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Abstract: A growing interest in using forest biomass for bioenergy generation may stimulate intensive
harvesting scenarios in Germany. We calculated and compared nutrient exports of conventional
stem only (SO), whole tree without needles (WT excl. needles), and whole tree (WT) harvesting
in two medium aged Norway spruce (Picea abies L. KARST.) and Scots pine (Pinus sylvestris L.)
stands differing in productivity, and related them to soil nutrient pools and fluxes at the study sites.
We established allometric biomass functions for each aboveground tree compartment and analyzed
their nutrient contents. We analyzed soil nutrient stocks, estimated weathering rates, and obtained
deposition and seepage data from nearby Level II stations. WT (excl. needles) and WT treatments
cause nutrient losses 1.5 to 3.6 times higher than SO, while the biomass gain is only 1.18 to 1.25 in
case of WT (excl. needles) and 1.28 to 1.30 in case of WT in the pine and spruce stand, respectively.
Within the investigated 25-year period, WT harvesting would cause exports of N, K+, Ca2+, and Mg2+

of 6.6, 8.8, 5.4, and 0.8 kg·ha−1 in the pine stand and 13.9, 7.0, 10.6, and 1.8 kg·ha−1 in the spruce
stand annually. The relative impact of WT and WT (excl. needles) on the nutrient balance is similar in
the pine and spruce stands, despite differences in stand productivities, and thus the absolute amount
of nutrients removed. In addition to the impact of intensive harvesting, both sites are characterized by
high seepage losses of base cations, further impairing the nutrient budget. While intensive biomass
extraction causes detrimental effects on many key soil ecological properties, our calculations may
serve to implement measures to improve the nutrient balance in forested ecosystems.

Keywords: spruce; pine; thinning; aboveground biomass; energetic use; stand growth; nutrient contents;
nutrient accumulation

1. Introduction

In order to mitigate fossil carbon dioxide emissions for energy generation, renewable energies such
as bioenergy are being promoted as an alternative to fossil fuels. In Germany in 2013, renewable sources
accounted for 12.3% of total energy consumption, of which biomass accounted for 7.6% [1]. Within the
biomass sector, forest residues have been identified as a large underused source for potentially
increasing the raw material supply. Already, about 11 million·m3 of wood has been used directly
for energy purposes, which accounts for about one fifth of the total annual harvest from forests.
The potential for increasing forest biomass for energy (at a sustainable rate) is estimated to be between
12 and 19 million·m3·year−1, which could be achieved by increasing the utilization of forest residues
and currently underused hardwood stands [2].
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The process of extracting harvesting residues from forests, or whole tree harvesting, has a number
of technological and ecological constraints. On the technological side, there is a high expenditure for the
logistics due to the scattered location of the biomass and its low density, and thus transportability [3,4].
Advanced technologies and management practices could help to improve both feedstock quality and
cost efficiency in the future [3,5]. The biomass market situation, and thus the actual price paid by
biomass combustion facilities per unit of feedstock, will eventually determine economic feasibility of
the utilization of forest residues for bioenergy.

On the ecological side, there is a threat of potentially high nutrient exports when extracting
the nutrient-rich crown material, and thus a loss of productivity [6–10]. Also, if large parts of the
harvesting residues are exported from the site, there will be fewer habitats for decomposer fauna and
flora and less input material to refill the site-specific humus stock [11,12]. The nutrient issue could
be attenuated by returning nutrients into the forests from sources such as wood ash from biomass
combustion facilities [13–16]. Implementing wood ash recycling systems into practice would require
thorough knowledge regarding the actual amounts of nutrients removed in management scenarios
of various intensity [14]. Additionally needed is an estimation of the available soil nutrient pool,
which plays a major role in assessing the impact of harvest-induced nutrient losses on site productivity,
and thus on management sustainability in terms of maintaining nutrient reserves. Finally, site specific
nutrient balances are needed to evaluate the impact of different harvesting intensities and to draw
conclusions for adapted forest management.

Estimating nutrient fluxes associated with the extraction of aboveground biomass compartments
under intensive management scenarios requires knowledge and estimation methods about the
distribution of biomass and nutrients of all tree compartments. Yet yield tables and forest growth
models typically used in forest management and planning in Germany concentrate on just the volume
of the marketable round wood, which is typically the tree trunk up to a certain diameter (e.g., 7 cm over
bark), depending on the current market situation. Information about the distribution of the biomass
to above-ground tree compartments, such as the stem with a diameter smaller than 7 cm, branches,
foliage, and dead branches is needed in order to estimate the profitability and the impact on the
nutrient budget of going from classic stem-only (SO) harvesting to more intensive scenarios, such as
whole tree without foliage (WT excl. needles) or whole tree (WT) harvesting [17,18]. Some studies
on the impact of nutrient removals in intensive scenarios focus on the final felling and harvesting at
the end of a stand’s rotation time and its impact on the growth of the next stand generation [7,10].
The rationale for this approach is that the biomass and nutrient fluxes in final fellings, such as clear
cuts or shelterwood cuttings, are especially large. Alternately, other studies have concentrated on
the impact of intensive biomass exports in thinning operations of medium aged stands [10,19–22],
which happen at a stage of stand development when the remaining trees exhibit high productivity,
and thus require large amounts of nutrients for the buildup of aboveground biomass.

In our study, we aimed at quantifying the nutrient exports of thinning operations with variable
intensities of biomass removal in two medium-aged coniferous stands representing typical site and
stand conditions in the region of Saxony in northeast (NE) Germany and evaluating the impact of such
treatments on the nutrient budget of the stands. We hypothesize that intensive harvesting scenarios
(1) impose a strong negative effect on the nutrient balance of forest stands, even in the thinning
stage; and (2) will lead to a more negative nutrient balance in the highly productive stands than
in less productive stands, due to larger absolute amounts of biomass and thus nutrients removed.
Therefore, we developed single-tree biomass equations to predict the dry mass of all aboveground tree
compartments based on the tree’s diameter at breast height (DBH) and analyzed nutrient contents of
these compartments. Based on this knowledge, we estimated the biomass and nutrient extraction by
thinning with three different management intensities: conventional SO, WT (excl. needles), and WT
harvesting, which refers to aboveground biomass only. In all scenarios, stumps and roots are left
in the stand. Also, we calculated the nutrients required to build up aboveground biomass within
the examined time span. Finally, we set the amount of extracted and stored nutrients in relation
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to the site-specific nutrient stocks and fluxes in order to estimate the sustainability of intensive
management scenarios.

2. Materials and Methods

2.1. Study Area and Sites

The study area was the Oberlausitz in Saxony, NE Germany. In the northern lowlands,
the typically nutrient poor pleistocene soils are often covered with Scots pine (Pinus sylvestris L.)
stands. Depending on the site potential which varies on a small scale, forests could be dominated by
Scots pine, sessile oak (Quercus petraea (Mattuschka) Liebl.), pedunculated oak (Q. robur L.), silver birch
(Betula pendula Roth), European beech (Fagus sylvatica L.), and various mixtures of these species.
Of these species, pines are the most dominant in the study region, covering 69% of the forested area.
In the hills in southern Oberlausitz, site conditions are generally more suitable for forestry, as soils
are derived from weathered granodiorite bedrock overlain with a loess layer of variable thickness
(often 10 to 40 cm). Many forest stands here are pure Norway spruce (Picea abies (L.) Karst.) plantations
or spruce dominated, and spruce accounts for 13% of the forest cover, while under natural conditions
most sites consist of beech dominated mixed forests. We selected two study stands to represent these
contrasting stand types: a pine stand on a nutrient-poor Podzol-type soil with a low water holding
capacity derived from pleistocene gravel and sand in the lowlands, and a spruce stand on a deep
Cambisol-type soil in the southern hills (Table 1). Although the soil conditions at the spruce site were
nominally more favorable than at the pine site, the base saturation of the mineral soil was substantially
lower (Table 1), which was caused by atmospheric acid inputs from recent decades (notably from
1970 to 1990). Both stands were 38 years-old in 2013. At this age, thinning operations are carried out
once or twice in ten years to increase stand stability and promote growth of the most favorable trees by
reducing stand density.

Table 1. Site and stand characteristics of the studied Scots pine and Norway spruce stand in Saxony.

Ecosystem
Component Parameter Unit Scots Pine

(Laußnitz)
Norway Spruce

(Neusalza-Spremberg)

Site characteristics
Mean annual temperature ◦C 9.4 8.1

mean annual rainfall mm 757 910
altitude m above sealevel 190 405

Soil characteristics

Soil type
Dystric Arenosol
on pleistocenic

sediment

Cambisol on weathered
granodiorite overlain

with loess
Profile depth (root zone) cm 35 60

field capacity mm·dm−1 *** 8.5 18.8
Base saturation in the organic

layer (mean ± SD) % 30.4 ± 14.9 68.4 ± 43.5

Base saturation in the mineral
soil % 8.2–3.4 4.5–1.7 ± 5.2–1.2

Stand
characteristics

in 2013

Age Year 38 38
Stand density N·ha−1 1850 725

Stock density ** 0.89 0.97
Growing stock m3·ha−1 199.0 400.5
Average DBH * cm 14.3 24.5
Average height m 13.9 23.8

Mean annual increment m3·ha−1·year−1 10.2 16.2
Basal area m·ha−1 29.9 34.1

Average slenderness coefficient 0.95 0.97

* DBH: diameter at breast height; ** ratio of actual growing stock to potential maximum growing stock
(according to yield table); *** mm or water per dm of soil depth.

2.2. Stand Biomass and Treatment

In 2013, inventories of the pine stand and the spruce stand were carried out on representative
0.2 ha subplots, determining the number of trees, the DBH, and the height of 10 trees representing the
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largest 10% of each stand. This data was used to model current stand properties and stand development
for 25 years, using the individual tree based forest growth model BWinPro-S [23]. In this time span,
forest management will focus on the process known as ‘stand qualification’, which is selective cutting
to promote the growth of the healthiest trees. According to current management practices, we assumed
moderate to heavy thinning from above in the spruce stand, and heavy thinning from below in the
pine stand. The thinning intensity in terms of removed volume per hectare was adjusted in such a way
to keep the degree of stocked area as well as the current increment constant, which resulted in the
removal of about 60 m3 every 5 years in the spruce stand and 45 m3 every 10 years in the pine stand.
This was done in order to maximize stand stability, and to achieve a high growth rate at the stand level
as well as a reasonable DBH increment of the single trees.

Based on the inventories, nine to ten trees were selected across the range of DBH values in order
to investigate the relative mass distribution as well as nutrient contents in the aboveground biomass
compartments. The selected trees were felled and separated into the following compartments in the
field: (1) stem wood (diameter > 7 cm) including bark; (2) tree top wood (diameter < 7 cm) including
bark; (3) branches including bark and needles; (4) dead branches (Table 2). The fresh mass of these
compartments was determined using a hanging scale mounted in the stand. Subsamples of each
compartment were taken to the lab and dried at 60 ◦C until weight was constant. For the stem wood
including bark compartment, we collected three 5 cm thick discs from the following tree heights:
1.3 m, 1/2 of the length of the stem wood, top of the stem wood. For the branches including needles,
we collected one entire branch from each third whorl, starting at the youngest whorl. For the tree top
wood we collected one 5 cm thick slice from the middle of the section, and for the dead branches we
randomly collected three to five dead branches per tree. This resulted in relatively large amounts of
sample material for the most important tree compartments in terms of mass and nutrient contents
(i.e. stem wood, bark of the stem wood, branches and needles). In the lab, the subsamples were
further divided into the following target compartments: stem wood, bark of the stem wood, tree top
wood including bark, branches including bark, needles and dead branches (Table 2). During the
drying and separating process, the water content of each compartment was determined as well as the
wood/bark ratio and the branches/needles ratio. Thus, we were able to determine the dry mass of each
compartment of each tree by simple ratio calculations. This data was used to fit allometric biomass
models of the dry mass of each biomass compartment (Mbc) of the type Mbc = a × DBH (cm)b,
where a and b are specific coefficients and the explaining variable is the DBH (cm), by using non-linear
regressions of the original data. As our emphasis was to estimate nutrient stocks in each biomass
component, we used the described independent biomass models for each component, instead of
an approach focusing more on the additivity of the biomass equation.

Table 2. Partitioning of the aboveground biomass into tree compartments in the field and in the lab,
number of samples taken per tree and compartment.

Compartment Number of Samples

Field Lab Samples/Tree

Stem wood incl. bark Stem wood > 7 cm 3
Bark of stem wood 3

Tree top wood incl. bark tree top wood incl. bark 1
Branches incl. bark and needles Branches incl. bark 4–7, depending on tree size

Needles 4–7, depending on tree size
Dead branches Dead branches 3–5, depending on tree size

2.3. Nutrient Contents

Prior to chemical analysis, one composite sample per tree and compartment was created
and ground to 0.25 mm (needles: 0.08 mm). For C and N analysis, aliquots of 10 mg of sample
material were analyzed using a Vario EL III (Elementar Analysensysteme GmbH, Hanau, Germany).
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Nitrogen contents of low N biomass compartments (stem wood, bark, tree top wood, branches,
dead branches) were determined with a Vario Max cube (Elementar Analysensysteme GmbH, Hanau,
Germany) using 300 mg aliquots of sample material. The contents of P, K, Ca, and Mg contents were
analyzed after HNO3 digestion using a CCD-ICP Spectrometer CIROS (Spectro Analytical Instruments,
Kleve, Germany).

2.4. Soil Nutrient Stocks and Nutrient Balance

Soil profiles were dug and characterized in both stands, and each mineral soil horizon was
sampled using metal rings, so that bulk density could be determined in addition to chemical analyses.
We calculated the stock of exchangeable Ca2+, K+, and Mg2+ based on the cation exchange capacity
(CECeff) after percolating 5 g subsamples with 1 M NH4Cl and subsequent analysis in the CCD-ICP
spectrometer CIROS (Spectro Analytical Instruments, Kleve, Germany). Total concentrations of N
and P were determined after digestion in HNO3, HF, and HClO4, using the CCD-ICP spectrometer
CIROS (Spectro Analytical Instruments, Kleve Germany). Based on horizon-wise nutrient contents
and bulk densities, the exchangeable and total nutrient stocks per hectare were calculated for the root
zone (35 cm at the pine site and 60 cm at the spruce site).

For the nutrient balance, data from the EU-monitoring Level II sites were used to estimate
atmospheric deposition inputs and seepage outputs. For the pine stand, the Level II station “Laußnitz”
was used, which is only 500 m away from the study site, while for the spruce stand data from the Level
II station “Bautzen/Neukirch” was used, which is 15 km away from the study site, but is comparable in
terms of site, soil, and stand conditions [24]. The weathering inputs were roughly estimated according
to a method by [25]. First, a total weathering rate of 0.4–1.0 kmol·ha−1·year−1 was estimated according
to literature values [26]. Then, the share of K+, Ca2+, and Mg2+ was determined in relation to their
share in base saturation. Due to data scarcity, we could not set up nutrient budgets for P.

3. Results

3.1. Forest Development

Both the pine and the spruce stand are very productive. Thus, they exhibited a relatively high
current increment which decreased slightly during the modeled period from 14.4 to 13.1 and 27.5 to
26.7 m3·ha·year−1 at the pine and spruce site, respectively. The high productivity can be attributed
both to proper forest treatments before the beginning of the study period, and to the favorable growing
conditions. Figure 1 shows the development of the total aboveground biomass and the impact of the
thinnings that were modeled to be carried out once in 10 years in the pine stand and once in 5 years in
the spruce stand.

In both stands, the volume increment over the study period was slightly lower than the volume
harvested in thinnings (132.5 vs. 141.1 m3·ha−1 in the pine stand and 277.1 vs. 318.9 m3·ha−1 in the
spruce stand, Table 3). With regard to the further stand development after the study period, we set
a slightly lower stocking density (Table 3). After the qualification phase focused in this paper, the pine
stand will reach the dimensioning phase, in which no more thinnings are carried out and the trees are
left to grow until they reach the target DBH (40 cm). Due to its high productivity, the spruce stand
will more or less skip the dimensioning phase, because the largest trees will have already reached the
target DBH (40 cm) after the qualification phase. Once they have reached it, forest management will
focus on harvesting the mature trees and at the same time initiating stand regeneration.
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Figure 1. Development of total aboveground biomass (t·ha−1) of the pine and spruce stand. tGS: total
growing stock, rGS: remaining growing stock after thinning. Thinning of the pine stand in 2018, 2028,
and 2038; thinning of the spruce stand is carried out in 2018, 2023, 2028, 2033, and 2038.

Table 3. Development of the remaining stand and sum of extracted volume in thinnings. Scots pine
stand: three thinnings, Norway spruce stand: five thinnings during a 25-year period.

Date / Period Current Increment Stocking Density Growing Stock Extracted Volume

Pine m3·ha−1·a−1 m3·ha−1 m3·ha−1

2013 14.4 0.89 200.2
2038 13.1 0.84 332.7

Σ thinnings 2018–2038 141.1

Spruce
2013 27.5 0.97 400
2038 26.7 0.93 677.1

Σ thinnings 2018–2038 318.9

3.2. Biomass and Nutrient Distribution in Tree Compartments

We achieved a satisfactory fit of the allometric biomass equations to our data for most of the
biomass compartments. As an example, Figure 2 shows the biomass equation of the total aboveground
biomass of the spruce stand. The equation parameters and the coefficients of determination are given
in Table 4.

The coefficients of determination of the biomass functions were generally high, indicating a strong
correlation of the DBH and the mass of the biomass compartments, especially in the case of stem wood,
bark, branches, and needles, which are the most important aboveground biomass compartments with
respect to their share of total aboveground biomass (Figure 3) and nutrient storage.

The development of the share of the biomass compartments in total aboveground biomass is
shown in Figure 3, based on the biomass equations in Table 4. Obviously, the tree top wood incl. bark
is relevant only for trees with a DBH < 20 cm, because a relatively large part of the stem is smaller
than the defined 7 cm diameter. In larger trees, the stem wood with a diameter > 7 cm including bark
accounts for 79% in both spruce and pine. The most important difference between the pine and spruce
is the share of branches and needles, with pine trees having a larger share of branches at 14% and
a smaller share of needles at only 4.4%, compared to 11.0% and 8.2% in spruce trees, respectively, due to
their species-specific crown architecture and physiology. Figure 3 clearly shows the larger relative
importance of low quality crown material in small trees, and thus in young stands. This probably
makes whole tree harvesting for bioenergy purposes especially attractive in younger stands in order to
increase the overall economic outcome of thinning operations.
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Table 4. Equation coefficients (a, b) and coefficients of determination (R2) of the biomass equations
Mbc = a × DBH (cm)b for the aboveground biomass compartments of the pine and spruce stand.

Compartment
Pine Stand Spruce Stand

a b R2 a b R2

total aboveground biomass 0.0786 2.539 0.98 0.11678 2.41301 0.98
stem wood 0.0075 3.2281 0.98 0.033 2.68382 0.98

bark of the stem wood 0.0052 2.5924 0.98 0.00926 2.3432 0.98
tree top wood incl. bark 174.34 −1.526 0.89 50.69505 −1.02053 0.78

branches 0.0008 3.3992 0.99 0.00542 2.66276 0.96
needles 0.0015 2.8154 0.94 0.01253 2.35013 0.94

dead branches 0.0002 3.3465 0.88 0.01722 1.91842 0.86
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3.3. Nutrient Contents in Aboveground Biomass Compartments

Although nutrient contents for aboveground tree compartments were measured in various
other studies, the results are often only partly comparable, because of differences in the defined
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compartments, in stand age and soil conditions [27]. Thus, with respect to the purpose of this study,
we performed our own measurements of nutrient contents (Table 5).

Table 5. Nutrient contents (g·kg−1) of aboveground biomass compartments of pine and spruce trees at
the trial sites in East Saxony. Means and standard deviation, n = 5.

Stem Wood Stem Bark Tree Top Wood Branches Needles Dead Branches

Scots Pine

N 0.72 (0.3) 2.76 (0.5) 1.98 (0.6) 4.24 (1.1) 16.4 (2.6) 2.24 (0.7)
P 0.04 (0.4) 0.26 (1.3) 0.17 (1) 0.40 (1.7) 1.41 (7.2) 0.09 (1.1)
K 0.36 (0.4) 1.25 (1.6) 0.91 (1.2) 1.78 (2.1) 6.06 (7.8) 0.26 (1.3)
Ca 0.72 (0.4) 6.86 (1.6) 1.34 (1) 3.11 (2.3) 4.03 (6.8) 2.06 (0)
Mg 0.17 (0.3) 0.46 (1.2) 0.35 (0.9) 0.50 (1.9) 0.74 (5.4) 0.21 (0)

Norway Spruce

N 0.80 (0.3) 3.78 (0.8) 2.07 (0.3) 4.49 (0.7) 13.2 (1.6) 1.86 (0.3)
P 0.06 (0) 0.54 (0.1) 0.31 (0.1) 0.60 (0.1) 1.36 (0.2) 0.10 (0)
K 0.46 (0.1) 2.70 (0.5) 1.23 (0.3) 2.73 (0.5) 5.10 (0.7) 0.28 (0.1)
Ca 0.90 (0.1) 7.55 (0.9) 1.27 (0.2) 3.16 (0.3) 4.16 (0.4) 2.98 (0.4)
Mg 0.14 (0) 0.98 (0.1) 0.34 (0.1) 0.63 (0.1) 0.90 (0.1) 0.29 (0.1)

The highest concentrations of all nutrients are generally found in the needles, with the exception
of Ca, which shows the highest concentration in the bark. Magnesium concentrations differ between
pine and spruce. In the pine trees, Mg concentrations are highest in the needles, followed by branches
and bark; while in spruce trees, Mg is distributed similar to Ca with the highest concentrations in the
bark, followed by needles and branches. The nutrient contents of the dead branches range somewhat
in between those of branches and stem wood.

3.4. Biomass, Nutrient Extraction, Uptake, and Storage

Relative to the increment of the remaining stand, the harvested biomass in the thinnings of
the 25-year study period are larger in the spruce stand compared to the pine stand (Table 6).
While the biomass extraction in the WT scenario in the pine stand is lower than the biomass
ingrowth (129 vs. 114 t·ha−1), it exceeds the ingrowth in the spruce stand (150 vs. 201 t·ha−1) due
to a higher overall productivity of the spruce stand, and thus heavier and more frequent thinnings.
When intensifying the biomass extraction from conventional stem only (SO) harvesting to whole tree
harvesting (WT), the factor of increase is slightly higher in the pine stand compared to the spruce
stand (factor of increase 1.30 in the pine stand compared to 1.28 in the spruce stand), due to the
smaller dimension of the harvested pine trees, and thus a relatively larger proportion of crown material
(see Figure 3). The difference in the factor of increase of WT (excl. needles), with a higher biomass
extraction in case of pine compared to spruce (factor of increase 1.25 vs. 1.18), results from the higher
share of branches in pine trees compared to spruce trees.

The relative loss of nutrients in intensive scenarios far exceeds the biomass gain, with factors of
increase in whole tree harvesting between 1.7 (Ca, pine and spruce) and 3.6 (P, pine) to 3.4 (P, spruce),
respectively. If needles are allowed to fall off before extracting crown material (WT excl. needles), the
increase in nutrient exports is generally higher in pine trees than in spruce, which goes along with the
relatively larger biomass extraction due to the higher share of branches in pine trees in the WT (excl.
needles) scenario.
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Table 6. Aboveground biomass increment and nutrient uptake/storage in the remaining stand.

Scots Pine Stand
Biomass N P K Ca Mg

t·ha−1 kg·ha−1

Remaining stand ∆ 2013–2038 (WT) 129 237 18 99 189 32
Σ thinnings SO * 88 80 5 39 113 17

WT (excl. needles) * 110 156 12 69 169 26
WT * 114 230 18 96 187 30

Ratio Compared to SO

thinnings WT (excl. needles) * 1.25 2.0 2.4 1.8 1.5 1.5
WT * 1.30 2.9 3.6 2.5 1.7 1.8

Biomass N P K Ca Mg

Norway Spruce Stand t·ha−1 kg·ha−1

remaining stand ∆ 2013–2038 (WT) * 150 335 35 172 261 44
Σ thinnings SO * 157 162 15 99 220 33

WT (excl. needles) * 185 271 29 161 304 48
WT * 201 486 51 245 372 63

Ratio Compared to SO

thinnings WT (excl. needles) * 1.18 1.7 1.9 1.6 1.4 1.5
WT * 1.28 3.0 3.4 2.5 1.7 1.9

* SO: stem only, WT (exl. needles): whole tree without needles, WT: whole tree.

3.5. Evaluation of the Nutrient Budget as Influenced by Intensive Harvesting

For evaluation of the impact of the thinning scenarios of varying intensity on the nutrient regime
of the study sites, annual rates of nutrient inputs and outputs were estimated and compared to the
nutrient pools in the organic layer and the mineral soil in the rooting zone (Table 7). Both sites are
characterized by relatively high atmospheric N inputs, which far exceed seepage loss and uptake
by the trees. The result is a positive N balance on both stands regardless of the biomass extraction
intensity, showing that the studied forest stands currently function as nitrogen sinks. The situation
is fundamentally different for the base cations. Moderate atmospheric and weathering inputs are
hardly sufficient to compensate for seepage loss and nutrient fixation in the biomass increment of
the remaining stand. Even conventional SO harvesting would lead to negative nutrient balances
and the more intensive biomass extraction scenarios would impair the nutrient balance even further.
The only exception is K in the spruce stand, which would have a negative balance only under the
WT scenario. Regardless of the intensity of biomass extraction, both sites are characterized by high
seepage losses of base cations, in relation to the atmospheric and weathering inputs. In the case of Ca,
soil available pools and seepage losses are both twice as high at the pine site compared to the spruce
site, indicating that seepage losses of Ca are coupled to availability. On the other hand, this relation is
much less pronounced in the case of Mg, and K does not show such a relation at all.

Table 7. Pools of total N and exchangeable K+, Ca2+, and Mg2+, annual rates of nutrient inputs and
outputs, as well as the nutrient balance under different biomass extraction scenarios (SO, WT excl.
needles, WT) of the Scots pine stand and the Norway spruce stand.

Scots Pine Stand Norway Spruce Stand

N K+ Ca2+ Mg2+ N K+ Ca2+ Mg2+

Soil pools kg·ha−1 kg·ha−1

2955 53 263 13 3599 172 127 34
N K Ca Mg N K Ca Mg
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Table 7. Cont.

Scots Pine Stand Norway Spruce Stand

Inputs kg·ha−1·year−1 kg·ha−1·year−1

Deposition 19.3 2.1 3.3 0.7 36 4.8 4.9 1.3
Weathering 4 9.8 0.5 7.6 7.5 1.2

Outputs kg·ha−1·year−1 kg·ha−1·year−1

Seepage 1.5 3.1 15.5 3.2 1.9 2.9 7 3.9
Uptake and storage in ingrowth 6.8 2.8 5.4 0.9 9.6 4.9 7.5 1.3

Thinning SO 2.3 1.1 3.2 0.5 4.6 2.8 6.3 0.9
WT excl. needles 4.5 2.0 4.8 0.8 7.7 4.6 8.7 1.4

WT 6.6 2.8 5.4 0.8 13.9 7.0 10.6 1.8

Balance kg·ha−1·year−1 kg·ha−1·year−1

SO 8.7 −0.9 −11.0 −3.4 19.9 1.8 −8.3 −3.6
WT excl. needles 6.6 −1.8 −12.6 −3.7 16.8 0.0 −10.8 −4.0

WT 4.4 −2.6 −13.2 −3.8 10.6 −2.4 −12.7 −4.5

4. Discussion

In this study we simulated relatively heavy thinnings in order to sustain stand stability to adapt
the stands to climate change in the long term, and make use of the high forest productivity [28,29],
which is accelerated by high atmospheric N inputs of about 19.3 and 36.0 kg·ha·year−1 at the pine and
spruce site, respectively. The large difference in productivity between pine and spruce is both a species
and a site effect, because the less demanding pine stands are usually grown on the least productive
forest sites [19].

The biomass functions we established in order to model the mass of each aboveground
compartment were easy to apply and fit our data very well. Only for the tree top wood of spruce and
the dead branches, the R2 was slightly lower than for the other compartments, probably because the tree
top wood is a somewhat artificially defined compartment and the retention of dead branches on a tree
depends on factors other than the tree’s DBH, such as the actual stand density in the area surrounding
the respective tree. Nevertheless, since these two compartments play a minor role for addressing
the questions raised in this paper, and the R2 was still sufficient, we retained the equations for use.
The drawback of the biomass functions we established is that they are stand specific, and can therefore
only be applied for the DBH range for which they were calibrated. As a result, we concentrated
our study on just the thinning phase. In order to create more widely applicable biomass functions,
more trees with a wider range of DBH, and from stands representing a wider range of productivity
and stand density, would need to be measured. The biomass equations would then need to account for
this greater variability by incorporating further explanatory variables such as height and stand density,
in addition to the DBH [30].

One option proposed to increase the harvested biomass, and keep nutrient exports relatively low
at the same time, is to leave tree tops in the forest for one year to allow the needles to fall off before
collecting the tree tops (WT excl. needles scenario) [7,20]. The different pattern of crown biomass
allocation between pine and spruce, with a greater share of branches in pine trees versus needles in
spruce trees, shows that this method would lead to a greater biomass loss in spruce than in pine trees,
when compared to the WT scenario. With respect to biomass feedstock quantities, this procedure
would be more viable in pine than in spruce stands. If biomass feedstock quality is also considered,
it would be preferable in any case to exclude the needles, as wood is a higher quality feedstock in
terms of particle size distribution when chipping at the forest industries [3], as well as the behavior in
the burning process.

The nutrient contents in the aboveground biomass compartments match with the findings of
previous studies, as far as the compartments are comparable. Jacobsen et al. [31] performed nutrient
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analyses that are partly comparable, and found similar nutrient contents in the stem wood, bark,
needles, and branches of pine and spruce trees. The nutrient contents reported by Weis and Göttlein [9]
in the needles, bark, and wood of spruce trees are also within the range of our findings.

Due to the rough estimation method of weathering and the utilization of deposition and seepage
values from similar and close-by sites (but not exactly the study sites), the nutrient balance should
be interpreted with some caution. Nevertheless, it is still useful for evaluating the impact of biomass,
and thus nutrient extraction, in the different thinning scenarios.

Our findings confirm our first hypothesis, that intensive harvesting scenarios impose a strong
negative effect on the nutrient balance of forest stands even in the thinning stage. We demonstrated
that intensive WT and WT (exc. needles) harvesting causes fairly high nutrient exports in the thinning
phase of the trial sites. The biomass gain is far lower than the nutrient expenses, as the biomass gain is
only 1.18 to 1.30 times compared to SO, but the ratio of nutrient losses is 1.4 to 3.6 compared to SO.
The increase of nutrient losses from SO to WT harvesting are greater for N and P compared to the
base cations, reflecting the over proportional abundance of N and P in the crown material, especially
in the physiologically active needles. Yet the impact on the site-specific nutrient sustainability is far
greater for the base cations than for N, because of excess atmospheric N inputs. We unfortunately
have no data for the nutrient balance of P, but as P inputs into the forest ecosystem by weathering
and deposition are usually low, a rather negative P balance similar to that of the base cations can be
assumed. High seepage losses contribute strongly to the negative nutrient balance of the base cations.
The seepage losses of base cations result from sulfur depositions during the 1970s to 1990s, which were
greatly reduced by the end of the last century [32]. However, SO4

2− from accumulated S pools still
gets washed out of the soil profile, coupled with base cations to neutralize the charge [33]. This leads
to negative nutrient balances for Ca2+ and Mg2+ already at the SO scenario, which decreases further in
the WT (excl. needles) and the WT scenario, when K+ also becomes negative.

According to our findings, we reject our second hypothesis, according to which the negative
impact of intensive harvesting is greater in highly productive stands than in less productive stands,
due to larger absolute amounts of removed biomass, and thus nutrients. In our study, the higher
stand productivity of the spruce stand corresponded with a higher nutrient demand for uptake and
storage, as well as higher nutrient losses due to biomass extraction, compared to the less productive
pine stand. At the same time, these differences in productivity, and thus biomass-related nutrient
fluxes, are balanced out by higher nutrient stocks and inputs through deposition (except for Ca),
while seepage losses are equal to or even lower than the pine site. Thus, the relative impact of nutrient
exports through intensive biomass extraction is almost equally severe in the spruce and pine stand,
despite different absolute levels of biomass extraction.

Our findings should, however, be interpreted with some caution, as they are based on static
assumptions regarding the development of forest growth, the nutrient concentrations in the biomass,
and the weathering rate. In reality, increased nutrient scarcity due to intensive biomass extraction
may cause reduced growth of the remaining stand, as has been shown in studies conducted in
North American and Scandinavian forests [7,8,10], while other studies found no clear effect on
tree growth [34,35]. A meta-analysis by Achat et al. [36] indicates an average growth reduction of
3%–7% after intensive biomass extraction. Declining pools of available nutrients may also cause
reduced nutrient concentrations in the foliage of the remaining trees, which would also alter the
nutrient balance. The nutrient balance is also known to be strongly influenced by the rate of mineral
weathering [37], which is in practice very difficult to determine and could only be roughly estimated
in our study. Furthermore, mineral weathering rates are not static, but mycorrhizal weathering may be
accelerated if there are nutrient deficiencies [38]. Despite these uncertainties, our findings underline
the possible nutrient balance risk of intensive biomass extraction from thinnings, which brings into
question the nutrient balance sustainability of these intensive management practices.

Our study highlights that intensive harvesting scenarios like WT (excl. needles) and WT
harvesting can have severe consequences for the nutrient balance of forest sites. Furthermore,
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intensive biomass removal is known to negatively affect the soil as the basis for biomass production.
Reduced residue inputs reduce the organic carbon content [39] and mineralization rates and cause soil
compaction and thus a reduced water holding capacity [36]. Based on the analysis of detrimental forest
management practices (i.e., litter raking, fuelwood collection), the influence of biomass extraction on
soil acidification was highlighted, because the uptake and storage of cations exceeds that of anions
during tree growth and biomass buildup [40,41]. In order to mitigate the negative effects of intensive
biomass extraction on the nutrient budget, the redistribution of wood ash is frequently discussed and
has proven to be suitable to compensate for nutrient losses in forests, with the exception of N [13,42–45],
and was previously found to be applicable in the form of bark-ash-pellets at the study sites [14].

5. Conclusions

Our study provides evidence that intensive biomass extraction may cause substantial losses of
nutrients in pine and spruce stands, even in the thinning stage of stand development. This is amplified
by the high productivity of both investigated stands, which is accelerated by high atmospheric N
inputs. Despite the fact that the nutrient balance established in this study contains only a rough
estimation of the weathering rate, it suggests that the budgets of base cations are already stressed
due to high seepage losses caused by the still ongoing effects of very high S-driven acid deposition
which occurred previously in the region. Therefore, the nutrient balance became negative even for SO
harvesting in the case of Ca2+ and Mg2+. Further intensification of biomass removal clearly impairs
the nutrient budget, also for K+, while the N balance remains positive even in the most intensive
biomass removal scenario (WT). Even if a further development of the wood energy sector will increase
the demand for forest biomass in the future, forest management should take the nutrient balance
into account. Intelligent concepts to limit forest biomass extraction to a sustainable level need to be
developed. At the same time, additional measures, such as wood ash recycling, may help to improve
the nutrient balance of the base cations and P, without burdening the ecosystems with ever more N.
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