative 
ANC in the southern part, just as in the present study. 

A high resolution national mapping of exceedance of CBH [13] showed that CBH was 
generally exceeded in spruce forests in Sweden at whole-tree harvesting, except for the 
inner part of northern Sweden, but it also showed that there were several exceptions for 
some areas in central Sweden and also a few areas in southern Sweden where there was 
no exceedance. This is consistent with the results from this study. 
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4.2. Policy Implications 
At sites in Risk Class 1, from which the water leaving the root zone has no buffering 

capacity (ANC < 0) and where whole-tree harvesting leads to an exceedance of CBH, 
whole-tree harvesting is not sustainable from an acidification point of view. The sites in 
Risk Class 1 were situated in the southern part of Sweden, where recovery can be expected 
to be slow or non-existing even when whole-tree harvesting is not applied [5]. Whole-tree 
harvesting will lead to further loss of buffering capacity, which may inhibit recovery from 
acidification and thereby exacerbate the acidification status of the forest site. Wood ash 
recycling means that nutrients are returned to the soil, but there is a risk that the lost nu-
trients are only partly compensated for and/or that there is a time lag before the effect of 
wood ash recycling appears. Based on this, our assessment is that whole-tree harvesting 
at sites belonging to Risk Class 1 is not compatible with the Swedish environmental ob-
jective about acidification, even if the removal of base cations is compensated for by wood 
ash recycling. 

For Risk Class 2, ANC and/or exceedance of CBH was often close to 0. Due to uncer-
tainties in measurements and calculations, the class affiliation in itself was more uncertain 
than for Class 1. Sites that have a positive ANC, but an exceedance of CBH at whole-tree 
harvesting, have a better starting point than those in Risk Class 1, but the exceedance in-
dicates that whole-tree harvesting is not sustainable in the long term; i.e., it will lead to 
loss of buffering capacity and a decrease in ANC. If ANC is decreasing at sites within this 
ANC interval, pH can be expected to be substantially affected. This was highlighted in a 
study on the effects of whole-tree harvesting and wood ash recycling on ANC in surface 
waters [36]. By compensating for the losses through wood ash recycling, the loss of buff-
ering capacity caused by whole-tree harvesting can be inhibited. Sites in Risk Class 2 that 
have a negative ANC but no exceedance of CBH at whole-tree harvesting have the poten-
tial for recovery, but whole-tree harvesting will slow it down. We suggest that whole-tree 
harvesting at sites belonging to Risk Class 2 should be accompanied with wood-ash recy-
cling. 

In Risk Class 3, ANC was positive and the CBH was not exceeded at whole-tree har-
vesting. Our assessment is that the risk of negative effects of whole-tree harvesting on the 
acidification status is small, and that wood-ash recycling is not necessary at those sites. 

In Risk Classes 1 and 2, where runoff water is already acidified or where acidification 
is in progress, there is a risk that nutritional imbalances will arise, which has been indi-
cated in European studies [34,37]. This can, in turn, have a negative effect on tree vitality 
and tree growth [38,39]. Thus, although the risk assessment in this study focuses on the 
quality of the runoff water leaving the root zone, with potential effects on surface water, 
it is also highly relevant for soil acidification and tree nutrition. This study focuses on 
acidification, but there are other environmental aspects that can place restrictions on sus-
tainable biomass harvesting, e.g., biodiversity [40]. These aspects should be taken into ac-
count in an overall risk assessment for sustainable biomass harvesting. 

5. Conclusions 
We investigated two factors for the assessment of the sustainability of whole-tree 

harvesting after clear-cutting: present acidification status represented by ANC in soil so-
lution and exceedance of CBH. The two factors were negatively correlated, and the three 
risk classes, based on the two factors, showed a clear geographical pattern, although some 
deviations occurred. The gradients of historical S deposition and the site productivity 
were identified as the main causes of the geographical pattern. The high potential impact 
of acidification from N was highlighted at the two most extreme sites in the risk classifi-
cation, where the N retention capacity was exceeded and nitrification caused acidification. 
The impact of soil weathering could be seen at single sites with high weathering rates, 
which were assigned in the low risk class, although historical S deposition and site 
productivity were high. The results strengthen the Swedish recommendations that wood 
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ash recycling should be applied after whole-tree harvesting, except in the areas with low 
site productivity corresponding mainly to the inner part of northern Sweden. However, 
by including the present acidification status, we have also identified sites in southern Swe-
den where we assess that whole-tree harvesting is not compatible with the Swedish acid-
ification objective. 
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Appendix A 

Table A1. Climate data and atmospheric deposition. 

 Climate Deposition, kg ha−1 y−1 
Site T, °C Prec, mm Q, mm S  NO3-N  NH4-N Cl Ca  Mg  K Na 

BD06 1.9 694 289 0.65 0.69 1.10 1.84 0.59 0.15 0.44 1.02 
AC34 0.3 687 555 0.50 0.59 0.93 4.27 0.57 0.17 0.78 2.38 
AC04 1.5 635 411 0.52 0.57 0.90 2.08 0.50 0.16 0.85 1.16 
AC35 4.0 709 346 1.91 1.15 0.99 3.36 0.79 0.30 0.74 1.87 
Y07 2.9 769 439 0.77 1.30 1.11 3.99 0.76 0.20 0.49 2.22 
U06 6.9 599 217 0.88 2.17 2.31 4.68 1.29 0.44 1.56 2.61 
S22 5.6 834 455 2.00 3.47 3.50 13.57 0.93 0.40 0.99 7.55 
S05 8.0 706 304 2.00 3.83 3.82 22.99 1.64 0.75 1.60 12.79 
R09 8.4 626 224 1.63 3.19 4.58 22.01 1.65 1.04 1.68 12.25 
O35 7.9 1102 619 5.24 5.41 4.45 70.83 2.12 2.30 1.49 39.41 
E21 7.5 653 191 1.10 2.96 4.30 9.75 1.75 0.93 2.12 5.43 
P95 7.4 1047 577 4.63 5.58 4.57 63.03 1.94 2.07 1.55 35.07 
F22 7.0 671 236 1.41 3.28 4.76 12.64 1.79 0.93 2.24 7.03 
F12 7.0 698 249 1.48 3.49 5.04 19.20 1.88 1.24 2.15 10.69 
F 23 7.3 681 223 1.80 3.30 4.82 15.16 1.66 0.62 2.44 8.43 
F18 7.7 929 477 2.62 5.63 5.32 41.02 2.24 2.04 2.26 22.83 
G22 7.7 754 348 1.91 3.93 5.63 20.21 1.75 1.13 2.67 11.25 
N12 8.0 1169 734 6.95 6.55 6.19 107.88 2.70 3.05 2.20 60.03 
H03 8.6 564 180 1.85 4.23 3.89 15.87 2.72 0.85 2.09 8.83 
N13 8.3 1097 753 5.27 6.69 6.33 66.52 3.03 3.85 2.27 37.01 
H22 8.1 696 231 2.00 4.56 4.25 14.11 2.31 1.12 2.13 7.85 
N19 8.2 1208 568 5.34 5.73 8.67 57.48 2.63 2.39 2.37 31.98 
K13 8.8 720 247 3.12 5.01 4.70 24.40 2.34 1.35 2.11 13.58 
L18 8.6 873 487 5.03 5.70 8.68 55.40 2.44 1.77 2.39 30.83 
L15 8.7 886 371 5.93 6.50 9.41 38.55 2.76 1.65 2.75 21.45 
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M16 8.7 810 277 8.16 7.32 10.58 54.33 2.90 1.49 2.90 30.23 

Appendix B 

Table A2. Minerals used for each site in the A2M model. The mineralogy is based on previously 
developed mineral zones of Sweden. All sites additionally include Quartz (Qz), Water (Wa), Hem-
atite (Hem), Rutile (Ru), and Gibbsite (Gibb). 

Site Minerals 1 
BD06 Apa  Bt  Chl2  Ept  Hbl  Ill2  Or90  Ab100  An100  CPx  Vrm1 
AC34 Apa  Cc  Chl1  Chl2  Ept  Hbl  Ill2  Or100  Mus  Ab100  An100  Vrm2 
AC04 Apa  Bt  Chl2  Ept  Hbl  Ill2  Or90  Ab100  An100  CPx  Vrm1 
AC35 Apa  Bt  Chl2  Ept  Hbl  Ill2  Or90  Ab100  An100  CPx  Vrm1 
Y07 Apa  Chl1  Chl2  Ept  Hbl  Ill2  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
U06 Apa  Chl1  Chl2  Ept  Hbl  Ill2  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
S22 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
S05 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
R09 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
O35 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
E21 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
P95 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
F22 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
F12 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
F23 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
F18 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
G22 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
N12 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
H03 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
N13 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
H22 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
N19 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
K13 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
L18 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
L15 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 
M16 Apa  Chl1  Chl2  Ept  Hbl  Ill1  Or100  Mus  Ab100  An100  Vrm1  Vrm2 

1 Abbreviations of minerals: Apa: Apatite; Bt: Biotite; Cc: Calcite; Chl1: Chlorite1; Chl2: Chlorite2; 
Ept: Epidote; Hbl: Hornblende; Ill1: Illite1; Ill2: Illite2; Or100: Orthoclase100; Or90: Orthoclase90; 
Mus: Muscovite; Ab100: Albite; An100: Anorthite; CPx: Clinopyroxene; Vrm1:Vermiculite1; Vrm2: 
Vermiculite2. 

Table A3. Stoichiometry used for the normative mineralogy. 

Mineral Si Ti Al Fe Mg Ca Na K P H 
Albite  3 0 1 0 0 0 1 0 0 0 

Anorthite 2 0 2 0 0 1 0 0 0 0 
Apatite 0 0 0 0 0 5 0 0 3 1 
Biotite 218 9 136 90 90 0 4 68 0 162 
Calcite 0 0 0 0 0 1 0 0 0 0 

Chlorite1 138 1 124 124 107 3 2 0 0 442 
Chlorite2 87 1 100 58 103 0 0 0 0 302 

Clinopyroxene 943 7 53 107 433 390 20 0 0 0 
Epidote 62 0 48 15 0 40 0 0 0 22 
Gibbsite 0 0 1 0 0 0 0 0 0 0 
Hematite 0 0 0 1 0 0 0 0 0 0 

Hornblende 10,100 183 3600 3000 3500 2767 900 300 0 3133 
Illite1 68 0 52 0 0 0 0 12 0 40 
Illite2 66 0 42 8 4 2 0 13 0 40 

Muscovite 60 1 48 6 4 0 1 22 0 47 
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Orthoclase90 30 0 10 0 0 0 1 9 0 0 
Orthoclase100 3 0 1 0 0 0 0 1 0 0 

Quartz 1 0 0 0 0 0 0 0 0 0 
Rutile 0 1 0 0 0 0 0 0 0 0 

Vermiculite1 293 0 162 182 103 20 0 0 0 804 
Vermiculite2 123 0 68 22 103 10 0 0 0 490 

Water 0 0 0 0 0 0 0 0 0 1 

Appendix C 
For all sites used in this study except BD06, clay and silt were not separated in the 

grain size analysis. Other sites in the SWETHRO database and in other databases had 
separate analyses of clay and silt, and the average fraction from these soil samples was 
used for the sites with missing data (Table A4). 

Table A4. Average proportions of clay in the clay+silt fraction in three different databases. The 
overall average was used in this study. 

Database 
Number  
of Sites 

Site Names Average (%) St dev 

NORDSOIL1 16 See [41] 12 8 

SWETHRO 2 9 
L05, LO7, M10, BD06, O35B, M16B, 

P95B, P95C, P95D 25 15 

Whole-tree harvesting 
experiments 3 

4 
Tönnersjöheden, Kosta, Lövliden, 

Lund 
9 7 

Total 29  15 13 
1 [41]. 2 [21]. 3 [42]. 

Appendix D 

Table A5. Layer thickness and density. 

Site Layer Thickness (cm) Density (kg m−3) 
 1 2 3 4 5 1 2  3 4 5 

BD06 3.9 14.0 36.0 0.0 0.0 200 1378 1591   
AC34 8.0 10.0 11.0 29.0 0.0 130 890 917 1183  
AC04 2.3 8.0 9.0 20.0 13.0 106 1024 1116 1205 1519 
AC35 6.3 11.0 9.0 24.0 6.0 285 1659 1659 1878 1436 
Y07 1.3 4.0 11.0 25.0 10.0 213 903 891 915 1377 
U06 3.9 7.0 4.0 25.0 14.0 113 623 1212 1492 1386 
S22 1.9 10.0 15.0 25.0 0.0 135 834 817 978  
S05 5.5 12.0 20.0 15.0 3.0 382 1194 1526 1298 1340 
R09 1.8 6.0 14.0 30.0 0.0 149 901 1352 1513  
O35 6.4 9.0 7.0 23.0 11.0 172 1186 1202 935 1575 
E21 1.6 7.0 9.0 30.0 4.0 193 919 986 1313 1326 
P95 9.5 7.0 37.0 6.0 0.0 123 1267 1063 1420  
F22 1.8 4.0 24.0 22.0 0.0 108 577 867 1129  
F12 1.5 8.0 15.0 15.0 12.0 103 658 1073 1538 1239 
F23 2.0 8.0 10.0 25.0 7.0 131 674 914 1165 1246 
F18 4.3 5.0 15.0 30.0 0.0 110 1107 1090 1500  
G22 2.9 5.0 9.0 26.0 10.0 163 1033 1548 1609 1609 
N12 4.4 5.0 9.0 29.0 7.0 143 606 779 1716 1716 
H03 6.4 10.0 10.0 20.0 10.0 111 1219 1162 1001 1676 
N13 4.6 9.0 11.0 19.0 11.0 139 893 910 1082 939 
H22 2.6 10.0 15.0 25.0 0.0 174 1053 764 1408  
N19 3.2 10.0 7.0 33.0 0.0 128 713 761 1066  
K13 4.0 5.0 10.0 35.0 0.0 225 515 886 1382  
L18 4.8 12.0 10.0 28.0 0.0 277 802 848 1144  
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L15 7.0 13.0 10.0 20.0 7.0 151 1363 1035 897 1171 
M16 4.1 4.0 10.0 36.0 0.0 195 758 1052 1068  

Table A6. Specific surface area. 

Site Specific Surface Area (m2 m−3) 
 1 2 3 4 5 

BD06 28,151 1,059,207 687,921   
AC34 9598 495,895 471,949 554,705  
AC04 4821 314,861 334,683 411,358 459,973 
AC35 6887 256,904 477,979 300,161 458,813 
Y07 28,327 288,376 197,188 241,860 671,414 
U06 4302 176,673 391,887 564,446 418,842 
S22 23,270 315,461 350,423 476,259  
S05 12,082 545,612 845,384 643,632 773,341 
R09 10,883 110,442 224,527 261,998  
O35 6258 326,562 293,151 124,139 216,583 
E21 45,320 410,031 480,261 553,340 474,955 
P95 9760 605,526 553,612 451,694  
F22 3574 160,078 237,043 739,259  
F12 6175 222,081 218,479 362,367 401,651 
F23 13,343 245,158 333,636 510,119 515,197 
F18 4811 383,490 649,066 999,059  
G22 18,670 310,687 529,126 571,219 611,470 
N12 13,878 239,824 336,315 121,409 501,299 
H03 2661 395,470 355,255 378,365 495,719 
N13 7203 499,499 497,650 564,692 507,460 
H22 23,495 245,005 109,938 883,003  
N19 10,033 325,829 335,266 609,040  
K13 33,601 147,733 286,103 461,641  
L18 24,927 187,979 250,305 393,976  
L15 2825 101,456 523,967 68,315 75,974 

M 16 13,648 203,506 227,709 169,613  
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