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ARTICLE INFO ABSTRACT
Keywords: The sustainability of tree harvest is questioned since harvest results in increased nutrient losses which may
Nutrient export reduce nutrient stocks in forest soils, particularly in forests on acidified and poor soils with low base saturation.
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Whole tree harvest
Stem only harvest
Wood only harvest

We used a new forest experiment to quantify nutrient stocks and nutrient uptake rates in mature forest stands,
and to assess the forest nutrient balance in relation to different forest management scenarios: clearcutting,
shelterwood and thinning; and whole-tree harvest (WTH), stem-only harvest (SOH) and wood only harvest
(WOH, with on-site bark stripping). Forests were dominated by trees of Fagus sylvatica, Pseudotsuga Menziesii or
Pinus sylvestris, all situated on poor, acidified soils.

We measured forest biomass and nutrient stocks based on destructive sampling of fifteen mature trees per
species and by using new, calibrated allometric relationships. Aboveground stocks of N, P, S, K, Ca, Mg, Mn, Cu,
Fe and Zn were calculated for foliage, branches, stem bark and stem wood. Annual forest growth and nutrient
uptake were determined using tree ring measures and allometric relationships. Organic layer nutrient stocks and
available nutrients in the mineral soil were determined following intensive soil sampling.

Stands of beech, Douglas fir and Scots pine differed in aboveground biomass and nutrient stocks, with highest
biomass stocks in Douglas fir. However, beech stands had the highest aboveground nutrient stocks, nutrient
uptake rates and nutrient losses following harvest, followed by Scots pine. Organic layer nutrient stocks generally
exceeded aboveground nutrient stocks, except for the base cations and Mn. Compared to SOH, WTH increased
nutrient export between 66% (Douglas fir) up to 100% (Scots pine), while WOH decreased the nutrient export
between 23% (beech) up to 41% (Douglas fir).

High aboveground base cation and Mn stocks indicate potential long-term threats to forest nutrition if trees are
harvested. However, in Douglas fir stands, nutrient losses through SOH may fully recover when using rotation
periods of 80 years. Contrary, negative Ca balances are predicted when applying SOH in beech and Scots pine,
since Ca stocks are potentially depleted within 2 final fellings. WTH poses, regardless of the species, potential
threats for sustainable biomass harvest as nutrients cannot be recovered using common rotation periods. WOH
conserves nutrients within the forest posing opportunities for sustainable biomass harvest. For similar temperate
forest on acidified, sandy soils, we therefore recommend to limit tree harvest depending on the tree species, and
to avoid WTH and consider WOH to better conserve critical nutrients required for long-term forest recovery.
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1. Introduction

Forest biomass can play a major role in the European bioeconomy in
phasing-out the use of fossil-based raw materials and products (Wolf-
slehner, 2020; Jonsson et al., 2021). The value of forest resources leads
to an increased interest in timber harvest, and the harvest of logging
residues, such as crown material and trees not suited for timber pro-
duction (Ericsson and Nilsson, 2006; Verkerk et al., 2019; Kumar et al.,
2020). Forest harvest is therefore expected to increase over the coming
decades, whereby the demand for biomass (stem wood and branches)
may exceed the sustainable supply (Borjesson et al., 2017).

The sustainability of the increased harvest of forest biomass as a
renewable resource is questioned since it results in increased nutrient
losses which may reduce the forest nutritional status (de Oliveira Garcia
et al., 2018). Nowadays, nutritional status of many forests in Europe is
already deteriorating as high N deposition and CO; fertilization are
triggering nutrient imbalance in trees (Sardans et al., 2015; Waldner
et al,, 2015; Du et al.,, 2021). These nutrient imbalances are partly
induced by increased forest growth caused by CO;, fertilization (Jonard
et al., 2015; Penuelas et al., 2020), which increases biomass export and
therefore nutrient export through harvest (Achat et al., 2018), and partly
by the loss of base-cations due to soil acidification caused by N depo-
sition (Bowman et al., 2008). Even though N deposition is slowly
decreasing, recovery of the nutrient balance remains limited in Euro-
pean forests (Schmitz et al., 2019).

Biomass harvest has been argued to increase forest P limitation
(Sardans et al., 2015; Du et al., 2021) and has the potential to result in
negative balances of Ca, Mg and K (de Oliveira Garcia et al., 2018; de
Vries et al., 2021). The effect, however, depends on the soil’s capacity to
counteract the negative effects of harvest and N deposition through in-
ternal nutrient supply. Effects of increased biomass harvest are therefore
more pronounced on nutrient poor soils (Thiffault et al., 2011; de Vries
et al., 2020). In these soils the increased biomass harvest, in combina-
tion with ongoing N deposition, may eventually limit forest growth.

Besides of soil type and fertility, harvest intensity and tree species
composition also influence the effect of biomass harvest on the forest
nutrient balance. Nutrient losses of timber harvest are higher in clear-
cutting systems compared to shelterwood systems and selection forests.
Nutrient pools have been suggested to decrease over a century after a
clearcutting (Richardson et al., 2017) while shelterwood systems could
recover the loss of nutrients through harvest within 25 years (Carpenter
et al., 2021). However, in nutrient poor systems, clearcutting decreased
soil concentrations of P and Ca while other nutrients were replenished
within a couple of decades (Vangansbeke et al., 2015). Selection cutting
had a limited impact on the forest nutrient balance in the USA (Briggs
et al., 2000), but substantial negative balances were detected following
thinnings in Scots pine and Norway spruce stands in Germany (Knust
et al., 2016).

The nutrient export through harvest depends on the harvested tree
species. In general, harvesting of broadleaf trees results in higher
nutrient exports than harvesting of coniferous species (Augusto et al.,
2000; Palviainen and Finer, 2012). The effects of nutrient removal under
different harvest intensities thus strongly depends on the species but also
on stand age, basal area and stand productivity (Augusto et al., 2000;
Soalleiro et al., 2007). The magnitude of the effect, however, is not clear.
Inconsistent effects of biomass harvest are reported for both forest
productivity and soil responses (Vance et al., 2018), indicating the need
for species and site specific data on the effect of nutrient export through
different levels of biomass harvest.

Increased harvest of forest biomass may also imply a shift from
conventional stem only harvest to whole tree harvest. Whole tree har-
vest increases the biomass export through extraction of crown material
and logging residues by up to 26 % (Mantau et al., 2010). The increase in
biomass removal is dependent on the tree species with e.g. 15-20 %
biomass gain for Scots pine (Miksys et al., 2007) up to 60 % biomass gain
for European beech (Andre et al., 2010). The nutrient export, however,
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may increase up to 5 times for P with large differences between nutrients
and species (Palviainen and Finer, 2012). Because of the higher nutrient
export, whole tree harvest can result in greater soil nutrient reductions
compared to stem only harvest (Clarke et al., 2021) which may cause
reductions of forest productivity. However, whole tree harvest did not
alter forest productivity in Pinus radiata stands in New Zealand (Garrett
etal., 2021) and further empirical evidence for lower forest productivity
is lacking. Although the sustainability of whole tree harvest is debated,
especially for stands on poor and acidified soils, there is not much evi-
dence regarding the export of nutrients, the biomass gains and the
remaining forest nutrient stocks allowing for forest recovery and con-
sequences for forest productivity.

The aim of the present paper is to experimentally quantify the
nutrient stocks and annual nutrient uptake of mature forest stands of
three major tree species in the Netherlands: Fagus sylvatica, Pseudotsuga
Mengziesii and Pinus sylvestris on poor and acidified soils, and compare
those stocks to the nutrient export by applying different tree harvest
strategies. More specifically, we (i) investigated nutrient stocks in
different crown and aboveground stem parts of trees and in the organic
soil layers using an intensive field and lab campaign to measure biomass
and nutrient concentrations in different tree and soil parts and newly
established allometric equations for upscaling those measurements to
entire forest nutrient stocks; (ii) estimated the annual nutrient uptake of
a forest stand from tree ring measurements and tree nutrient concen-
trations; (iii) investigated the biomass and nutrient exports of different
harvest intensities based on a field experiment and (iv) calculated the
nutrient exports of different biomass harvest types: stem only harvest
(SOH), whole tree harvest (WTH) and wood only harvest (WOH), which
differs from SOH by stripping and leaving stem bark in the forest. The
results on forest nutrient budgets are discussed in view of the long-term
sustainability of biomass harvest.

2. Materials and methods
2.1. Experimental design

A forest experiment was established in February and March 2019 in
the Netherlands. This experiment consists of monoculture stands of
European beech (Fagus sylvatica), Douglas fir (Pseudotsuga mengziesii) and
Scots pine (Pinus sylvestris) in five regions (Fig. S1). In each of these
fifteen stands, four 0.25 ha-subplots were installed to which the harvest
intensity treatments high thinning, shelterwood, clearcutting, and un-
harvested control were randomly assigned. Harvest intensity was
determined based on basal area reductions, whereby species-specific
target basal areas per treatment were used (Table 1). All stands have a
temperate maritime climate with a mean annual temperature of 10.4 °C
and a mean annual rainfall of 805 mm (KNMI, 2022). The stands are
located on acidic sandy soils classified as Albic or Entic Podzols or
Dystric Cambisols (WRB, 2015). A general description of the study sites
including stand properties, soil cover and soil classification is provided
in Table 2.

2.2. Biomass sampling

To determine the dry biomass of the aboveground tree compartments
in forests, allometric relationships were constructed to scale biomass
measures from three harvested trees per stand and thus fifteen trees per
species in total to the entire above-ground forest. In each stand, a
dominant, intermediate and suppressed tree representing the average
DBH within the canopy position class was felled in February or March
2019. Per tree, the dry biomass was determined for small branches (up
to @ 2 cm), coarse branches (2 cm > @ < 10 cm), stem bark, stem
sapwood and, in the case of Douglas fir and Scots pine, stem heartwood
and needles. Total dry biomass was calculated based on within-tree
crown allometric relationships (for branches and needles) and calcula-
tions of stem volume and tissue densities (for stem bark, sapwood and
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Table 1
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Average basal area + s.e. (m?ha™ 1Y), realized target basal area (m?ha1) and basal area reduction for the timber harvest intensities high-thinning and shelterwood for
European beech, Douglas fir and Scots pine. Target basal area of the clearcutting was O for all species with a reduction of 100 %. Basal area reductions per treatment per

forest stand are in table S1.

Species Average BA High-thinning Shelterwood Clearcutting
Target BA Reduction Target BA Reduction Reduction
m? ha™? m? ha™! % m? ha™? m? ha™! % m? ha™? m? ha™?
Beech 25 +0.86 17 18 4.6 £ 0.28 4.5 76 19 £0.71 24 +0.96
Douglas fir 32+1.6 23 20 6.4 +0.40 5.0 78 25+ 1.1 32+1.5
Scots pine 23 +1.2 18 16 3.7 £0.47 4.1 83 19 £ 1.0 22 + 0.65
Table 2

Overview of stand and soil characteristics of the beech, Douglas fir and Scots pine forests of this study. The forest stand property density includes all trees with DBH >
10 cm, Dg is the root mean square DBH and H is the height based on 16 dominant trees per stand. The soil cover values are coverage percentages for the foliar litter,
mosses, graminoids and ferns. Mineral soil properties include the pHyzo, the soil bulk density (BD), the average Al-S saturation of cation exchange capacity (CEC) by Al
per hectare and the average soil base saturation (BS) per hectare. Both Al-S and BS are based on the unbuffered CEC, with “b.d.” in the case where Ca, K, Mg and Na
were below the detection limit and undetectable. Soil profiles were classified based on the field records according to the international standards (IUSS Working Group

WRB 2015).

Forest stand Soil cover Mineral soil (0-30 cm depth)
Site Species Age Density Dg H Foliar litter Mosses Graminoids Ferns pH BD Al-S BS Soil type

(yr.) (mha™) (cm) (m) % % % % g cem 3 % %
1 Beech 94 260 34 22 100 0 0 0 4.3 1.0 96 2.1 Albic Podzol
2 Beech 100 140 47 26 98 2 0 0 4.3 1.0 100 b.d. Entic/Albic podzol
3 Beech 82 220 38 25 100 0 0 0 4.2 0.98 94 1.3 Dystric Cambisol
4 Beech 98 240 34 24 97 3 0 0 4.5 1.3 83 10 Dystric Cambisol
5 Beech 46 1100 18 19 100 0 0 0 4.1 1.1 77 1.3 Dystric Cambisol
1 Douglas fir 74 120 54 41 28 72 0 0 4.2 1.3 68 3.3 Albic podzol
2 Douglas fir 59 170 50 37 37 63 0 0 4.0 1.1 75 2.0 Entic/Albic podzol
3 Douglas fir 60 140 52 37 26 69 2 0 4.2 1.2 100 3.8 Entic/Albic podzol
4 Douglas fir 66 150 51 36 93 5 0 0 4.0 11 74 4.0 Entic/Albic podzol
5 Douglas fir 60 240 44 28 3 2 0 95 4.2 1.2 91 7.1 Albic podzol
1 Scots pine 55 420 25 19 51 49 0 0 4.3 1.2 79 1.3 Albic podzol
2 Scots pine 48 430 24 18 54 37 9 0 4.1 0.97 88 3.2 Albic podzol
3 Scots pine 47 880 17 19 34 59 7 0 4.4 1.4 88 5.0 Dystric Cambisol
4 Scots pine 62 450 26 21 36 59 5 0 4.0 0.98 69 4.3 Albic podzol
5 Scots pine 73 470 27 16 31 24 45 0 4.2 1.1 92 5.0 Albic podzol

heartwood) (Vos et al., 2023). Nutrient samples per tree compartment
were taken for the analysis of nitrogen (N) and carbon (C) contents using
a CN-analyzer (LECO TruSpec CHN, USA). Concentrations of phos-
phorus (P), sulfur (S), potassium (K), calcium (Ca), magnesium (Mg),
manganese (Mn), copper (Cu), iron (Fe) and zinc (Zn) following HNO3
extraction were analysed with ICP-AES (Thermo-Scientific iCAP 6500
DUO, USA). The selection of the sampled trees, destructive biomass
sampling, calculation of the dry weight and the determination of the
nutrient concentration per compartment is described in more detail in
(Vos et al., 2023).

2.3. Calculation of tree biomass and nutrient stocks

To estimate above-ground biomass for all trees in each subplot,
allometric relationships for the aboveground biomass were developed
based on these three intensively measured trees per stand summing to 15
trees per tree species. The dry weights of small branches, coarse
branches, stem bark, stem sapwood, and, in the case of Douglas fir and
Scots pine, stem heartwood and needles were modelled as a function of
the DBH. The following statistical model was constructed:

ln(DWTC) =qay +ﬂ[1J *ln(DBH) + & (@D)]

where DWr¢ is the dry weight of a tree compartment (needle, small
branch, coarse branch, stem bark, stem sapwood and stem heartwood).
The models were nested per location (1) using random intercept and
random intercept slope models. Parameters were estimated in linear
form by using logarithmic transformation to increase model perfor-
mance. Model performance was evaluated based on Pearson’s correla-
tion between the log-transformed measured and fitted values, yielding

average correlations of 0.95 for total stem weight and 0.89 for total tree
crown weights. The constructed allometric relationships are given in
Table 3.

To estimate the foliar biomass of the beech stands, published allo-
metric models were fitted to the data. Allometric relationships were
selected when based solely on European beech, using only tree DBH as a
predicter and when different allometric relationships were available for
the aboveground biomass, stem biomass, branch biomass and foliar
biomass. Based on the review by Zianis et al. (2005), these allometric
relationships were available for beech trees in the Netherlands (Barte-
link, 1997), France (Le Goff and Ottorini, 2000) and Spain (Santa Regina
and Tarazona, 2001). The allometric relationships of Bartelink (1997)
and Le Goff and Ottorini (2000) structurally overestimated the above-
ground biomass of large trees, particularly for branches. The allometric
equations of Santa Regina and Tarazona (2001) provided a good fit for
the aboveground biomass and stem biomass and a reasonable fit for
branch biomass (R2 in range 0.93-1.0). The allometric relationship for
beech foliage of Santa Regina and Tarazona (2001) were therefore used
to estimate beech foliar biomass.

The allometric relationships were used to model the biomass of the
different aboveground tree compartments for each tree with a DBH > 10
cm within the 1-ha stand. To avoid bias due to back transformation of
log-transformed data, we applied a correction factor to minimise mean
squared error according to the method described by Shen and Zhu
(2008). This correction factor resulted in the smallest bias for predicting
biomass of non-sampled trees (Clifford et al., 2013). The total biomass
stock per stand was the sum of the biomass of all aboveground tree
compartments, while the biomass export under high-thinning, shelter-
wood and clearcutting was calculated as the biomass of the harvested
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Table 3

Allometric relationships for the biomass of needles, branches, stem bark and
stem wood for beech, Douglas fir and Scots pine. For nested models, chosen
when nesting improved model AIC by A2 (Zuur et al., 2009), the average model
is reported. Stand specific models are in table S2. Goodness of fit of the models
was assessed with Pearson’s correlations of the log-transformed observed values
versus the log-transformed predicted values.

Treepart Sub model Species Nested ~ Model Pearson
Needle None Douglas No In(NE) = —3.36 +  0.80
fir 1.64*In(DBH)
Scots Yes In(NE) = —5.44 +  0.98
pine 2.29*In(DBH)
Branches Small Beech No In(SB) = —2.68 +  0.82
branches 1.77*In(DBH)
Douglas No In(SB) = —2.93 + 0.82
fir 1.63*In(DBH)
Scots Yes In(SB) = —5.39 + 0.98
pine 2.47*In(DBH)
Coarse Beech No In(CB) = —3.47 + 0.82
branches 2.40*In(DBH)
Douglas No In(CB) = -5.93 +  0.86
fir 2.65*In(DBH)
Scots Yes In(CB) = —=9.69 +  1.00
pine 3.79%*In(DBH)
Bark None Beech Yes In(BA) = —4.30 + 1.00
2.20*In(DBH)
Douglas No In(BA) = —-3.33 + 0.93
fir 2.08*In(DBH)
Scots No In(BA) = =396 + 0.97
pine 2.03%In(DBH)
Stem Sapwood Beech Yes In(SW) = —-2.09 + 1.00
wood 2.37*In(DBH)
Douglas No In(SW) = —3.36 + 0.93
fir 2.46*In(DBH)
Scots No In(SW) = -2.95 +  0.93
pine 2.42*In(DBH)
Heartwood Douglas No In(HW) = 0.98
fir —4.19 +
2.69*In(DBH)
Scots No In(HW) = 0.86
pine —-3.94 +
2.21*In(DBH)
trees per treatment:
B, = ZDWCIS*A" (2)

where B is the biomass in kg ha™! for treatment t and stand s, and DW is
the dry weight of tree compartment c for treatment t and stand s.
Because measurements were done in a 0.25 ha subplot, the total biomass
was multiplied by 4 to retrieve biomass in kg ha~!. Nutrient stocks were
calculated per tree compartment using:

NS.s = DW . *[Nutrient] 3

where the nutrient stock (NS) is the result of the dry weight of tree
compartment c¢ within stand s times the nutrient concentration
[Nutrient] of tree compartment c within stand s. The total nutrient stock
per stand was the sum of the nutrient stocks per tree compartment per
tree, where different tree compartments and different trees were
included dependent on the treatment.

The treatments distinguished were timber harvest intensity, dis-
tinguishing high thinning (HT), shelterwood (SW) and clearcutting (CC)
in which different basal areas were removed- and biomass harvest in-
tensity consisting of whole tree harvest, stem only harvest and wood
only harvest. In the “whole tree harvest” treatment all aboveground tree
biomass is harvested; in the “stem only harvest” treatment, all the stem
biomass is harvested (stem is defined as stem base until @ 10 cm); and in
the “wood only harvest” treatment the wood of the stem, without the
stem bark, is harvested. The biomass and nutrient exports were calcu-
lated based on these timber harvest intensity treatments and biomass
harvest intensities from five stands per species.
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2.4. Annual nutrient uptake

Annual nutrient uptake rates were estimated for the period
2008-2018 based on diameter increment, which were linked to changes
in DBH and then to changes in total aboveground biomass and nutrient
stock. Stem disks from the stem base (at 30 cm height) from the 15 trees
used for biomass sampling, were polished and tree-ring widths were
measured to the nearest 1/100 mm on two perpendicular radii using
dendrochronological measuring equipment (LINTAB, TSAP; Rinn,
2003). The COFECHA ver. 6.02P software (Grissino-Mayer, 2001) was
used to assess the data quality and accuracy after cross dating. The ring
width data of the last 10 years were used to calculate the average yearly
diameter increase using the formula:

ADI = () (?)*100)/10 4

i—1

where ADI is the average relative annual diameter increment (%), RWj is
the ring width in year i which ranged from 2008 to 2018, d is the
diameter of the stem wood of year i — 1 and 10 is the number of years
included.

The annual diameter increase of Douglas fir and Scots pine was
influenced by the stem diameter (table S3). Therefore, all trees per stand
were assigned to annual diameter increment (%) of the sampled tree
with the nearest DBH. The diameter after one year of annual growth was
calculated by multiplying the ADI of the nearest assigned tree per forest
with the DBH using:

DBHnew;; = DBH;; + <DBH1-J*AI€(I)“> 5)

Where the new DBH per tree i and stand s is the sum of the measured
DBH per tree and forest times the ADI of the sampled tree with the
nearest DBH per forest. The total biomass and nutrient stock per stand
were calculated based on DBHnew by implementing the allometric re-
lationships for foliage, small branches, coarse branches, stem bark and
stem wood (Table 3). The uptake of nutrients over 1 year is the result of
the nutrient stocks based on DBHnew minus the nutrient stocks based on
DBH. This calculation assumes that the annual diameter increment is
primarily due to stem wood increment by ignoring the often neglectable
annual diameter increment caused by bark growth.

2.5. Soil sampling

To obtain soil nutrient stocks, the mineral soil and the organic soil
layers were sampled between November 2018 and January 2019, prior
to forest harvest. Five soil samples were taken in each of four subplots
(one subplot per treatment), resulting in 20 (sub-)samples per stand.
Sampling points were determined systematically in a cross design with
the central sampling point in the geometrical centre of the subplot. For
each central sampling point, the thickness of the litter layer, fragmented
layer and humified layer was noted and the soil profile was described
according to international standards (WRB, 2015). Samples of the
organic soil layers and mineral soil were taken at each sampling point.
Organic soil samples consisted of bulked samples of the ectorganic OL,
OF and OH layers and were collected within a @ 14.5 cm ring allowing to
calculate the mass per unit of surface (g cm™2). Bulk samples of the
mineral soil were taken from the 0 to 30 cm depth directly underneath
the organic soil layers sampling point using a split tube sampler (Eij-
kelkamp Soil & Water, Giesbeek, The Netherlands) at each sampling
point. Samples were stored at 4 °C directly after the sampling before
drying to a constant weight at 40 °C.

Dried samples of the organic soil layers were ground to homogenize
the sample in a mill containing a 1.5 mm stainless steel screen. The
weight of the organic soil sample was corrected for the admixture with
mineral soil by using loss on ignition (550 °C). Samples were merged per
subplot and total contents of C and N were measured using a CN-
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analyzer (LECO TruSpec CHN, USA). The contents of P, S, K, Ca, Mg, Mn,
Cu, Fe and Zn were determined after extraction with 0.43 M HNOs3
(Groenenberg et al., 2017) on the ash of ignition (550 °C) via ICP-AES
(Thermo-Scientific iCAP 6500 DUO, USA).

Mineral soil samples were sieved to 2 mm to separate gravel from the
fine earth fraction. Samples were merged per subplot and direct avail-
able nutrients (P, S, K, Ca, Mg, Mn, Cu, Fe and Zn) and soil pH were
measured after HoO extraction (1:10 soil water ratio); the unbuffered
cation-exchange capacity (CEC) was measured by using 0.1 M BaCl
extraction. The contents of extractable nutrients and cations were
determined with ICP-AES (Thermo-Scientific iCAP 6500 DUO, USA).
Contents of N and P-PO4 in the fine earth were determined with a
Segmented Flow Analyzer (SFA type 4000, Skalar Analytical B.V., the
Netherlands).

Soil nutrient stocks were calculated for the organic soil layers and
mineral soil separately. The dry mass of the organic soil layers was
corrected for the admixture with mineral soil particles before the pseudo
total nutrients stocks were calculated by multiplication of the dry mass
(kg ha~1) and the nutrient concentration. For the mineral soil, the bulk
density of the fine earth (g cm™>) was multiplied with the extractable
available nutrient contents and the sample depth to calculate the
available nutrient stocks per hectare in the top 30-cm mineral soil.

2.6. Statistical analysis

Prior to statistical analysis, data on aboveground biomass and
nutrient stocks, belowground nutrient stocks and nutrient uptake were
scaled to a 1-ha forest using data on subplot level. To compare biomass
and nutrient stocks and nutrient uptake between species, one-way
ANOVA tests were performed. To test biomass increment for the
different tree compartments a two-way ANOVA test was used. The an-
alyses were performed by using linear mixed-effect models from the R
package “nlme”. Paired t-test was used to test the differences in the
aboveground and belowground nutrient stocks by using the R package

Table 4
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“stats”. Left- or right-skewed data were log or square root transformed,
respectively, to meet the normality and homogeneity assumptions.
Tukey’s post-hoc (HSD) test was performed following ANOVA using the
R package “emmeans” to test for differences between species. Spatial
independence of the stands within the locations was tested using
random structures. The added random structure did not improve AIC (A
2 AIC) for any of the models.

3. Results

3.1. Aboveground biomass and nutrient stocks and soil organic layer
nutrient stocks

The total aboveground stock of dry biomass per hectare was on
average 190 + 13 (s.e.) tons in beech, 230 + 10 (s.e.) tons in Douglas fir
and 100 + 8.1 (s.e.) tons in Scots pine stands (Table 4). The above-
ground nutrient stocks were nutrient and species dependent. The
nutrient stocks decreased in the order of N > Ca > K> Mg >S>P > Mn
> Zn > Fe > Cu. Beech had generally higher nutrient stocks compared to
Douglas fir and Scots pine, while Douglas fir had the highest above-
ground biomass (Fig. 1, Table 4). Beech had significantly higher
aboveground nutrient stocks for Ca, K, Mg and Mn, with the Ca stock
nearly 4 times higher compared to Douglas fir and Scots pine. Scots pine
stands had in general the lowest nutrient stocks, with significantly lower
stocks of N and Fe compared to both beech and Douglas fir. Stocks of S
and P only differed significantly between beech and Scots pine, while
species did not differ significantly in the aboveground stocks of Zn and
Cu.

The total nutrient stocks in the organic soil layers (thickness 78 — 97
mm; table S5) did not significantly differ between tree species (Table 5).
Largest nutrient stocks in the organic soil layers were observed for N and
lowest nutrient stocks were observed for Cu (Fig. 1). The total nutrient
stocks in the organic soil layers were larger than aboveground nutrient
stocks, except for the base cations (Ca, K, Mg) and Mn (Fig. 1, Table S6).

Exports of biomass (ton ha™!) and nutrients (kg ha™?) in a clearcutting following whole tree harvest, stem only harvest and stem wood harvest. Whole tree harvest
depicts the total aboveground biomass and nutrient stocks of the forests. ANOVA F and P values are presented to compare differences in biomass and nutrient exports
between species. The F value and significance of the one-way Anova based on species is displayed per biomass harvest intensity. Different letters denote significant
differences among species according to Tukey’s posthoc test with a significance level of P < 0.05.

Nutrients Biomass ton N kg Ca kg Kkgha™! Mg kg Skgha™! Pkgha! Mn kg Znkgha™!  Fekgha! Cukgha?
ha! ha! ha! ha™! ha!
Whole tree
Beech 190 + 17° 520 + 380 + 220 + 59 +13% 27 £21°  20+21 12+27°  15£0.27 23+0.33®° 0.35+0.026
54> 76° 25°
Douglas 240 + 19° 490 + 150 +34* 100 + 28+1.9° 27+28 20416 8.6+25 52433 3.1+0.53"  0.53+0.10
fir 50° 6.2%
Scots pine 99 + 7.8% 290 + 110+ 11  93+12* 25+ 17 +£2.2° 15+27 48 + 25+0.84 1.6+0.16*°  0.32+0.035
322 0.93° 0.60°
F-value 27 8.7 12 11 4.6 4.9 2.6 2.6 2.4 5.0 3.8
P-value < 0.001 <0.005 < 0.001 < 0.005 0.047 0.027 0.11 0.11 0.15 0.026 0.053
Stem only
Beech 130 + 13° 310 + 240 + 150 + 42 +10° 14+12° 10+1.3° 75+1.6 088+ 0.85 + 017 +
33° 50° 20° 0.19 0.16%° 0.012°
Douglas 210 + 17¢ 330 + 89+19° 63+34" 16+1.1° 16+15° 10+079° 50+1.4 3.6+23 1.5+033" 042+0.11°
fir 31°
Scots pine 78 + 5.7% 140 + 71+£59 48+4.4° 16+ 7.2+ 52+0.83 3.0+031 14+039 0.56+ 0.21 +
16° 0.54° 0.64° 0.12? 0.027%
F-value 27 17 13 24 6.3 14 12 2.6 3.4 6.9 6.8
P-value <0.001 <0.001  0.001 < 0.001 0.014 < 0.001 0.001 0.11 0.087 0.010 0.011
Stem wood
Beech 130 + 120° 260 + 94+11° 140 + 38+9.9° 11+1.1° 81+12° 56+12 076+ 057 +0.17  0.14 +
28° 19° 0.17 0.0096
Douglas 190 + 150° 250 + 46 +54° 35+26° 93+ 8.9+ 5.1+ 33+£1.1 20+1.2 0.67 +0.14  0.33 +0.12
fir 24P 0.63° 0.92° 0.53%
Scots pine 72 + 54° 110 + 44+37° 38+37° 13+ 4.8 + 3.4+065" 254027 124032 0.38+011 0.19+0.028
14° 0.52° 0.46°
F-value 27 17 14 15 12 16 9.6 21 1.4 1.6 2.4
P-value < 0.001 < 0.001 < 0.001 0.002 0.004 < 0.001 0.003 0.16 0.29 0.25 0.14

Nutrient stocks per stand and per tree compartment are in Table S4.
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Fig. 1. Nutrient stocks (kg ha™?) in the foliage, branches, stem bark, stem wood and organic layers in forest stands dominated by European beech (BE), Douglas fir
(DG) and Scots pine (SP). All nutrient stock values are based on measurements, except for the foliage of European beech which were calculated based on allometric
relationships and nutrient concentrations derived from literature, see method section 2.3. The percentage values present the ratios of the above-ground nutrient
stocks in trees divided by the nutrient stocks in the organic layers. Bold percentages indicate statistical differences between the above ground and the organic layer

nutrient stocks according to Paired t-test statistics (table S6).

Table 5

The means (and standard errors) of the total nutrient stocks of macro (N, Ca, K, Mg, S and P) and micro (Mn, Zn, Fe and Cu) nutrients in the organic soil layers (kg ha )
and the available stock of macro and micronutrients (kg ha™1) in the upper 30 cm of the mineral soil. The F value and significance of the one-way Anova based on

species per soil layer (organic layers and mineral soil) is displayed.

Species N kg ha™! Cakgha™! Kkgha™! Mg kg ha™? Skgha™! Pkgha? Mn kg ha™! Znkg ha™! Fe kg ha™! Cu kg ha™!
Organic layers

Beech 1100 + 190 120 +£ 15 36 + 4.2 24 +23 50 + 6.5 33+4.0 2.8 +0.40 2.3 +£0.82 45 +6.5 0.57 £ 0.09
Douglas fir 1000 + 100 130 + 8.7 23 +27 27 + 4.3 52+ 28 35+26 3.1+£0.40 53+37 47 £2.7 0.56 + 0.05
Scots pine 1000 + 110 92 +10 28 £ 2.5 22 +£26 46 £5.5 33+29 1.9 +0.28 42+21 40 +£5.9 0.41 + 0.05
F-value 0.12 2.9 3.9 0.64 0.37 0.14 3.08 1.1 0.50 2.0

P-yalue 0.89 0.09 0.05 0.54 0.70 0.87 0.08 0.39 0.62 0.18

Mineral soil

Beech 42+1.8 52+17 26 + 3.7 8.0+1.7 18 +0.78 4.3 +£0.43 0.49 +0.19 0.42 + 0.045 16 +1.9 0.10 + 0.028
Douglas fir 54+28 8.7+18 22+1.4 6.9 £ 0.69 28 +2.2 7.4+13 0.71 £ 0.19 2.1 +0.89 21+23 0.12 £ 0.032
Scots pine 46 + 2.4 4.0 £0.50 27 +£2.3 4.8 £0.86 19+1.1 5.8 £0.72 0.15 + 0.039 0.70 £ 0.23 15+1.7 0.065 =+ 0.0090
F-value 2.0 1.3 0.18 0.76 3.3 1.9 2.1 0.19 0.69 0.11

P-yalue 0.18 0.30 0.84 0.49 0.07 0.19 0.17 0.83 0.52 0.89

The nutrient stocks of the organic layers per stand are in Table S4, the available concentration of the mineral soil during wintertime per stand are in Table S8.

The organic soil stock of Ca, K, Mg and Mn were smaller than the
aboveground stocks, but differences were only large and significant for K
and Mn, and for Ca and Mg in beech (Fig. 1). The highest biomass
nutrient stock to soil nutrient stock was observed for K, with an
aboveground nutrient stock between 338 % and 750 % of the stock
present in the organic soil layers (Fig. 1). In contrast, high stocks in the
organic soil layers as compared to the aboveground tree stock were
observed for Fe, where 4 to 6 % of the organic soil layers stock was
present in the aboveground tree biomass. The organic layer nutrient
stocks of major nutrients N, P and S were similar to (in case of beech) or
larger than the aboveground nutrient stocks.

3.2. Annual nutrient uptake and nutrient availability

The estimated annual aboveground biomass increment was 4700 +
430 kg ha™! yr~! in beech stands, 7800 + 910 kg ha—* yr™! in Douglas
fir stands and 3900 + 430 kg ha~! yr! in Scots pine stands. The biomass
increment is significantly higher in Douglas fir compared to both beech
and Scots pine and is driven by a higher biomass increment of the stem

wood and bark (Table S7). Annual nutrient uptake was largest for N and
lowest for Cu (Fig. 2). Base cation uptake differed between species,
beech had 2.4 times higher uptake rates than Douglas fir and Scots pine
stands for Ca, and 1.5 and 1.9 times higher for K and Mg respectively
(Fig. 2, Table S8). There was no significant difference in Mn uptake
between the species, although beech tended to have a higher uptake
than Douglas fir and Scots pine.

The concentrations of available nutrients in the mineral soil did not
differ between species and decreased in the order of N > S > K > Fe >
Mg > Ca > P > Zn > Mn > Cu. The base saturation was on average 3.6 %
while the average CEC-Al equaled 85 %. The annual nutrient uptake was
generally lower than the available nutrients in the mineral soil which
was measured during wintertime (Table 5). Only the annual uptake of
Ca in beech and Mn in Scots pine exceeded the available nutrients in the
mineral soil (Fig. 2, Table 5). The nutrient stock of the organic soil layers
was over 50 times higher than the annual nutrient uptake for N, P and S,
and<10 times bigger than the annual nutrient uptake of K and Mn (in
case of beech).
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Fig. 2. Estimated mean annual nutrient uptake rates in the foliage, branches, stem bark and stem wood for forest stands dominated by European beech (BE), Douglas
fir (DG) and Scots pine (SP) over the period 2008-2018 (kg ha! yr’l). Different capital letters indicate significant differences (ANOVA, p < 0.05) among species.

Absence of capital letters indicate no significant differences between species.

3.3. Impact of timber harvest intensity on biomass and nutrient export

The reduction to the target basal area for the treatments yielded an
average basal area export between 3.7 to 6.4 m? for high thinning, 19 to
25 m? for shelterwood and 22 to 34 m? for clearcutting (Table 2). Basal
area reductions were comparable between beech and Scots pine but
higher for Douglas fir corresponding to much higher absolute biomass
exports in Douglas fir compared to beech and Scots pine (Fig. 3, Table 4).
Biomass reductions for the different timber- and biomass harvest in-
tensities ranged from 12 % (SOH) to 21 % (WTH) in high thinning, 55 %
(SOH) to 86 % (WTH) in shelterwood and 67 % (SOH) to 100 % (WTH)
in a clearcutting (Table S9).

Nutrient export was highest for N and lowest for Cu for all timber
harvest intensities, proportional to nutrient stocks (Table 4). Differences
in biomass and nutrient export were substantial between high thinning
and shelterwood and high thinning and clearcutting, while shelterwood
and clearcutting resulted only in a slight difference in biomass and
nutrient export (Fig. 3).

Nutrient export differed between species. In a conventional stem
only harvest clearcutting of beech, significantly higher stocks of Ca and
K and, although not significant, higher stocks of Mg were exported. In a
Scots pine stem only clearcutting, significant lower stocks of N, P and S
were exported (Fig. 3). Differences in biomass and nutrient exports were
more pronounced when comparing whole tree harvest but less when
comparing stem wood harvest (Fig. S2, Table 4).

3.4. Impact of biomass harvest intensity on biomass and nutrient export

The biomass and nutrient export were compared between stem only
harvest and whole tree harvest, and between stem only harvest and
wood only harvest. Compared to stem only harvest, whole tree harvest
increased the biomass export on average by 35 % (52 tons ha™!) for
beech, 12 % (26 tons ha!) for Douglas fir and 27 % (21 tons ha ') for
Scots pine following clearcutting harvest. The average increase of

nutrient export was highest in Scots pine (100 %), intermediate in beech
(87 %) and lowest in Douglas fir (66 %). Highest increase of nutrient
export was observed for Fe where whole tree harvest increased export up
to 220 % (Fig. 4). Large increase in export was also observed for P, whole
tree harvest resulted in an increased P export of 92 % in Douglas fir, 96
% in beech and 180 % in Scots pine. The average increase of the base
cations (Ca, K, Mg) and Mn export resulting from whole tree harvest was
55 % in beech, 66 % in Scots pine and 68 % in Douglas fir.

Compared to stem only harvest, wood only harvest (excluding the
bark) in a clearcutting decreased the biomass export by 5.9 % in beech (7
tons ha_l), 9.8 % in Douglas fir (21 tons ha™!) and 7.5 % in Scots pine (6
tonsha™!) (Fig. 4). Yet, the decrease of nutrient losses was much higher:
wood only harvest resulted in an average decrease in nutrient export of
23 % in beech, 25 % in Scots pine and 41 % in Douglas fir compared to
stem only harvest. The highest decrease of nutrient export was observed
for Ca in beech (58 %) and P and Fe in Douglas fir (resp. 51 % and 56 %).
The export of base cations Ca, K, Mg and Mn following wood only
harvest decreased by 23 % in Scots pine, 26 % in beech and 43 % in
Douglas fir.

4. Discussion
4.1. The potential of forest regrowth from a soil nutrient stock perspective

The potential of forest regrowth after tree harvest depends largely on
soil nutrient stocks. The nutrient stocks in organic soil layers are
particularly important for long-term site nutrition for forest on low
fertility sites, such as acidic soils (Prietzel and Stetter, 2010; Garrett
et al.,, 2021). Many forest soils are sensitive to acidification resulting
from long lasting acid deposition. The sampled forest soils were strongly
acidic with a low base saturation (Table 2), which represent the condi-
tions of many other European forests on acidified soils (Riek et al., 2012;
Binkley and Hogberg, 2016).

We found that the nutrient stocks of the organic soil layers were
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Fig. 3. Export of biomass, macronutrients (N, P, K, S, Ca and Mg) and micronutrients (Mn, Cu, Fe, Zn) under the different timber harvest intensities: high-thinning
(HT), shelterwood (SW) and clearcutting (CC). The biomass harvest intensity considered here is stem only harvest, the biomass harvest intensities whole tree harvest
and stem wood harvested are in Figure S2. Coloured dots are outliers. Different capital letters indicate significant differences (ANOVA, p < 0.05) among species for
the clearcutting treatment. Same magnitude, but with less pronounced differences is expected for the high-thinning and shelterwood treatments.

higher than in (aboveground) trees for most nutrients, except for Ca, K,
Mg (base cations) and Mn, regardless of the tree species (Fig. 1).
Aboveground stocks, however, differed between tree species with higher
base cation stocks in beech. Overall, comparing annual nutrient uptake
in aboveground woody tree biomass (i.e. immobilization) and the
nutrient stocks of the organic layers, we observed that the current

organic layer nutrient stock could support up to 20 years of annual K and
Mn uptake and up to 50 years of Ca and Mg uptake. This indicates that,
with too limited external nutrient supplies, the base cation stocks of
organic soil layers may be insufficient for long-term site nutrition. High
nutrient uptake demands by roots caused by high turnover rates
(Brunner et al., 2013), which is not taken into account in this study,
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could further limit the period of growth supported by the organic layers.
As the organic soil layers are the major source of base cations (Kuehne
et al., 2008), base cation nutrition is a potential limiting factor for long-
term forest growth when harvests are continued. Organic soil layers
provide sufficient stocks of other nutrients to supply long-term forest
growth. The current organic soil layers stocks potentially supply the
current annual uptake in woody tree biomass of N, P and S for forest
growth for > 80 years, which is a common rotation period.

The dependency on the organic soil layers as a nutrient source,
however, differs per species. For example, the superficial fine root dis-
tribution of Scots pine suggests a high dependency on the organic soil
layers for nutrient uptake (Vanninen and Makeld, 1999; Helmisaari
et al., 2007), while Douglas fir roots also appear in the top of the mineral
soil (Nnyamah and Black, 1977; Olsthoorn, 1991). Deep soil uptake has
been demonstrated for beech which reduces the dependency on the
organic soil layers as a nutrient buffer (Berger et al., 2006; Turpault
et al., 2019). Comparison of the nutrient stocks of the organic layers
solely may therefore underestimate the potential of the soil nutrient
stock to support forest growth.

The top of the mineral soil (down to 30 cm depth) however, hardly
provides an additional nutrient stock for base cations as base saturation
levels are generally below 4 % (Table 2). The overall influence of the
deep mineral soil (>30 cm depth) as a nutrient source in beech remains
ambiguous. Generally, the biochemical cycling is inferior to nutrient
uptake from biological nutrient cycling (Berger et al., 2006; van der
Heijden et al., 2015). The uptake from organic soil layers and the bio-
logical cycling of nutrients account for a large part of the base cation
uptake in beech (45-60 %) (Goransson et al., 2006; van der Heijden
et al., 2015; Turpault et al., 2019). This is reflected by the low organic
layer stock of Ca, K and Mg stock of beech, which equaled the organic
layer stocks in Douglas fir and Scots pine despite the higher above-
ground nutrient stocks of beech. Therefore, despite of the deep soil
uptake of beech, beech stands, as well as Douglas fir and Scots pine
stands, depend on external nutrient supply of base cations for forest
regrowth after harvest on the long term.

Finally, remarkable high stocks of N, S and Fe were present in the
organic soil layers, with the Fe stock up to 500 times the annual Fe
uptake. These high stocks are clear indicators of the ongoing effects of S
and N deposition. Reduction of the N deposition is expected to result in

only a marginal response of forest stands (Schmitz et al., 2019), while
accumulation of S in the organic soil layers is linked to a 50 % reduction
of the soil Ca and Mg pool (Prietzel et al., 2004). The organic soil layers
therefore hold legacies with negative impacts on (base cation) nutrition
for the coming decades.

4.2. Growth and nutrient uptake

Species differ in both growth rate and nutrient uptake rates. Douglas
fir grew faster in aboveground biomass than beech and Scots pine
(Table S7) but was similar in nutrient uptake compared to Scots pine
(Fig. 2). This higher nutrient use efficiency, resulting from the lower
nutrient concentration of Douglas fir (Vos et al., 2023), may contribute
to the competitive superiority of Douglas fir over beech and Scots pine
on low fertile sites.

Uptake of the macronutrients N, P and S did not differ between
species. The annual uptake of base cations in aboveground tree biomass
(including foliage), however, was up to 3 times higher in beech stands
compared to Douglas fir and Scots pine stands (Fig. 2). This high base
cation uptake was not reflected in high annual biomass growth, which
implies a low base cation use efficiency in beech. This low efficiency
may lead to more rapid depletion of soil exchangeable base cation stocks
and nutrient imbalances, which result in growth reductions on nutrient
poor sites (Balcar et al., 2011; Calvaruso et al., 2017; Cremer and
Prietzel, 2017; Court et al., 2018). Such growth reductions may already
occur as the studied beech stands were of medium to poor yield contrary
to Douglas fir and Scots pine stands, that were of excellent and good
yield, respectively, according to traditional yield tables for such sites
(Jansen et al., 2018). Also the within tree nutrient imbalances are likely
to occur in beech stands as we found 24 % lower annual aboveground
uptake rates for K, 30 % lower for Mg and around 50 % lower for P and
Ca compared to a forest stand with similar biomass production (5.1 tons
ha! yr’l) in France (Calvaruso et al., 2017). From this, we hypothesize
that the growth of beech might be impaired by low mineral supply of
base cations. Such impaired growth may limit further use of beech for
timber and biomass production, also because nutrient imbalances have
been previously related to increased sensitivity to drought and forest
dieback (Bal et al., 2015; Gonzalez de Andrés et al., 2021). From this we
speculate that the sustainability of beech stands on soils with low
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reservoirs of base cations (K, Ca, Mg) and Mn may be at risk with respect
to the mineral supply.

Surprisingly, despite lower concentrations of base cations and P in
aboveground tree biomass (Vos et al., 2023), the direct available
nutrient stock in wintertime (Table 5) was overall higher than the
annual nutrient uptake (Fig. 2) indicating no direct nutrient limitation
for base cations, Mn and P in the short term. Caution for interpretation is
however required since we did not take annual nutrient uptake rates in
roots into account, therefore potentially underestimating the actual
annual nutrient uptake rate by trees. Nevertheless, available P in
wintertime was 10 times greater than the annual P uptake although this
available P was far below the optimum for tree growth (Van den Burg
and Schaap, 1995). On an European level, P limitation is increasing as
indicated by foliar concentrations (Du et al., 2021). Nonetheless, the
relatively high available P concentrations in the mineral soil relative to
tree uptake indicated no P limitation. Foliar concentrations did however
indicate P limitation but not base cation limitation (Vos et al., 2023). We
do not know how these ambiguous responses emerge from underlying
mechanisms, which may include decreased mycorrhizal uptake effi-
ciency (Braun et al., 2010), the preferential uptake of N over other el-
ements (Vanguelova and Pitman, 2019) or a mismatch in decomposition
and uptake. Based on the soil organic stock and the availability of nu-
trients in the mineral soil, we argue that P limitation is not caused by a
small total soil P stock contrary to base cations which are at risk of soil
stock limitation.

4.3. Base cation balance for forest growth

The long-term recovery after harvest not only depends on the
nutrient stocks in the soil, but also on the fluxes driving the dynamics of
these stocks. The fluxes include losses by tree uptake and leaching from
the soils on the one hand and the gain via deposition and weathering on
the other hand. To quantify the nutrient balances of base cations for our
forest stands, we compared the estimated nutrient uptake rates in
aboveground woody biomass (including bark) with the estimated total
deposition based on wet-only deposition (RIVM, 2015) and leaching and
weathering data of comparable forest stands (de Vries et al., 2021). We
focused on nutrient uptake of the woody biomass and bark and not the
foliage, because the stem accumulates nutrients whereas the foliage
recycles nutrients to soil within few years. This assumption is reasonable
for mature forest of this study, which are supposed to have relatively
constant annual needle production and low natural tree mortality rates
(Turner and Long, 1975; Flower-Ellis, 1985; Albrektson, 1988). The
leaching and weathering fluxes, however, add considerable uncertainty
to the balance as site specific leaching and weathering fluxes are needed
for balance calculations (Pare and Thiffault, 2016) and conclusions on
balances remain therefore uncertain too. Nevertheless, the thus calcu-
lated nutrient balances were predominantly negative for K, Ca and Mg,
indicating an annual reduction of the soil nutrient stock up to 4.2 kg
ha ! yr~! for K, 1.1 kg ha™! yr! for Mg and 8.6 kg ha™! yr~! for Ca
(Table 6). The most negative balances were present for beech, which had
the highest uptake rates, while balances for Douglas fir were least
negative.

Negative annual balances for base cations in beech, together with P
limitation (Sverdrup et al., 2006; Schmidt et al., 2015) and negative
balances of Ca in Douglas fir (Sverdrup et al., 2006) have been observed
throughout Europe. Deficiencies, resulting from long-term negative
balances, were observed for Mg and K in needles of Douglas fir in Czech
Republic (Sramek et al., 2019), indicating that negative balances of base
cations in both beech and Douglas fir are widespread. Even on a global
scale, K fertilization was found to increase tree growth in 69 % of the
forest ecosystems (Tripler et al., 2006), indicating that base cation
nutrition is potentially limiting forest growth on continental to global
scale. Base cation nutrition is currently still deteriorating due to high N
deposition. The uptake of K is negatively affected by N uptake in beech
stands (Vanguelova and Pitman, 2019) and even though N deposition is
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Table 6

Annual nutrient uptake in stem wood, bark and branches (kg ha* yr™!) and the
nutrient inputs via weathering (kg ha~! yr!) and leaching (kg ha™! yr ).
Weathering and leaching rates are based on published data of forest nutrient
budgets in the Netherlands (de Vries et al., 2021), deposition is based on bulk
deposition data (RIVM, Table S10) multiplied by the correction factor to
calculate total deposition within a forest stand (Table S11). The balance is the
sum of weathering and deposition minus uptake and leaching. The net external
nutrient input is the sum of nutrients coming in by soil weathering and atmo-
spheric deposition minus leaching, and thus excludes the nutrient uptake by
trees.

Flux K Mg Ca
Uptake1 ) Beech 5.7 + 0.53 1.4 £ 0.16 88 +1.2
Douglas fir 2.8 +£0.27  0.70 +£0.094 3.5+ 0.63
Scots pine 3.24+0.47 0.89 £0.091 3.6 +£0.48
Leaching (-) Beech 2.3 2.9 5.8
Douglas fir 1.3 1.6 3.2
Scots pine 1.9 2.4 4.8
Weathering (+) 2.0 1.8 3.0
Deposition (+) Beech 1.1 1.2 2.0
Douglas fir 1.0 1.4 2.3
Scots pine 1.0 1.2 1.5
Balance Beech —4.9 —-1.3 —9.6
Douglas fir  —1.1 0.90 —1.4
Scots pine —-2.1 —0.29 —-3.9
External nutrient input ~ Beech 0.8 0.1 —0.8
Douglas fir 1.7 1.6 2.1
Scots pine 1.1 0.6 —0.3

1 uptake in wooden parts (stem wood, stem bark and branches).

decreasing, recovery of the nutrient imbalance remains limited in Eu-
ropean forests (Schmitz et al., 2019). Although, the loss of base cations
can be (partly) mitigated by deep soil uptake in beech, no such mech-
anisms can possibly compensate for nutrient losses in Douglas fir and
Scots pine (Nnyamah and Black, 1977; Olsthoorn, 1991; Vanninen and
Makela, 1999; Helmisaari et al., 2007). Overall, despite high uncertainty
in the nutrient balance, there are multiple indicators suggesting possible
growth limitation due to negative balances of K, Ca and Mg. These
negative balances may result in long-term growth reductions and can be
a risk for timber and biomass production as well as forest health.

4.4. Effect of timber harvest intensity

Nowadays, current forest management tends to shift towards less
intense harvest intensities in which a continuous cover is maintained.
These less intense forest management practices are favoured because of
the greater resistance of forest to biotic and abiotic damages (Knoke,
2009). The biomass export in a stem only harvest high thinning, a low
intensity forest management, leads to limited biomass (13-43 tons ha™!)
and nutrient exports (0.12-220 kg, Fig. 3). However, effects of low in-
tensity forest management will be comparable to nutrient exports in
high intensity forest management as the frequency of the low forest
management is higher, diminishing possible advantages for forest
nutrient balances.

Regardless of harvest intensity, we expected the species in our study
to have large export differences since they differ in biomass growth,
biomass distribution and nutrient concentrations. Our results confirm
earlier work on Douglas fir, showing higher biomass yield than beech
and Scots pine on well-drained nutrient poor sites (Fig. 3) (Bastien,
2019; Thomas et al., 2022). Despite this higher yield, nutrient export in
all harvest intensities was generally lower compared to the other two
species. Due to the low nutrient export, there is no direct threat of
negative nutrient balances for Douglas fir timber harvest. For example,
loss of base cations can be recovered within 9 years after a stem only
high thinning up to 42 years after a stem only clearcutting (Table 4,
Table 6). Contrary, negative nutrient balances were reported previously
for Douglas fir stands (Ranger et al., 2002; de Vries et al., 2021), with
more negative balances during stand development due to higher
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nutrient uptake and leaching (Ranger et al., 2002). The nutrient dy-
namics during stand development were not considered in this study. In
the nutrient export balance, the annual uptake of nutrients in foliage was
not considered, although this short-term uptake flux is known to result
in negative balances (Table 6). It is therefore possible that nutrient
budgets become temporarily negative during stand development
following harvest which may decrease tree growth.

Timber harvest in beech and Scots pine is likely to impede forest
nutrition within two final felling’s using common rotation periods.
These final felling’s could be either two clearcutting harvest intensities
or a series of thinning’s, both resulting in the harvest of all stems. Timber
harvest, regardless of harvest intensity, in both beech and Scots pine
resulted in negative balances of base cations with no natural refill of
exported Ca due to the negative external supply (Table 6). To fully
replace the loss of the other base cations in beech, rotation periods of 70
years should be used for a stem only high thinning up to a rotation
period of 420 years for a stem only clearcutting. These rotation periods
can be calculated by dividing the nutrient export (Fig. 3) by the external
nutrient supply (Table 6). For Scots pine, the Mg and K stock will be
recovered within 30 years following clearcutting harvest up to 60 years
following stem only clearcutting harvest. Although deep layer uptake
could provide another nutrient influx for beech, this influx may have
only a limited effect on tree nutrition (Berger et al., 2006; van der
Heijden et al., 2015). Negative nutrient budgets for base cations due to
harvest were reported previously (Ruzek et al., 2019; de Vries et al.,
2021), together with possible P limitation (de Vries et al., 2021). We did
not find risks of declining P stocks as P stocks of all species following
stem only harvest in a clearcutting can recover within 50 years
considering leaching, weathering (de Vries et al., 2021) and deposition
(RIVM, 2015). Negative balances of Ca and P have been found previ-
ously (Vangansbeke et al., 2015; de Vries et al., 2021) as well as negative
balances of K and Mg which were linked to elevated S deposition (Schaaf
et al., 1995) and risks for negative K balances were mentioned for
Scandinavia (Palviainen and Finer, 2012). Finally, we predict that har-
vest in beech stands leads to negative nutrient balances, regardless of
harvest intensity. We also have indications that the nutrient balances
following stem only harvest in Scots pine seem solely hampered by
negative Ca inputs. The annual decreasing soil nutrients stocks, resulting
from negative external nutrient input, imply that additional measures
are necessary to counteract the loss of base cations if trees will be har-
vested in these forests in the long term.

4.5. Effect of biomass harvest type

The biomass harvest type, i.e., harvest of crown materials in case of
whole tree harvest (WTH) or stripping the bark in case of wood only
harvest (WOH), strongly influenced the nutrient export by harvest but
had relatively small effects on biomass exports. The highest biomass
gain (beech: 140 %, taking stem only harvest as the 100 %-reference)
after WTH was accompanied by nutrient losses up to 310 %. The biomass
gain following whole tree harvest for Scots pine (130 %) is in line with
earlier reports for Scots pine (Palviainen and Finer, 2012; Wegiel et al.,
2018) but the export in beech in this study was higher which could be
caused by wider crowns (Gottlein et al., 2012; Ulbricht et al., 2016).
Whole tree harvest caused considerable increase in base cation
(150-190 %) and P (190-280 %) export. These increased losses of scarse
nutrients will cause more negative nutrient balances or unrealistic long
rotation periods for both beech and Scots pine. Whole tree harvest in
Douglas fir seems more sustainable, since base cation losses due to whole
tree harvest are replenished by external nutrient input within 70 years.
However, because of low stocks of especially K and Mn in the organic
soil layers, there seems hardly any nutrient buffer in the system to
recover from disturbances. Such disturbances impact soil nutrient stocks
as, for example, leaching temporarily increases after harvest (Katzen-
steiner, 2003; Rothe and Mellert, 2004; Gundersen et al., 2006; Piirainen
et al., 2007). Therefore, although nutrient stocks can be replenished by

11

Forest Ecology and Management 530 (2023) 120791

external nutrient supply assuming stable conditions, the poor soil
nutrient buffers for base cations, Mn and P makes whole tree harvest
potentially unsustainable and a risk for nutrition and forest growth
(Thiffault et al., 2011) within a single rotation period for such forests on
poor and acidified soils.

Wood only harvest, thus removing stem without stem bark, resulted
in a 6-10 % lower biomass export (again compared to stem only harvest
as the 100 %-reference) but saves up to 50 % of the base cation and P
export. Highest reductions in nutrient exports were shown for Douglas
fir while reductions were lowest for beech (Fig. 4). Wood only harvest
will lower the base cation export with 10 % to 60 % and the P export by
30 to 50 % compared to stem only harvest. High stocks of base cations in
the bark are observed across multiple species, including an up to 50 %
decrease of base cation export following wood only harvest (Andre et al.,
2010; Achat et al., 2015). Although this study confirms that leaving the
bark in the forest is a sustainable management practice (Pyttel et al.,
2015; Manolis et al., 2019), the effects differ per nutrient and per spe-
cies. Wood only harvest will allow rotation periods of 50 years following
a clearcutting in Douglas fir but cannot counteract the negative external
nutrient input in beech and Scots pine, indicating that harvest in beech
and Scots pine will still lead to negative Ca balances. However, wood
only harvest can prevent depletion of soil K and Ca stocks in both beech
and Douglas fir which has previously been observed for coppice oak
systems (Pyttel et al., 2015). Furthermore, wood only harvest will keep
the main stock of micronutrients in the forest (Manolis et al., 2019). We
strongly advocate to shift conventional stem only harvest to wood only
harvest. In-situ debarking has been done for Spruce where 91 % of the
bark was left in the forest in the final felling (Mergl et al., 2021). High
debarking efficiencies using harvesters were reported in multiple
studies, concluding that in-situ debarking is a potential addition to
existing harvesting methods (Heppelmann et al., 2019; Holzleitner and
Kanzian, 2022). Debarking of trees may therefore not lead to technical
impossibilities but will considerably improve nutrient balances for for-
ests on low-fertile soils.

4.6. Conclusions

Many forests occur on acidified, poor and well-drained forest soils, i.
e., soils with low base saturation that are at risk of base cation and Mn
limitation. For 15 Dutch forest stands on such soils, we measured
nutrient stocks for macro- and micronutrients and calculated potential
limitations in nutrient supply for forest recovery. The aboveground base
cation and Mn stocks are generally larger than the soil stocks, posing an
immediate threat to forest nutrition if the trees are harvested. Even
without harvest, negative external nutrient inputs like the negative
input of Ca in both beech and Scots pine forests poses threats to forest
growth and vitality. This negative external Ca balance limits also timber
harvest in both beech and Scots pine as exported nutrients cannot be
recovered, resulting in a depletion of the Ca nutrient stock within 2 final
fellings. Contrary, timber harvest in Douglas fir stands will not result in
negative base cation balances using rotation periods of 80 years as base
cation losses by harvest are fully replaced by external input. However,
temporary negative nutrient balances resulting in lower growth might
occur as aboveground K and Mn stocks are larger than the soil stocks. We
show that on such nutrient poor forest soils, whole tree harvest should
be avoided as harvesting crown materials results in negative nutrient
balances, with particularly base cation nutrient removal exceeding the
base cation nutrient stocks. Whole tree harvest also resulted in
extraordinary high export losses of P, which may limit future forest
growth. Instead, wood only harvest, where the bark is stripped in the
field, may pose opportunities for sustainable biomass harvest as it can
conserve up to 50 % of the nutrients in the system compered to regular
timber harvest. We therefore recommend that use of such forests on
acidified, poor soils will be limited to low intensity harvesting, and
recommend debarking trees to conserve large quantities of nutrients
within the forest system upon harvest.



M.A.E. Vos et al.

Author contributions

Marleen A.E. Vos, W. de Vries, J. den Ouden and Frank J. Sterck
conceived the ideas, methodology was designed by Marleen A.E. Vos
and J. den Ouden. The soil sampling was conducted by M. Valtera and
Marleen. A.E. Vos. Statistical analysis was performed by Marleen A.E.
Vos. Marleen A.E. Vos led the writing of the manuscript. All authors
contributed critically to the drafts and gave final approval for
publication.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This research is part of the Nutrient Balance project and was funded
by the Dutch Research Council (NWO, No. ALWGS.2017.004). The
contribution of M. Valtera was supported from the European Regional
Development Fund (project no. CZ.02.2.69/0.0/0.0/16_027,/0007953).
We acknowledge Henk van Roekel, Leo Goudzwaard and many other
members of the harvest team for their valuable help with establishing
the experiment, the harvest and the sample processing. We thank our
partners, National Forest Service, Union of private Forest Owner Groups,
Het Loo Royal Estate, Staro nature and countryside, Borgman manage-
ment consultants, National Park de Hoge Veluwe and Blom Ecology for
financial support, permission to work in their forest or other provided
services.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foreco.2023.120791.

References

Achat, D.L., Deleuze, C., Landmann, G., Pousse, N., Ranger, J., Augusto, L., 2015.
Quantifying consequences of removing harvesting residues on forest soils and tree
growth - a meta-analysis. For. Ecol. Manage. 348, 124-141.

Achat, D.L., Martel, S., Picart, D., Moisy, C., Augusto, L., Bakker, M.R., Loustau, D., 2018.
Modelling the nutrient cost of biomass harvesting under different silvicultural and
climate scenarios in production forests. For. Ecol. Manage. 429, 642-653.

Albrektson, A., 1988. Needle litterfall in stands of Pinus sylvestris L. in Sweden, in
relation to site quality, stand age and latitude. Scand. J. Forest. Res. 3, 333-342.

Andre, F., Jonard, M., Ponette, Q., 2010. Biomass and nutrient content of sessile oak
(Quercus petraea (Matt.) Liebl.) and beech (Fagus sylvatica L.) stem and branches in
a mixed stand in southern Belgium. Sci. Total Environ. 408, 2285-2294.

Augusto, L., Ranger, J., Ponette, Q., Rapp, M., 2000. Relationships between forest tree
species, stand production and stand nutrient amount. Ann. Forest. Sci. 57, 313-324.

Bal, T.L., Storer, A.J., Jurgensen, M.F., Doskey, P.V., Amacher, M.C., 2015. Nutrient
stress predisposes and contributes to sugar maple dieback across its northern range:
a review. Forest.: Int. J. Forest Res. 88, 64-83.

Balcar, V., Kacalek, D., Kunes, I., Dusek, D., 2011. Effect of soil liming on European beech
(Fagus sylvatica L.) and sycamore maple (Acer pseudoplatanus L.) plantations. Folia
Forestalia Polonica. Series A. Forestry 53.

Bartelink, H., 1997. Allometric relationships for biomass and leaf area of beech (Fagus
sylvatica L). Annales des sciences forestieres, EDP Sciences, pp. 39-50.

Bastien, J.-C., 2019. Douglas-fir biomass production and carbon sequestration, 4.2,.
European Forest Institute.

Berger, T.W., Swoboda, S., Prohaska, T., Glatzel, G., 2006. The role of calcium uptake
from deep soils for spruce (Picea abies) and beech (Fagus sylvatica). For. Ecol.
Manage. 229, 234-246.

Binkley, D., Hogberg, P., 2016. Tamm Review: revisiting the influence of nitrogen
deposition on Swedish forests. For. Ecol. Manage. 368, 222-239.

Borjesson, P., Hansson, J., Berndes, G., 2017. Future demand for forest-based biomass for
energy purposes in Sweden. For. Ecol. Manage. 383, 17-26.

12

Forest Ecology and Management 530 (2023) 120791

Bowman, W.D., Cleveland, C.C., Halada, L., Hresko, J., Baron, J.S., 2008. Negative
impact of nitrogen deposition on soil buffering capacity. Nat. Geosci. 1, 767-770.

Braun, S., Thomas, V.F., Quiring, R., Fliickiger, W., 2010. Does nitrogen deposition
increase forest production? The role of phosphorus. Environ. Pollut. 158,
2043-2052.

Briggs, R., Hornbeck, J., Smith, C., Lemin Jr, R., McCormack Jr, M., 2000. Long-term
effects of forest management on nutrient cycling in spruce-fir forests. For. Ecol.
Manage. 138, 285-299.

Brunner, I., Bakker, M.R., Bjork, R.G., Hirano, Y., Lukac, M., Aranda, X., Berja, 1.,
Eldhuset, T.D., Helmisaari, H.-S., Jourdan, C., 2013. Fine-root turnover rates of
European forests revisited: an analysis of data from sequential coring and ingrowth
cores. Plant and Soil 362, 357-372.

Calvaruso, C., Kirchen, G., Saint-André, L., Redon, P.-O., Turpault, M.-P., 2017.
Relationship between soil nutritive resources and the growth and mineral nutrition
of a beech (Fagus sylvatica) stand along a soil sequence. Catena 155, 156-169.

Carpenter, R., Ward, E.B., Wikle, J., Duguid, M.C., Bradford, M.A., Ashton, M.S., 2021.
Soil nutrient recovery after shelterwood timber harvesting in a temperate oak
hardwood forest: Insights using a twenty-five-year chronosequence. For. Ecol.
Manage. 499, 119604.

Clarke, N., Kier, L.P., Kjgnaas, O.J., Barcena, T.G., Vesterdal, L., Stupak, I., Finér, L.,
Jacobson, S., Armolaitis, K., Lazdina, D., 2021. Effects of intensive biomass
harvesting on forest soils in the Nordic countries and the UK: a meta-analysis. For.
Ecol. Manage. 482, 118877.

Clifford, D., Cressie, N., England, J.R., Roxburgh, S.H., Paul, K.I., 2013. Correction
factors for unbiased, efficient estimation and prediction of biomass from log-log
allometric models. For. Ecol. Manage. 310, 375-381.

Court, M., van der Heijden, G., Didier, S., Nys, C., Richter, C., Pousse, N., Saint-André, L.,
Legout, A., 2018. Long-term effects of forest liming on mineral soil, organic layer and
foliage chemistry: Insights from multiple beech experimental sites in Northern
France. For. Ecol. Manage. 409, 872-889.

Cremer, M., Prietzel, J., 2017. Soil acidity and exchangeable base cation stocks under
pure and mixed stands of European beech, Douglas fir and Norway spruce. Plant and
Soil 415, 393-405.

de Oliveira Garcia, W., Amann, T., Hartmann, J., 2018. Increasing biomass demand
enlarges negative forest nutrient budget areas in wood export regions. Sci. Rep. 8,
1-7.

de Vries, W., de Jong, A., Kros, J., Spijker, J., 2020. The use of soil nutrient balances in
deriving forest biomass harvesting guidelines specific to region, tree species and soil
type in the Netherlands. For. Ecol. Manage. 479, 118591.

de Vries, W., de Jong, A., Kros, J., Spijker, J., 2021. The use of soil nutrient balances in
deriving forest biomass harvesting guidelines specific to region, tree species and soil
type in the Netherlands. For. Ecol. Manage. 479, 118591.

Du, E., van Doorn, M., de Vries, W., 2021. Spatially divergent trends of nitrogen versus
phosphorus limitation across European forests. Sci. Total Environ. 771, 145391.

Ericsson, K., Nilsson, L.J., 2006. Assessment of the potential biomass supply in Europe
using a resource-focused approach. Biomass Bioenergy 30, 1-15.

Flower-Ellis, J., 1985. Litterfall in an age series of Scots pine stands: summary of results
for the period 1973-1983. Rapport-Sveriges Lantbruksuniversitet, Institutionen foer
Ekologi och Miljoevaard (Sweden).

Garrett, L.G., Smaill, S.J., Beets, P.N., Kimberley, M.O., Clinton, P.W., 2021. Impacts of
forest harvest removal and fertiliser additions on end of rotation biomass, carbon
and nutrient stocks of Pinus radiata. For. Ecol. Manage. 493, 119161.

Gonzélez de Andrés, E., Suarez, M.L., Querejeta, J.I., Camarero, J.J., 2021. Chronically
low nutrient concentrations in tree rings are linked to greater tree vulnerability to
drought in Nothofagus dombeyi. Forests 12, 1180.

Goransson, H., Wallander, H., Ingerslev, M., Rosengren, U., 2006. Estimating the relative
nutrient uptake from different soil depths in Quercus robur, Fagus sylvatica and
Picea abies. Plant and Soil 286, 87-97.

Gottlein, A., Baumgarten, M., Dieler, J., 2012. Site conditions and tree-internal nutrient
partitioning in mature European beech and Norway spruce at the Kranzberger Forst,
Growth and defence in plants, Springer, pp. 193-211.

Grissino-Mayer, H.D., 2001. Evaluating crossdating accuracy: a manual and tutorial for
the computer program COFECHA.

Groenenberg, J.E., Romkens, P.F., Zomeren, A.V., Rodrigues, S.M., Comans, R.N., 2017.
Evaluation of the single dilute (0.43 M) nitric acid extraction to determine
geochemically reactive elements in soil. Environ. Sci. Tech. 51, 2246-2253.

Gundersen, P., Schmidt, I.K., Raulund-Rasmussen, K., 2006. Leaching of nitrate from
temperate forests effects of air pollution and forest management. Environ. Rev. 14,
1-57.

Helmisaari, H.-S., Derome, J., Nojd, P., Kukkola, M., 2007. Fine root biomass in relation
to site and stand characteristics in Norway spruce and Scots pine stands. Tree
Physiol. 27, 1493-1504.

Heppelmann, J.B., Labelle, E.R., Wittkopf, S., Seeling, U., 2019. In-stand debarking with
the use of modified harvesting heads: a potential solution for key challenges in
European forestry. Eur. J. Forest Res. 138, 1067-1081.

Holzleitner, F., Kanzian, C., 2022. Integrated in-stand debarking with a harvester in cut-
to-length operations—processing and extraction performance assessment. Int. J. For.
Eng. 33, 66-79.

Jansen, H., Oosterbaan, A., Mohren, G., Goudzwaard, L., den Ouden, J.,
Schoonderwoerd, H., Thomassen, E., Schmidt, P., Copini, P., 2018.
Opbrengsttabellen Nederland 2018. Wageningen Academic Publishers.

Jonard, M., Fiirst, A., Verstraeten, A., Thimonier, A., Timmermann, V., Potoci¢, N.,
Waldner, P., Benham, S., Hansen, K., Merila, P., 2015. Tree mineral nutrition is
deteriorating in Europe. Global Change Biol. 21, 418-430.


https://doi.org/10.1016/j.foreco.2023.120791
https://doi.org/10.1016/j.foreco.2023.120791
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0005
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0005
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0005
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0010
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0010
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0010
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0015
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0015
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0020
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0020
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0020
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0025
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0025
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0030
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0030
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0030
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0035
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0035
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0035
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0040
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0040
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0045
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0045
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0050
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0050
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0050
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0055
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0055
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0060
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0060
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0065
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0065
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0070
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0070
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0070
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0075
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0075
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0075
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0080
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0080
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0080
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0080
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0085
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0085
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0085
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0090
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0090
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0090
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0090
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0095
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0095
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0095
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0095
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0100
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0100
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0100
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0105
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0105
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0105
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0105
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0110
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0110
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0110
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0115
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0115
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0115
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0120
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0120
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0120
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0125
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0125
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0125
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0130
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0130
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0135
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0135
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0145
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0145
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0145
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0150
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0150
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0150
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0155
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0155
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0155
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0170
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0170
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0170
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0175
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0175
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0175
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0180
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0180
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0180
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0185
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0185
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0185
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0190
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0190
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0190
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0195
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0195
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0195
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0200
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0200
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0200

M.A.E. Vos et al.

Jonsson, R., Rinaldi, F., Pilli, R., Fiorese, G., Hurmekoski, E., Cazzaniga, N., Robert, N.,
Camia, A., 2021. Boosting the EU forest-based bioeconomy: market, climate, and
employment impacts. Technol. Forecast. Soc. Chang. 163, 120478.

Katzensteiner, K., 2003. Effects of harvesting on nutrient leaching in a Norway spruce
(Picea abies Karst.) ecosystem on a Lithic Leptosol in the Northern Limestone Alps.
Plant and Soil 250, 59-73.

KNMI, 2022. LH15, langjarige gemiddelden, tijdvak 1991-2020.

Knoke, T., 2009. Zur finanziellen Attraktivitat von Dauerwaldwirtschaft und
Uberfiihrung: eine Literaturanalyse| On the financial attractiveness of continuous
cover forest management and transformation: a review. Schweiz. Z. Forstwes. 160,
152-161.

Knust, C., Schua, K., Feger, K.-H., 2016. Estimation of nutrient exports resulting from
thinning and intensive biomass extraction in medium-aged spruce and pine stands in
Saxony, Northeast Germany. Forests 7, 302.

Kuehne, C., Donath, C., Miiller-Using, S., Bartsch, N., 2008. Nutrient fluxes via leaching
from coarse woody debris in a Fagus sylvatica forest in the Solling Mountains,
Germany. Can. J. Forest Res. 38, 2405-2413.

Kumar, A., Adamopoulos, S., Jones, D., Amiandamhen, S.O., 2020. Forest biomass
availability and utilization potential in Sweden: a review. Waste Biomass Valoriz.
1-16.

Le Goff, N., Ottorini, J., 2000. Biomass distributions at tree and stand levels in the beech
experimental forest of Hesse (NE France). Viterbo (November), 9-11.

Manolis, E., Zagas, T., Karetsos, G., Poravou, C., 2019. Ecological restrictions in forest
biomass extraction for a sustainable renewable energy production. Renew. Sustain.
Energy Rev. 110, 290-297.

Mantau, U., Saal, U., Prins, K., Steierer, F., Lindner, M., Verkerk, H., Eggers, J., Leek, N.,
Oldenburger, J., Asikainen, A., 2010. Real potential for changes in growth and use of
EU forests. EUwood. Final report.

Mergl, V., Zemanek, T., Susnjar, M., Kleparnik, J., 2021. Efficiency of harvester with the
debarking head at logging in spruce stands affected by bark beetle outbreak. Forests
12, 1348.

Miksys, V., Varnagiryte-Kabasinskiene, 1., Stupak, I., Armolaitis, K., Kukkola, M.,
Wojcik, J., 2007. Above-ground biomass functions for Scots pine in Lithuania.
Biomass Bioenergy 31, 685-692.

Nnyamabh, J.U., Black, T., 1977. Rates and patterns of water uptake in a Douglas-fir
forest. Soil Sci. Soc. Am. J. 41, 972-979.

Olsthoorn, A., 1991. Fine root density and root biomass of two Douglas-fir stands on
sandy soils in the Netherlands. 1. root biomass in early summer. Neth. J. Agric. Sci.
39, 49-60.

Palviainen, M., Finer, L., 2012. Estimation of nutrient removals in stem-only and whole-
tree harvesting of Scots pine, Norway spruce, and birch stands with generalized
nutrient equations. Eur. J. Forest Res. 131, 945-964.

Pare, D., Thiffault, E., 2016. Nutrient budgets in forests under increased biomass
harvesting scenarios. Curr. Forest. Rep. 2, 81-91.

Penuelas, J., Fernandez-Martinez, M., Vallicrosa, H., Maspons, J., Zuccarini, P.,
Carnicer, J., Sanders, T.G., Kriiger, 1., Obersteiner, M., Janssens, .A., 2020.
Increasing atmospheric CO 2 concentrations correlate with declining nutritional
status of European forests. Commun. Biol. 3, 1-11.

Piirainen, S., Finér, L., Mannerkoski, H., Starr, M., 2007. Carbon, nitrogen and
phosphorus leaching after site preparation at a boreal forest clear-cut area. For. Ecol.
Manage. 243, 10-18.

Prietzel, J., Mayer, B., Legge, A.H., 2004. Cumulative impact of 40 years of industrial
sulfur emissions on a forest soil in west-central Alberta (Canada). Environ. Pollut.
132, 129-144.

Prietzel, J., Stetter, U., 2010. Long-term trends of phosphorus nutrition and topsoil
phosphorus stocks in unfertilized and fertilized Scots pine (Pinus sylvestris) stands at
two sites in Southern Germany. For. Ecol. Manage. 259, 1141-1150.

Pyttel, P.L., K6hn, M., Bauhus, J., 2015. Effects of different harvesting intensities on the
macro nutrient pools in aged oak coppice forests. For. Ecol. Manage. 349, 94-105.

Ranger, J., Allie, S., Gelhaye, D., Pollier, B.t., Turpault, M.-P., Granier, A., 2002. Nutrient
budgets for a rotation of a Douglas-fir plantation in the Beaujolais (France) based on
a chronosequence study. Forest Ecology and Management 171, 3-16.

Richardson, J., Petrenko, C., Friedland, A., 2017. Base cations and micronutrients in
forest soils along three clear-cut chronosequences in the northeastern United States.
Nutr. Cycl. Agroecosyst. 109, 161-179.

Riek, W., Russ, A., Martin, J., 2012. Soil acidification and nutrient sustainability of forest
ecosystems in the northeastern German lowlands-Results of the national forest soil
inventory.

Rinn, F., 2003. Time series analysis and presentation software (TSAP-Win). User
Reference (Version 0.53). RinnTech, Heidelberg, Germany.

RIVM, 2015. RIVM rainwater 2015.

Rothe, A., Mellert, K.H., 2004. Effects of forest management on nitrate concentrations in
seepage water of forests in southern Bavaria, Germany. Water Air Soil Pollut. 156,
337-355.

Ruzek, M., Myska, O., Kucera, J., Oulehle, F., 2019. Input-output budgets of nutrients in
adjacent Norway spruce and European beech monocultures recovering from
acidification. Forests 10, 68.

Santa Regina, ., Tarazona, T., 2001. Organic matter and nitrogen dynamics in a mature
forest of common beech in the Sierra de la Demanda, Spain. Ann. Forest. Sci. 58,
301-314.

Sardans, J., Janssens, I.A., Alonso, R., Veresoglou, S.D., Rillig, M.C., Sanders, T.G.,
Carnicer, J., Filella, I., Farré-Armengol, G., Penuelas, J., 2015. Foliar elemental

13

Forest Ecology and Management 530 (2023) 120791

composition of E uropean forest tree species associated with evolutionary traits and
present environmental and competitive conditions. Global Ecol. Biogeogr. 24,
240-255.

Schaaf, W., Weisdorfer, M., Hiittl, R.F., 1995. Soil solution chemistry and element
budgets of three Scots pine ecosystems along a deposition gradient in north-eastern
Germany. Water Air Soil Pollut. 85, 1197-1202.

Schmidt, M., Veldkamp, E., Corre, M.D., 2015. Tree species diversity effects on
productivity, soil nutrient availability and nutrient response efficiency in a
temperate deciduous forest. For. Ecol. Manage. 338, 114-123.

Schmitz, A., Sanders, T.G., Bolte, A., Bussotti, F., Dirnbock, T., Johnson, J., Penuelas, J.,
Pollastrini, M., Prescher, A.-K., Sardans, J., 2019. Responses of forest ecosystems in
Europe to decreasing nitrogen deposition. Environ. Pollut. 244, 980-994.

Shen, H., Zhu, Z., 2008. Efficient mean estimation in log-normal linear models. J. Statist.
Plann. Inference 138, 552-567.

Soalleiro, R.R., Murias, M.B., Gonzalez, J.G.A., Garcia, A.M., 2007. Evaluation through a
simulation model of nutrient exports in fast-growing southern European pine stands
in relation to thinning intensity and harvesting operations. Ann. Forest. Sci. 64,
375-384.

Sramek, V., Fadrhonsova, V., Hellebrandova, K.N., 2019. Nutrition of Douglas-fir in four
different regions of the Czech Republic. J. For. Sci. 65, 1-8.

Sverdrup, H., Thelin, G., Robles, M., Stjernquist, 1., Sorensen, J., 2006. Assesing nutrient
sustainability of forest production for different tree species considering Ca, Mg, K, N
and P at Bjornstorp Estate, Sweden. Biogeochemistry 81, 219-238.

Thiffault, E., Hannam, K.D., Pare, D., Titus, B.D., Hazlett, P.W., Maynard, D.G., Brais, S.,
2011. Effects of forest biomass harvesting on soil productivity in boreal and
temperate forests - a review. Environ. Rev. 19, 278-309.

Thomas, F.M., Rzepecki, A., Werner, W., 2022. Non-native Douglas fir (Pseudotsuga
menziesii) in Central Europe: ecology, performance and nature conservation. For.
Ecol. Manage. 506, 119956.

Tripler, C.E., Kaushal, S.S., Likens, G.E., Todd Walter, M., 2006. Patterns in potassium
dynamics in forest ecosystems. Ecol. Lett. 9, 451-466.

Turner, J., Long, J.N., 1975. Accumulation of organic matter in a series of Douglas-fir
stands. Can. J. Forest Res. 5, 681-690.

Turpault, M.-P., Calvaruso, C., Dincher, M., Mohammed, G., Didier, S., Redon, P.-O.,
Cochet, C., 2019. Contribution of carbonates and oxalates to the calcium cycle in
three beech temperate forest ecosystems with contrasting soil calcium availability.
Biogeochemistry 146, 51-70.

Ulbricht, M., Gottlein, A., Biber, P., Dieler, J., Pretzsch, H., 2016. Variations of nutrient
concentrations and contents between summer and autumn within tree compartments
of European beech (Fagus sylvatica). J. Plant Nutr. Soil Sci. 179, 746-757.

Van den Burg, J., Schaap, W., 1995. Richtlijnen voor mineralentoediening en bekalking
als effectgerichte maatregelen in bossen. Informatie-en KennisCentrum
Natuurbeheer, Wageningen, 63.

van der Heijden, G., Dambrine, E., Pollier, B., Zeller, B., Ranger, J., Legout, A., 2015. Mg
and Ca uptake by roots in relation to depth and allocation to aboveground tissues:
results from an isotopic labeling study in a beech forest on base-poor soil.
Biogeochemistry 122, 375-393.

Vance, E.D., Prisley, S.P., Schilling, E.B., Tatum, V.L., Wigley, T.B., Lucier, A.A., Van
Deusen, P.C., 2018. Environmental implications of harvesting lower-value biomass
in forests. For. Ecol. Manage. 407, 47-56.

Vangansbeke, P., De Schrijver, A., De Frenne, P., Verstraeten, A., Gorissen, L.,
Verheyen, K., 2015. Strong negative impacts of whole tree harvesting in pine stands
on poor, sandy soils: A long-term nutrient budget modelling approach. For. Ecol.
Manage. 356, 101-111.

Vanguelova, E.I, Pitman, R.M., 2019. Nutrient and carbon cycling along nitrogen
deposition gradients in broadleaf and conifer forest stands in the east of England.
For. Ecol. Manage. 447, 180-194.

Vanninen, P., Mékeld, A., 1999. Fine root biomass of Scots pine stands differing in age
and soil fertility in southern Finland. Tree Physiol. 19, 823-830.

Verkerk, P.J., Fitzgerald, J.B., Datta, P., Dees, M., Hengeveld, G.M., Lindner, M.,
Zudin, S., 2019. Spatial distribution of the potential forest biomass availability in
Europe. Forest Ecosyst. 6, 1-11.

Vos, M.A.E., de Boer, D., de Vries, W., den Ouden, J., Sterck, F.J., 2023. Aboveground
carbon and nutrient distributions are hardly associated with canopy position for
trees in temperate forests on poor and acidified sandy soils. For. Ecol. Manage. 529,
120731.

Waldner, P., Thimonier, A., Pannatier, E.G., Etzold, S., Schmitt, M., Marchetto, A.,
Rautio, P., Derome, K., Nieminen, T.M., Nevalainen, S., 2015. Exceedance of critical
loads and of critical limits impacts tree nutrition across Europe. Ann. Forest Sci. 72,
929-939.

Wegiel, A., Bielinis, E., Polowy, K., 2018. Macronutrient stocks in Scots pine stands of
different densities. Forests 9, 593.

Wolfslehner, B., Piilzl, H., Kleinschmit, D., Aggestam, F., Winkel, G., Candel, J., ... Roux,
J.-L., 2020. European forest governance post-2020.

WRB, L.W.G., 2015. IUSS Working Group WRB. 2015. World Reference Base for Soil
Resources 2014, update 2015 International soil classification system for naming soils
and creating legends for soil maps. World Soil Resources Reports N°. 106, FAO
Rome.

Zianis, D., Muukkonen, P., Makipaa, R., Mencuccini, M., 2005. Biomass and stem volume
equations for tree species in Europe. FI.

Zuur, A., Ieno, E.N., Walker, N., Saveliev, A.A., Smith, G.M., 2009. Mixed effects models
and extensions in ecology with R. Springer Science & Business Media.


http://refhub.elsevier.com/S0378-1127(23)00024-5/h0205
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0205
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0205
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0210
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0210
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0210
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0220
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0220
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0220
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0220
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0225
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0225
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0225
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0230
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0230
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0230
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0235
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0235
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0235
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0245
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0245
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0245
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0255
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0255
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0255
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0260
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0260
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0260
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0265
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0265
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0270
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0270
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0270
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0275
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0275
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0275
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0280
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0280
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0285
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0285
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0285
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0285
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0290
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0290
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0290
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0295
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0295
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0295
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0300
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0300
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0300
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0305
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0305
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0315
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0315
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0315
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0335
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0335
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0335
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0340
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0340
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0340
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0345
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0345
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0345
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0350
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0350
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0350
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0350
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0350
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0355
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0355
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0355
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0360
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0360
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0360
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0365
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0365
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0365
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0370
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0370
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0375
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0375
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0375
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0375
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0380
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0380
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0385
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0385
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0385
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0390
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0390
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0390
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0395
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0395
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0395
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0400
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0400
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0405
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0405
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0410
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0410
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0410
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0410
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0415
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0415
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0415
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0425
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0425
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0425
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0425
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0430
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0430
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0430
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0435
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0435
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0435
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0435
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0440
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0440
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0440
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0445
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0445
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0450
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0450
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0450
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0455
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0455
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0455
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0455
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0460
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0460
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0460
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0460
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0465
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0465
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0485
http://refhub.elsevier.com/S0378-1127(23)00024-5/h0485

	The sustainability of timber and biomass harvest in perspective of forest nutrient uptake and nutrient stocks
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Biomass sampling
	2.3 Calculation of tree biomass and nutrient stocks
	2.4 Annual nutrient uptake
	2.5 Soil sampling
	2.6 Statistical analysis

	3 Results
	3.1 Aboveground biomass and nutrient stocks and soil organic layer nutrient stocks
	3.2 Annual nutrient uptake and nutrient availability
	3.3 Impact of timber harvest intensity on biomass and nutrient export
	3.4 Impact of biomass harvest intensity on biomass and nutrient export

	4 Discussion
	4.1 The potential of forest regrowth from a soil nutrient stock perspective
	4.2 Growth and nutrient uptake
	4.3 Base cation balance for forest growth
	4.4 Effect of timber harvest intensity
	4.5 Effect of biomass harvest type
	4.6 Conclusions

	Author contributions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References


