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Abstract: With this study, our aim was to estimate the nutrient fluxes relevant for assessing nutrient 
sustainability as accurately as possible and to calculate nutrient balances for alternative forest 
management scenarios. Furthermore, we tested whether mapping units from existing geologic maps 
can serve as a basis for forest practitioners to estimate nutrient sustainability or whether more 
detailed data are needed. Positive fluxes include deposition and weathering, while negative fluxes 
include losses due to leaching and nutrient removal through timber harvesting in the balance. 
Weathering and leachate losses were modeled with a geochemical model. The SwissStandSim model 
was used to simulate the biomass growth under different harvesting and silvicultural strategies, 
allowing for sustainability to be assessed for each nutrient at a given intensity of use. This 
assessment was made per rotation period based on two criteria: (i) nutrient supply and (ii) total 
stocking volume. As a result, it can be noted that the accurate estimation of individual fluxes is 
essential for assessing the sustainability of forestry practices and that it needs detailed site-specific 
data. Various influencing factors turned out to be important, particularly the assumed depth of the 
root zone. 

Keywords: wood nutrient contents; whole-tree harvest; stem wood harvest; nutrient sustainability; 
nutrient mass balances; base cations; nitrogen; phosphorus 
 

1. Introduction 
In view of climate change, efforts are being made to replace fossil fuels with 

renewable energy sources. Wood is a naturally renewable raw material that can be 
climate-neutral when used sustainably as an energy resource. Wood biomass is also 
available regardless of seasonal fluctuations. Due to these facts, the use of energy wood 
has been intensified in recent years, especially on the Swiss Plateau, and in some cases the 
aim is to harvest as much of the above-ground tree biomass as possible (whole-tree 
harvesting). This has, however, more profound consequences on the forest ecosystem 
than the removal of stemwood. Due to its effect on forest nutrient cycling [1] as well as on 
biodiversity [2,3], it is therefore controversially discussed. As a large proportion of 
nutrients are stored in needles/leaves, twigs, and bark, the removal of nutrients is 
significantly increased by whole-tree harvesting [4–7]. 

Particularly on acidified, nutrient-poor sites, this can lead to problems in terms of 
nutrient sustainability, as more nutrients leave the system through nutrient export from 
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timber harvesting and leachate losses than are added through deposition and weathering. 
This is of great importance, as silviculture in Switzerland follows the principle of close to 
nature forestry. Maintaining soil quality and fertility is one of the pillars of close to nature 
forestry [8]. Switzerland serves as a role model for many European countries in this regard 
[9]. 

Nutrient sustainability is a normative term, as the current nutrient content of soils is 
determined by historical uses and no longer represents natural conditions. We understand 
nutrient sustainability to mean maintaining or increasing the current nutrient level of our 
soils through forest management under today’s environmental conditions. It is not only 
the timber harvest that influences sustainability, but also the persistently high nitrogen 
deposition with an increasing importance for soil acidification and nutrient leaching [10]. 
This also has far-reaching consequences for forest ecosystems, as well as its resistance and 
resilience to drought and disturbances [11]. 

In large areas of the Swiss Plateau, Pleistocene sediments (tills) form the parent 
material for soil formation. There are areas where tills from the early Pleistocene are 
present because they were no longer glaciated in the middle and especially late 
Pleistocene. Soil formation has been active here for a very long time, which means that the 
soils are heavily weathered, acidified, and relatively low in phosphorus [12] while other 
nutrients are relatively enriched [13]. 

In contrast, soils on tills of the late Pleistocene are relatively young and calcium 
carbonates are usually dissolved and leached only from the uppermost dozens of 
centimeters. Therefore, the depth of calcite occurrence can be used as a surrogate for the 
progress of soil development and the corresponding level of acidification with all its 
consequences such as altered mineralogy and lower base saturation. We defined two 
study areas with beech-dominated stands, one on early and one on late Pleistocene 
substrates, and investigated the soil and beech trees at five sites in each area to get to know 
the basis for the calculation or estimation of the most important nutrient fluxes. 

Using this basis, we calculated the nutrient balances of the soils of stands under 
different timber harvesting scenarios and compared them between the two study areas. 
The four relevant nutrient fluxes were modeled with existing, well-established models. 
This was conducted for the nutrients calcium (Ca), magnesium (Mg), potassium (K), 
phosphorus (P), and nitrogen (N). Ideally, there should be substrate-related clear 
differences in the mass balances of the two study areas, which were delineated based on 
the geological map of Switzerland 1:25,000 [14]. If so, this would allow us to provide basics 
to link forestry practice and mapped bedrock with the aim to better adapt the type and 
intensity of forest harvesting regarding nutrient sustainability. To the best of our 
knowledge, this is the first time that an empirical forest growth simulator was combined 
with a weathering modeling tool for the Swiss forest area, taking into account measured 
nutrient contents in detailed tree components. This allows for the feedback of the removed 
biomass and the associated nutrient removal in the soil on the weathering rate to be taken 
into account. 

We addressed the following questions: 
(1) Are the soils from sediments of the early Pleistocene more weathered, acidified, and 

thus poorer or richer in nutrients than soils from sediments of the late Pleistocene? 
To what extent do the nutrient fluxes differ between the two study areas? In 
particular, are there differences in weathering and leachate losses between heavily 
weathered and younger soils? Are there differences in nutrient exports due to timber 
harvesting because the tree biomass on early Pleistocene till is poorer or richer in 
nutrients than that on late Pleistocene till? 

(2) Is the nutrient sustainability of sites with early Pleistocene substrate more at risk than 
that of sites with late Pleistocene substrate given comparable timber harvesting? 

(3) If this is not the case, what other tools can help practitioners decide on the level of 
intervention of harvesting-related measures? 
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This leads to the hypotheses investigated in this study: 
• Due to longer soil development, the soils of the early Pleistocene are more weathered 

and have different nutrient contents than those of the late Pleistocene. As a result, 
they have a different current weathering rate, different leachate losses, and different 
nutrient exports through timber harvesting. 

• As a consequence, nutrient sustainability is more at risk on early Pleistocene sites 
than on late Pleistocene sites with comparable timber harvesting intensity. 

• If there are no significant differences between early and late Pleistocene sites in terms 
of nutrient sustainability, acidification parameters such as pH, base saturation, cation 
exchange capacity, or nutrient stocks in the soil can be used to predict nutrient 
sustainability in multiple linear models. 

2. Materials and Methods 
2.1. Study Sites 

Two direct neighboring study areas in northeastern canton Zurich in Switzerland 
were selected for the study. Early Pleistocene sediments are present in the first study area 
on the Irchel Plateau, which was unglaciated during the glaciations of the middle and late 
Pleistocene. Soil formation has been active here for more than 100,000 years. At 5.3 km east 
of the Irchel Plateau and around 200 m lower in height, sediments of the late Pleistocene 
are found in the second study area in the Bülacher Hard. Soil development has been 
ongoing since the glacial retreat around 10,000 years ago. As both locations are 5 km apart 
and have a difference in altitude, the average annual precipitations and temperatures 
differ. With an average annual temperature of 8.7 °C and average precipitation of 1489 
mm, Irchel is slightly cooler and wetter than Bülach. However, the photosynthetically 
active radiation does not differ much (Table 1). The potential natural vegetation in both 
study areas is beech forest, dominated by woodrush in the herbaceous vegetation on the 
Irchel plateau and by woodruff in Bülach (Galio odorati-Fagetum luzuletosum and Galio 
odorati-Fagetum typicum, respectively [15]). Within each study area, 5 stands were selected 
for the investigations. The most important site characteristics and tree species composition 
of the ten selected stands are shown in Table A1. All stands are beech-dominated (>80% of 
the basal area), but individual other tree species are yet present. Although the time of soil 
formation differs significantly between the two study areas, Cambisols and Luvisols have 
developed at all 10 sites with only thin litter layers in the forest floor. Only Steig, 
Chengelboden, and Lindi show a thin O horizon. Most of the sites are located in a plain 
(slope < 3%). In Bülach and Irchel, both soil types with similar properties occur. The 
texture of the soil horizons is sandy to loamy and ranges from pure sand to clayey loam 
with no or very weak hydromorphic features such as Mn concretions (Tables A2 and A3). 
Only the site Chengelboden shows somewhat stronger hydromorphic features below a 
depth of 100 cm. There, the fine earth density is greater than 1.5 Mg·m−3. In all other soil 
horizons, it is lower. 

Table 1 shows the depth of the root zone relevant for the calculations of element 
fluxes and mass balances as well as the depth of the occurrence of calcite for all 10 sites of 
the two study areas. The depth of the root zone was considered to be thick as tree roots 
could be observed in the open soil profile. This does not necessarily have to represent the 
entire root system. In both study areas, the beech trees can develop their root system 
unhindered due to the low waterlogging and low skeleton content. The root system is 
therefore more or less the same in Bülach and Irchel, but we define the rooting depth 
relevant for the calculations on the basis of the roots visible in the soil profile. This rooting 
depth varies between 1 and 1.4 m in the Bülach study area (late Pleistocene), while in Irchel 
(early Pleistocene), the range of variation is much greater (from 0.6 to 2 m depth). In 
Bülach, the depth of the occurrence of calcite lies within or directly at the lower limit of 
the root zone in 4 out of 5 cases, and in Irchel, this is only the case at 1 of the 5 sites 
(Schaffhuser). 
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Table 1. Depth of the rooting zone relevant for the calculations and depth of the occurrence of calcite 
for all 10 locations of the two study areas with information on average annual temperature and 
precipitation as well as photosynthetically active radiation [16]. 

Geological Unit Site Name 

Depth of 
Rooting 

Zone 
[m] 

Depth of the 
Occurrence of 

Calcite 
[m] 

Mean Annual 
Precipitation 

[mm] 

Mean Annual 
Temperature 

[°C] 

Radiation 
[µmol 

photons·m−2·s−1] 

Early Pleistocene Hörnli 0.90 2.45 1504 8.7 690 
 Schartenflue 0.60 1.00 1507 8.7 689 
 Schaffhuser 1.20 0.80 1396 8.9 685 
 Obermeser 1.30 1.90 1523 8.7 690 
 Steig 2.00 2.20 1514 8.7 689 
 Mean ± std. error 1.2 ± 0.2 1.7 ± 0.3 1489 ± 19 8.7 ± 0.04 689 ± 0.7 

Late Pleistocene Lärchenischlag 1.10 0.80 993 9.6 675 
 Chengelboden 1.40 1.95 1005 9.6 677 
 Lindi 1.00 1.00 1001 9.6 676 
 Marterloch 1.05 1.05 1008 9.6 677 
 Brengspel 1.25 0.40 1004 9.6 677 
 Mean ± std. error 1.2 ± 0.1 1.0 ± 0.3 1002 ± 2 9.6 ± 0 676 ± 0.2 

2.2. Experimental Design 
At a randomly determined location in each of the 10 forest stands, a soil profile was 

dug down to the C horizon in 2019 until no more tree roots were visible. Samples were 
collected from pedogenic horizons that were distinguished by morphological criteria 
including color, texture, and the occurrence of redoximorphic features. Around each soil 
profile, 4 dominant beech trees per stand were harvested in winter 2019/2020 for the 
analysis of the element contents. The trees were not allowed to be more than 200 m away 
from the soil profile. 

2.3. Sampling and Analyses of Tree Components 
The tree components to be sampled were the following: 

• Mixed sample of the bark of the merchantable wood (above diameter 7 cm); 
• Brushwood < 5 mm (buds included); 
• Thin branches (5–20 mm); 
• Thick branches (20–70 mm); 
• Stem disk of small merchantable wood (70–120 mm); 
• Stem disk of medium merchantable wood (120–250 mm); 
• Stem disk of thick merchantable wood (>250 mm). 

The samples were dried at 80 °C to constant weight and a representative subsample 
was finely ground using a vibrating cup mill (Pulverisette 9, Fritsch, Idar-Oberstein, 
Germany) and prepared for analysis. In this way, samples were obtained from a total of 
40 beech trees with 7 sampled components per beech tree. Total C und N contents were 
measured by a CN analyzer (CE Instruments NC 2500, Erba, Italy). The element contents 
were measured by ICP-OES (Agilent 5800 DVD, Agilent Technologies, Santa Clara, CA, 
United States) after digesting the plant material under pressure (Ultraclave IV, MLS 
Laboratory Solutions GmbH, Leutkirch, Germany) and adding a mixture of nitric acid and 
hydrofluoric acid. 

2.4. Soil Analyses 
The soil samples were dried at 60 °C to constant weight and passed through a 2 mm 

sieve. The pH was measured potentiometrically in a suspension of 0.01 M CaCl2 (Soil–
solution = 1:2; Electrode: Bioblock; pH meter 691 from Metrohm). The exchangeable 
cations were extracted with 1 M NH4Cl for one hour on an end-over-end shaker 
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(soil:solution = 1:10) and measured by ICP-OES (Agilent 5800 DVD, Agilent Technologies, 
Santa Clara, CA, United States). Concentrations of exchangeable protons were calculated 
as the difference between total and Al-induced exchangeable acidity as determined by the 
KCl method [17]. The effective cation exchange capacity (CECe) was calculated by 
summing the charge equivalents of exchangeable Al3+, Fe3+, Mn2+, Ca2+, Mg2+, K+, Na+, and 
H+. The base saturation (BS) is the percentage of exchangeable Ca2++ Mg2++ K++ Na+ of the 
CECe. 

The total C and N content was determined analogous to the plant material (CE 
Instruments NC 2500, Erba, Italy). The organic carbon content was measured by a CN 
analyzer, after fumigating a subsample with concentrated HCl in a desiccator overnight 
[18]. Plant-available P was extracted with a mixture of 0.5 M NH4-acetate and 0.02 M EDTA 
(buffered at pH 4.65) for one hour on an end-over-end shaker (soil–solution = 1:10) and 
measured by ICP-OES (Agilent 5800 DVD, Agilent Technologies, Santa Clara, CA, United 
States) according to [19]. 

To quantify the mineralogy of a soil profile, a method was developed that combines 
optical, X-ray spectroscopic, and geochemical analyses (total element contents) with 
mathematical mass balancing. The total element contents were determined using X-ray 
fluorescence spectroscopy at Malvern Panalytical in the UK. A subsample was melted 
with a melting agent at 1200 °C and cooled in platinum crucibles. The main and some 
trace elements were measured on this glass pill using wavelength-dispersive XRF. Further 
trace elements were determined on powder compacts with wavelength-dispersive or 
energy-dispersive XRF. For a selection of soil samples, the main mineralogy was 
quantified using powder X-ray diffraction spectroscopy (XRDS) at the Institute of 
Geology, Bern. 

The program A2M [20] was used for mathematical mass balancing. This routine 
calculates the molar fractions, xj, of M minerals (j = 1, ..., M) which satisfy the following 
system of linear equations (mass balance): 

𝑎 𝑥 = 𝑏 ,                𝑖 = 1, … ,𝑁 (1)

where bi, in mol, is the weight of oxide i (i = 1, ..., N) in the total analysis and aij are the 
stoichiometric coefficients (in mol/mol) of the selected minerals. As a restriction, xj may 
not be negative, i.e., 𝑥 ≥ 0,                     𝑗 = 1, … ,𝑀 (2)

Stoichiometries for minerals detected or expected in the samples were essentially 
taken from the literature [21,22]. For the assessment of the stoichiometry of clay minerals, 
stoichiometry models were used, whose variables were randomly varied during modeling 
within the theoretically permissible limits with the aim to improve the convergence of the 
sum of modeled clay mineral contents and the measured amount of the clay particle size 
fraction. 

The grain size distribution was determined using the sedimentation method 
according to [23]. A distinction was made between the fractions sand (2 mm–50 µm), silt 
(50–2 µm), and clay (<2 µm). To determine the bulk density, samples with a volume of 
1000 cm3 were taken in the field using metal cylinders. The samples were dried at 105 °C 
to constant weight and the bulk density of the soil was calculated from the dry weight and 
sample volume. The fine earth was then removed by wet sieving, and the stones (fraction 
> 2 mm) were dried and weighed. Assuming an average rock density of 2.65 Mg·m−3, the 
density of the fine earth was calculated. 

  



Forests 2024, 15, 1079 6 of 29 
 

 

2.5. Calculation of Nutrient Fluxes and Nutrient Stock in Soil 
2.5.1. Deposition 

Deposition was modeled by METEOTEST for the whole area of Switzerland with a 
high spatial resolution (1 × 1 km grid or finer). The methodology takes account of the 
differences in the atmospheric chemistry and the resulting differences in the deposition 
paths of the relevant compounds as well as of the varied type and spatial resolution of the 
background data. 

Wet S and N deposition was obtained by multiplying 5-year-period mean 
concentrations of soluble inorganic S and N compounds in precipitation with the period’s 
mean precipitation rate. The dry deposition of gases and aerosols of inorganic S and N 
compounds was assessed by multiplying the concentration of the compound in the air 
with average deposition velocities, which depend on the reactivity of the pollutant, the 
surface roughness, and climatic parameters [24,25]. 

Data for the assessment of BC (Ca2+, Mg2+ K+, and Na+) and Cl wet and dry deposition 
[26–28] allowed us to derive a regression equation for wet deposition of the sum of the 
ions to areas north of the Alps. Ion-specific wet deposition finally was obtained by 
subdividing the modeled bulk deposition by the average share of the ions in the 
monitored wet deposition. Dry deposition was estimated for each ion individually by 
means of regression equations involving average land use and the weathering potential 
of the soils of a reference area around the point of interest. 

The reference year for which deposition was modeled moderately differed among 
the different compounds, and is 2007 for S, 2015 for N, and the average of 2006–2009 for 
BC and Cl deposition. 

2.5.2. Weathering and Leaching Loss 
Steady-state weathering and leaching fluxes were modeled by means of the SWWm 

(acronym for Sverdrup–Warfvinge–Weathering multi-layer [29]) model. The model 
integrates the algorithm for the chemical weathering of minerals according to [30–33] into 
a soil chemistry model framework adopted from the Simple Mass Balance (SMB [34]) 
model and its extensions ([35] Chapter 5.3; [36]). The model involves mass balance 
equations for all relevant input ion fluxes (SO42−, Cl−, NO3−, NH4+, Ca2+, Mg2+, K+, and Na+), 
a series of equations describing rate-limited soil processes, and equations for equilibrium 
reactions in the soil solution. Leaching fluxes essentially depend on the net ion input, net 
uptake (zero for SO42−, Cl−, and Na+), N immobilization and denitrification fluxes, the 
geochemical interaction in the soil, and the net water flux. Since SWWm is a multi-layer 
model, the input flux to the first layer equates to the deposition, while the output flux of 
the previous layer is the input to the next layer. The layers correspond to the soil’s genetic 
horizons. Potential uptake and rates for the calculation of N processes are input by the 
model user. The zero-order reactions are limited by minimum leaching fluxes (prescribed 
model internal ion concentration minima) and actual N uptake is given priority over 
immobilization and denitrification. Soil internal mineral weathering is calculated from the 
wetted surface area of yield minerals using mineral- and solution species-specific 
dissolution rates whereby rate coefficients are adjusted to ambient (soil) temperature. 
Weathering supplies base cations (Ca2+, Mg2+, K+, and Na+) to the soil solution, but the 
process itself is dependent on the composition of the soil solution. All ions considered in 
SWWm are linked via the charge balance equations for acid neutralizing capacity (ANC). 
The solute ion concentrations of ANC including proton, hydroxyl ion, carbonate species, 
dissociated organic anions, net positively charged aluminum and Al-hydroxide species, 
organically complexed Al-species, and Al-sulphate complexes are computed by means of 
ambient temperature-dependent equilibrium equations. For these ions, no mass balance 
is considered, assuming their supply to be unlimited. The modeling of the extended Al 
speciation and Al complexation is optional and three different algorithms are available for 



Forests 2024, 15, 1079 7 of 29 
 

 

the computation of the dissociation of organic acids. The model assumes each soil layer to 
be physico-chemically isotropic and the liquid phase therein to be completely mixed. 

2.5.3. Nutrient and Organic Carbon Stocks in the Root Zone and the Amount of Clay 
In order to express the nutrient supply in the root zone of the soil as an important 

potential for plant growth, we have calculated the stocks of the relevant nutrients. The 
stocks of organic carbon and clay were calculated, as both are important adsorbents for 
nutrients in the soil. The nutrient stock of exchangeable Ca, Mg, and K (Caexc, Mgexc, and 
Kexc), Lakanen-extractable P (Plak), and total N (Ntot) was calculated by multiplying the 
respective nutrient contents (mol·kg−1) by the amount of fine earth (<2 mm) for each layer 
and summed up for the whole depth of the rooting zone. The amount of fine earth in 
kg·m−2 per layer corresponds to the horizon volume, reduced by the volume of the gravel 
and stone content (>2 mm) and multiplied by the fine earth density (Mg·m−3). To calculate 
the stock of organic carbon and the amount of clay, the Corg and clay content, respectively, 
they were multiplied by the amount of fine earth. 

2.5.4. CEC for the Root Zone, Mean pH, and BS 
The CEC for the root zone was calculated in the same way as described above for the 

nutrient stocks. The mean base saturation is the percentage of basic cations in the root 
zone in relation to the CEC calculated for the root zone. To calculate the mean pH value, 
the pH values were de-logarithmized; from the resulting H+-concentrations, a weighted 
average with the fine earth quantities per horizon was calculated; and this weighted mean 
was converted back to the mean pH value for the rooting zone. 

2.6. Simulation of Forest Growth and Timber Harvesting 
To estimate the nutrient extraction through timber harvesting at the two study areas, 

stand simulations were conducted using SwissStandSim [37] for a time horizon of 100 
years (2010 to 2110), calculating tree growth and timber removal through thinning and 
harvesting measures. Initial stands for stand simulations were derived from inventory 
data (provided by the cantonal administration of Zurich) using the statistical approach by 
[38]. Biomass components of all individual trees were calculated using allometric 
equations from the Swiss National Forest Inventory [39,40]. Current forest management 
and climatic conditions were assumed (see [41] for more details). Based on the simulated 
harvest and measured nutrient contents (cf. Sections 2.3–2.5), the nutrients extracted from 
the biomass components “brushwood,” “branchwood,” and “stemwood” were 
calculated. 

SwissStandSim is an empirical individual tree model developed to simulate the 
development of individual forest stands under alternative management scenarios in 
Switzerland [42]. The model was developed based on a large empirical dataset from the 
experimental growth and yield network in Switzerland [43], which includes very long 
time series of stand development (up to 112 years) and a wide environmental gradient 
from lowland to mountain forest conditions across Switzerland [44]. Simulations can span 
several decades in 5-year increments under different management practices (e.g., thinning 
from above or below, selection thinning, and shelterwood management, see [41]). The user 
can specify the timing, type, and intensity of management interventions [44]. The model 
has also been applied in studies of forest management in Switzerland at the local to 
regional level [41,45]. 

2.7. Assessment of Nutrient Sustainability 
In the mass balances, the input fluxes “deposition” and “weathering” were compared 

with the output fluxes “leaching losses” and “export by timber harvesting”. Three 
alternative management strategies were simulated, namely the current management 
(“business as usual, BAU” with an intensity of 10% basal area removal), a lower intensity 
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(LOW, 5% basal area removal), and a higher intensity of harvesting (HIGH, 15% basal area 
removal per time step). Moreover, three alternative harvesting scenarios were applied: 
whole-tree, tree-length with branches, and tree-length (i.e., just stemwood). The 
combination of management strategies with the harvesting methods results in a total of 
nine management options for which the balances could be compared between the two 
study areas. 

2.8. Statistical Analyses 
The statistical analyses were performed with R version 4.1.0 [46]. The differences 

between the study areas were tested using the Welch two-sample t-test [47]. 
Whether greater soil acidity significantly affects the soil nutrient balance for all 10 

sites, irrespective of the study area, was investigated for five nutrients (Ca, Mg, K, N, and 
P) using the F-test for nested linear models. Two linear models were fit to all five of the 
nutrient mass balances of all the sites: a full model with all relevant predictors, and a 
partial model with all relevant predictors except mean pH. More formally, the full model 
is as follows: 𝑌 = β + β 𝑥 + ⋯+ β 𝑥 + β 𝑥 + ϵ  (3)

and the partial model is as follows: 𝑌 = β + β 𝑥 + ⋯+ β 𝑥 + ϵ  (4)

where 𝑥   denotes mean pH, 𝑥 , … , 𝑥   denotes the other predictors, 𝑖 = 1, … ,𝑛 
indexes the observation, 𝑘 = 1, … , 5 indexes the nutrient, and ϵ ∼ 𝑁 0,σ  is a random 
error term. The assumption that errors are normally distributed is necessary for the F-test. 
Hence, several transformations of the nutrient mass balances were compared, and the 
transformation that made the error Q-Q plot appear most reasonable was retained. Ca and 
N are transformed with log Y + a , where a = 1 − min 𝑌  makes the arguments to 𝑙𝑜𝑔 
positive. P is log-transformed without a corrective constant since all observations are non-
negative, while K and Mg are left untransformed. 𝑌  in the model thus represents the 
transformed mass balance for nutrient 𝑘. Q-Q plots are given in Appendix A (Figure A4). 

The F-test pits 𝐻 :𝛽  =0 (no effect) against 𝐻 :𝛽  ≠ 0 (effect). Under H0, 𝐹 ≔
/ ∼ 𝐹 , , where SSE is the sum of squared residuals under the full model and 

SSE0 is the sum of squared residuals under the partial model. n is the number of 
observations and p is the number of coefficients in the full model. This test statistic was 
computed for every nutrient, then its p-value was obtained from the 𝐹 ,  distribution. 

Finally, the Bonferroni–Holm correction was applied to account for multiple testing. 
This involves ordering the p-values of the individual tests in ascending order, then 
comparing them to an increasing sequence of p-value thresholds. Null hypotheses are 
sequentially rejected until the first failure to reject. Then, any remaining null hypotheses 
are also not rejected. The procedure controls the family-wise error rate (FWER), which we 
chose as α = 0.05. More details are available in [48]. 

3. Results 
3.1. Site Conditions 

No significant differences were found between the study areas for any of the 
parameters in Table 2. Although the tree roots in Bülach still reach the horizons with 
calcite, the pH values are only slightly higher than in Irchel. The average for the five sites 
in Bülach is 4.04 ± 0.24 and in Irchel, it is 3.90 ± 0.18 (Table 2). Irrespective of the study 
area, the pH values in the top 40 to 50 cm of the mineral soil fluctuate around 4 (Table A4). 
Accordingly, no significant differences were found for the site-specific mean base 
saturations between the two study areas. As both study areas contain sites with an 
occurrence of calcite relatively close to the soil surface, the mean base saturation in both 
areas varies between 30 and 96% (Table A4). 
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Table 2. Mean values, standard errors, and results of the Welch two-sample t-test for sites on early 
(Irchel) vs. late (Bülach) Pleistocene of pH; base saturation (BS); cation exchange capacity (CEC); 
clay fraction; organic carbon (Corg) stock; stock of exchangeable calcium (Caexc), magnesium (Mgexc), 
and potassium (Kexc); extractable phosphorus (Plak [19]); as well as the stock of total nitrogen (Ntot). 
df = degrees of freedom. 

Soil Property 
Bülach  

(Mean ± std. 
error) 

Irchel  
(Mean ± std. 

error) 
t df p-Value 

Mean pH value 4.04 ± 0.24 3.90 ± 0.18 0.46 7.33 0.66 
Mean BS [%] 54.4 ± 12.3 46.7 ± 12.4 0.44 8.00 0.67 

CEC [molc·m−2] 68.5 ± 20.2 159.8 ± 52.9 −1.61 5.14 0.17 
Clay fraction [kg·m−2] 175.8 ± 68.7 343.5 ± 126.2 −1.17 6.18 0.29 
Stock of Corg [kg·m−2] 6.4 ± 0.5 6.7 ± 0.8 −0.29 7.09 0.78 

Caexc [mol·m−2] 14.6 ± 5.7 32.2 ± 20.3 −0.83 4.63 0.45 
Mgexc [mol·m−2] 3.6 ± 2.4 8.1 ± 4.0 −0.96 6.54 0.37 
Kexc [mol·m−2] 1.3 ± 0.6 2.6 ± 0.8 −1.26 7.54 0.24 

Plak [mmol·m−2] 1133 ± 669 195.3 ± 76.1 1.39 4.10 0.23 
Ntot [mol·m−2] 40.4 ± 8.7 43.0 ± 10.1 −0.19 7.84 0.85 

To obtain the value of the cation exchange capacity for the root zone, CEC was 
summed over all horizons of the depth of the root zone. As a result, it correlates closely 
with the depth of the root zone (r = 0.82) and, on the other hand, the organic carbon stock 
and the proportion of the clay fraction correlate closely with the CEC (r = 0.81 and 0.88 
respectively, Table A5). The CEC shows no significant differences between the study areas 
and, combined with the base saturation, does not suggest any major differences in the 
stocks of basic cations. The stocks of Ca, Mg, and K vary over a similarly wide range when 
comparing the study areas (Table A4). 

The stocks of extractable P and N show some of the highest variation within the study 
areas. Phosphorus varies between 98 and 3747 mmol·m−2 in Bülach and between 43 and 
290 mmol·m−2 in Irchel (Table A4). Due to this large variation, the differences between the 
study areas are not significant. In the case of P, it is noticeable that the stocks at the 
Chengelboden, Lindi, and Marterloch sites in particular are larger than the largest stock 
in the Irchel study area (Table A4). Even if the difference between the study areas is not 
significant, the sites in Bülach tend to be richer in P than those in Irchel. 

The main source of N is deposition from the atmosphere. As both study areas are 
geographically very close to each other (Table A1), the stocks of total N in both areas vary 
within a similar range and are independent of the underlying bedrock. 

Contrary to the original assumptions, weathering is not lower in the older and more 
developed soils of the early Pleistocene than in the younger soils of the late Pleistocene 
(Table 3). The nutrient element loads in the leachate and the deposition of Ca, Mg, and K 
also do not differ significantly between the two study areas. On the other hand, N 
deposition is significantly higher in Bülach than in Irchel (24 vs. 20 kg·ha−1·y−1), but this 
does not lead to different stocks in the soil (see above). 

There are also no significant differences in the leaching of basic cations between the 
study areas. Calcium is only leached at those sites where the root zone contains calcite 
and is therefore strongly correlated with the pH value in the root zone (Tables A4 and A8). 
The leaching of Mg and K is 0–17.2 kg·ha−1·y−1 and 0–55.3 kg·ha−1·y−1, respectively. Both are 
relatively closely correlated with the CEC in the root zone (Tables A4 and A8). P and N 
are hardly leached at all. 
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Table 3. Weathering, leaching, and deposition of Ca, Mg, and K, as well as N deposition in the 
Bülach and Irchel study areas. These are mean values from the values of all thinning intensities for 
the two study areas. Levels of significance: ** very significant. df = degrees of freedom. Detailed 
information with weathering, deposition and leaching data for each site and thinning intensity can 
be found in Tables A6–A8. 

Nutrient Flux 

Bülach  
(Mean ± std. 

error) 
[kg·ha−1·y−1] 

Irchel  
(Mean ± std. 

error) 
[kg·ha−1·y−1] 

t df p-Value 

Ca_weath 116.3 ± 57.9 126.3 ± 66.5 −0.11 27.48 0.91 
Mg_weath 6.6 ± 1.8 9 ± 1.7 −0.96 27.97 0.34 
K_weath 21.1 ± 6.6 26.1 ± 6.1 −0.55 27.83 0.59 
Ca_leach 
Mg_leach 

89.4 ± 47.5 121.3 ± 64.8 −0.40 25.68 0.69 
4 ± 1.5 6.9 ± 1.6 −1.29 28.00 0.21 

K_leach 13.2 ± 5.7 18.7 ± 5.6 −0.69 27.97 0.49 
Ca_depo 6.3 ± 0 6.2 ± 0 1.27 6.74 0.25 
Mg_depo 0.7 ± 0 0.7 ± 0 1.01 6.80 0.35 
K_depo 2.7 ± 0 2.7 ± 0 2.34 6.74 0.053 
N_depo 23.9 ± 0.6 20 ± 0.5 4.80 7.83 0.001 ** 

The similar weathering rate of both study areas is also related to the similar 
mineralogy in the soil. In general, the tills in this area originate from the erosion of a 
particular sequence of the alpine geology, geographically as well as stratigraphically. 
Since the erosion product is a mixture of lithologies, the bulk mineralogical composition 
of tills of different ages originally was comparable. The mineralogical composition of the 
C horizons on late Pleistocene till is characterized by higher carbonate, feldspar, and 
primary sheet silicate contents. As a result of the longer exposure to weathering of the 
substrate, C horizons on early Pleistocene till, on the other hand, are comparatively 
depleted in these minerals and exhibit higher clay and secondary mineral contents (Figure 
1). 

 
Figure 1. Triangular graph of the modeled mineralogical composition of all soil layers. Blue-green 
triangles represent samples from the Irchel area, and light-blue squares represent samples from the 
Bülach area. The original compositional data are summarized as the following: fc—fast-weathering 
minerals including carbonates, mafic minerals such as biotite, and chlorite; sc—slow-weathering 
minerals such as alkali feldspars, muscovite, and illite; nc—minerals not containing base cations 
such as quartz, Fe-(hydr)oxides, and Al(hydr)oxides. A summary of the modeled mineralogical 
composition can be found in Table A9. 
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Regarding the export of nutrients due to harvesting, we tested the difference in 
element contents in tree components of beech between the two study areas (Figure 2). 
There is no significant difference in Ca in any tree compartment. The Ca contents are 
approximately the same in all tree components in both test areas. There is only one 
significant difference for Mg. The Mg contents in brushwood (< 5 mm) are slightly higher 
in Bülach than in Irchel. The highest Mg contents in beech are found in the brushwood, 
while the bark is particularly rich in Ca. The greatest significant differences are found in 
the P contents. Corresponding to the generally higher P stocks in the soils in Bülach, the 
tree components have higher P contents in Bülach compared to Irchel. The differences are 
very significant in the bark and in fine (5–20 mm) and medium branches (20–70 mm), and 
even highly significant in brushwood (<5 mm). In contrast, the differences are only weakly 
to not significant in the coarse wood (Figure 2). The highest P contents are found in 
brushwood (<5 mm). 

For the other elements (Figure A1), there are highly significant differences for K in 
the bark and further significant differences in the coarse branches (20–70 mm) and in the 
thin stem wood (70–120 mm). No significant differences were found for N. It is striking 
that the tree components in Irchel have higher contents of K than those in Bülach. Overall, 
however, the differences in the element contents of the tree components between the two 
study areas are small. 

 
Figure 2. Comparison of beech components of Bülach and Irchel regarding contents of the following: 
(a) calcium (Ca); (b) magnesium (Mg); and (c) phosphorus (P). The red line is the 1:1 line. Levels of 
significance: * significant < 5%, ** very significant < 1%, *** highly significant < 0.1%. df = degrees of 
freedom. All data with nutrient contents in tree components are available at 
https://doi.org/10.16904/envidat.505 (accessed on 18 June 2024). 

3.2. Biomass and Nutrient Export by Harvesting 
Nevertheless, there are significant differences in the export of nutrients through 

timber harvesting for N and P. This is mainly due to the better growth of the trees on the 
early Pleistocene sites, which results in a higher exported biomass over the entire rotation 
period of 100 years (Figure 3). In the scenarios with low thinning intensity, significantly 
more biomass is harvested in the early Pleistocene sites than in the late Pleistocene sites 
for all three timber harvesting strategies. The same applies to stemwood harvesting with 
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heavy thinning. As a result, more nutrients tend to be removed from stands in the early 
Pleistocene than from those in the late Pleistocene. These differences are significant for N 
and P for the timber harvesting strategies of whole trees and stems with branches with 
low thinning. For P, the differences between these two timber harvesting strategies are 
statistically confirmed even with heavy thinning. Mg and K show the same significant 
differences as P and additionally confirmed differences in stemwood harvesting with low 
thinning. There are no significant differences for Ca (Figure A2). 

In all cases, whole-tree harvesting exports the most nutrients, followed by the 
harvesting strategies of stemwood with branches and stemwood only. In numbers, these 
are exported Ca quantities of between 14 and 22 kg·ha−1·y−1 for the whole-tree harvest, 13 
to 21 kg·ha−1·y−1 for the harvest of stemwood with branches, and 11 to 18 kg·ha−1·y−1 for the 
harvest of stemwood only. The corresponding numbers for N are 10–15, 8–12, and 6–10 
kg·ha−1·y−1. For Mg, the numbers are about 10 times lower than for Ca, and for K, they are 
about 3 times lower than for Ca. Phosphorus is exported the least in terms of quantity by 
timber harvesting, namely 0.7–1 kg·ha−1·y−1 for whole-tree harvesting, 0.5–0.7 kg·ha−1·y−1 
for the harvesting of stemwood with thick branches, and 0.4–0-5 kg·ha−1·y−1 for stemwood 
harvesting. 

 
Figure 3. Results of different thinning and harvesting strategies in Bülach and Irchel. Comparison 
of (a) biomass; (b) nitrogen; and (c) phosphorus export by timber harvesting. The red line is the 1:1 
line. Levels of significance: * significant < 5%, df = degrees of freedom. All data with nutrient export 
in all 9 management scenarios are available at https://doi.org/10.16904/envidat.505. 

Thus, all necessary element fluxes are available to calculate the nutrient balances 
from the sum of weathering and deposition reduced by the losses through leaching and 
nutrient exports by timber harvesting. The mass balances tend to be larger in Bülach (late 
Pleistocene) than in Irchel (early Pleistocene). However, the differences are only significant 
for N (for all nine management strategies; Figure 4). For all thinning and timber harvesting 
scenarios, there are significantly greater positive N balances in the late Pleistocene than in 
the early Pleistocene. There are no significant differences for any other nutrients (Figure 4 
for Ca, Figure A3 for Mg, K, and P). Because the largest quantities of elements are exported 
during whole-tree harvesting, the overall mass balances are smaller for whole-tree 
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harvesting than for stemwood with thick branches and stem-only harvesting. The mass 
balances differ only marginally between the various thinning intensities and primarily 
reflect the differences in the harvested biomass. It is therefore noticeable that for the 
weakest thinning in Irchel with the largest harvested biomass, the mass balances tend to 
be lower than for the stronger thinning intensities. 

All Ca balances are negative, even if only stemwood is harvested (Figure 4). In the 
Ca data in Figure 4, the values for the site “Brengspel” in Bülach (late Pleistocene) are not 
included, because they are considered as outliers. At this site, calcite is already present at 
a depth of 0.4 m, which leads to extremely high Ca weathering in the root zone. If the site 
“Brengspel” were to be included in the balancing, the average Ca balances would be 
positive, but with a very large standard error. On the sites of the early Pleistocene, the 
mass balances of P are negative for all three thinning intensities with whole-tree 
harvesting (Figure A3). The mass balances without timber harvesting, on the other hand, 
are positive for all elements and management strategies without exception. 

 
Figure 4. Nutrient mass balances with different thinning and harvesting strategies in Bülach (late 
Pleistocene) and Irchel (early Pleistocene): (a) Comparison of the mass balances of calcium (Ca), 
whereby the site “Brengspel” was eliminated as an outlier.;(b) Comparison of the mass balances of 
nitrogen (N). The red line is the 1:1 line. Levels of significance: * significant < 5%, ** very significant 
< 1%. df = degrees of freedom. 
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3.3. Dependence of Nutrient Balance on Acidification 
So far, the differences in the mean values between the two study areas have been 

tested for significance. As the variability within the study areas is as large as across both 
study areas combined, only very few properties were significantly different. We therefore 
tested the statistical relationship between acidification, expressed by pH in the root zone, 
and the nutrient balances of five nutrients for all 10 sites, irrespective of the study area. 

The statistical procedure in Section 2.8 produced ten linear model fits, whose 
coefficients are reported in Table A10 with associated significance levels in Table A11. 
Subsequently, five F-tests were conducted, and their p-values were compared with the 
Bonferroni–Holm-adjusted significance level. Table A11 reports the p-values from the test. 
This led to the rejection of 𝐻  (no effect) for Ca and Mg but failure to reject 𝐻   for K, P, 
or N. Coupled with the pH coefficient estimates in the linear models, we conclude that 
higher soil pH is associated with a higher Ca mass balance and a lower Mg mass balance, 
and we cannot reject the possibility of no association for the other three nutrients. Figure 
5 illustrates that despite the failure to reject 𝐻 , an association between soil pH and K, P, 
or N remains plausible, with the association appearing positive for N and negative for K 
and P. 

  

  

 

 

Figure 5. Mass balance at all 10 sites for all possible thinning and harvesting strategies depending 
on the average pH value in the soil. 
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4. Discussion 
Balancing the nutrient fluxes of weathering, deposition, leachate loss, and nutrient 

removal through timber harvesting provides information regarding the influence of 
timber harvesting on the nutrient sustainability of the sites. The sites in our two study 
areas are very heterogeneous (in terms of acidification), although the geological 
conditions within the study area were mapped as homogeneous. Neither in most of the 
individual nutrient fluxes nor in most of the nutrient balances were significant differences 
between the study areas of the early versus late Pleistocene identified. This has mainly 
two reasons: (1) Despite differences in annual precipitation of 500 mm and tills from 
different geological periods forming the bedrock, similar soils with similar properties 
have been formed in both study areas. (2) The spatial variability of soil properties within 
the study areas is as large as the total variability across both study areas. On the other 
hand, soil acidification at all sites, regardless of the study area, expressed by the pH value 
of the soil, has a significant influence on the nutrient balances. 

Contrary to our assumptions, the soils of the early Pleistocene are not more 
weathered and not very different in nutrients due to the longer time of soil development 
than the soils of the late Pleistocene. In principle, stronger weathering leads to the stronger 
depletion of easily weatherable mineral components, while more weather-resistant (i.e., 
more siliceous) components persist. This evidently does not affect the overall weathering 
rate or the nutrient content of the soils. Neither is the case in our study. However, both 
the weathering rate and the nutrient stocks in the root zone vary substantially in the two 
study areas. This is partly due to the great variability in soil properties within the two 
study areas, especially on the Irchel Plateau. The Irchel Plateau consists of flat-lying 
gravels of the early Pleistocene, which break off at the edge of the plateau. Carbonate-
bearing molasse sediments are exposed on the steep slopes below the plateau [14]. At the 
edges of the plateau, the carbonate-containing sediments are closer to the soil surface than 
in the center of the plateau due to erosion of the gravels of the early Pleistocene. This 
applies to two sites (Schartenflue and Schaffhuser), where the occurrence of calcite is at 
depths of 1 and 0.8 m, respectively, in contrast to the three profiles in the center of the 
plateau, where the depth of the occurrence of calcite could not be reached with the soil 
profiles and had to be determined by drilling. 

This leads to great variability in the chemical properties of the soil and, in particular, 
the nutrient stocks in the root zone. The element stocks are positively correlated with the 
depth of calcite but even more strongly positively correlated with the thickness of the root 
zone. This is a critical point in the calculation of nutrient balances. The root zone was 
assumed to be thick, as tree roots could be observed in the open soil profile. This leads to 
a certain degree of randomness, as a soil profile is not necessarily representative of the 
entire root zone of a tree. However, it was the method of choice, as the nutrient uptake by 
the trees, estimated by the uptake rate and the observed rooting density, significantly 
influences the result of the modeling of weathering and leachate losses in feed-back loops 
[29]. If we had assumed a standard depth of the root zone, we would have had to assume 
rooting intensities for the deeper horizons that may have nothing to do with reality. 

Although the average depth of the root zone in both study areas is 1.2 m (Table 1), 
the sites at Irchel seem to tend to have slightly larger stocks of basic cations (Ca, Mg, and 
K) than those in Bülach. Pedological explanations can be found for these tendencies. With 
comparable pH values around 4 and thus comparable acidification in the root zone, the 
average CEC and the clay fraction in Irchel is about twice as high as in Bülach. This can 
be attributed to the longer period of soil formation in Irchel with a more pronounced 
formation of secondary clay minerals. This also means that there are more negatively 
charged sites to bind basic cations in an exchangeable form, which are located on the 
surfaces of the clay minerals. In particular, Mg and K correlate very closely with the size 
of the clay fraction (r = 0.97 and 0.95, respectively), whereas Ca correlates less (r = 0.17; 
Table A3). At the same time, acidification is not yet so advanced that clay minerals would 
be destroyed to any significant extent. 
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In Bülach, the soils are clearly, although not significantly, richer in Lakanen-
extractable P. Numerous studies have investigated the relationship between the age of soil 
development and the P content of soils [12,49–51]. Turner and Laliberté [12] investigated 
a chrono-sequence in southwestern Australia (6500 to 2 million years) and demonstrated 
that total P (TP) in the soil decreased continuously with increasing soil age. In addition, 
they found that the ratios of soil organic carbon (SOC)–TP and TN:TP increased steadily 
as soil development progressed. They concluded that N is limiting during the early stages 
of soil development and that this gradually shifts to P limitation as soil development 
progresses. This corresponds well to the conditions in our test areas. The younger soils of 
the late Pleistocene have larger P stocks than those of the early Pleistocene in the Irchel, 
which have been able to develop for several hundreds of thousands of years. 

The relations of nutrient stocks in the soil are very well reflected in the nutrient 
contents of the tree components. While the marginal differences in the soil stocks of Ca, 
Mg, K, and N also result in marginal, non-significant differences in the corresponding 
element contents in the tree components, the P contents in the tree components of the two 
study areas differ significantly, although the soil stocks of P only tend to be greater in the 
late Pleistocene sites. This is difficult to interpret, as the influence of the site on the element 
contents in the trees is often overlaid by other effects such as stand age or climate [52]. 

The distribution of nutrient elements within the beech trees is largely consistent with 
values from the literature. The physiologically most active components have the highest 
nutrient element contents. The Ca contents in the bark are significantly higher than those 
in the brushwood, branches and merchantable wood. This is consistent with the results of 
other authors [6,53,54]. However, while these authors also found the highest contents of 
K, Mg, and N in the bark, the contents in the brushwood (<5 mm) are the highest in our 
investigations. This can be explained by the sampling of the tree components. While in 
the aforementioned studies the contents in the branches <7 cm were investigated, we 
divided this compartment into three parts and thus no dilution in the finest branches was 
achieved due to a large proportion of wood. Ulbricht et al. [55] also sampled the branches 
<7 cm in three diameter categories and found a ranking of the contents in the components 
in P identical to our results. Furthermore, the time of sampling could also be a possible 
reason for the ranking to change. However, according to the study by Ulbricht et al. [55], 
the ranking of the nutrient contents in the tree components does not change between 
summer and winter sampling. 

To determine the nutrient exports through wood harvesting, the nutrient contents of 
the tree components are multiplied by the modeled biomass. There may be several reasons 
for the higher biomass accumulation in Irchel compared to Bülach. Although the soils on 
the Irchel Plateau are more acidified and at least partially poorer in nutrients than in 
Bülach, the growth of the tree species occurring in the stands may be greater than on the 
less acidified sites in Bülach. The site class as an expression of the combined effect of all 
site factors (not just soil chemistry) is obviously greater in Irchel than in Bülach. It is 
possible that in favorable climate conditions (slightly cooler but significantly more 
humid), some biological adaptation processes, such as an efficient root colonization as 
well as an efficient nutrient cycling, may allow for the maintenance of stand growth and 
nutrition of soils with low nutrient reserves [56]. In addition, the stands in Bülach and 
Irchel differ in terms of tree species composition and stem number. The number of stems 
per hectare in Irchel is slightly lower than in Bülach. This could be a result of interspecific 
competition, which is higher in Irchel compared to Bülach. A third reason could be a 
different upscaling effect in Irchel and Bülach from the plot to the stand level. 

This management effect is even more pronounced with the “LOW” thinning 
intensity. In the Irchel test area, tree growth is larger over the entire rotation period of 100 
years with the “LOW” scenario than with more intensive thinning. This can be explained 
by (1) different reactions of the stands to the thinning intensity, (2) the tree species 
composition of the stands, and (3) possible uncertainties of the SwissStandSim model 
predictions. (1): A low thinning intensity is not necessarily associated with a lower timber 
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harvest volume over the whole rotation cycle. It is possible that with more intensive 
thinning, a later possible increment is already skimmed off prematurely due to increased 
removal of the “means of production” of individual stems. Mey et al. [45] have also shown 
a similar correlation. (2): This first point can be illustrated very well with the admixture of 
Douglas-fir in the stands in Irchel. Douglas-fir is a tree species that can still achieve 
superior growth compared to beech even at an older age [57,58]. On the one hand, if it is 
heavily intervened with at an early stage, later growth is limited. On the other hand, under 
low thinning intensity, more Douglas-firs remain in the stand, which can lead to increased 
biomass after the end of the rotation period. (3): The accuracy of model predictions may 
be limited by the amount of data used for model parametrization, especially for Douglas-
fir which is not very common in the Swiss forest and not much empirical data is available. 

As the nutrient fluxes relevant for balancing do not differ significantly in most cases, 
not many significant differences in the overall balances can be expected. The exception is 
a significant difference for N that can be explained by the fact that N is mainly introduced 
into the forest ecosystem by deposition. Nitrogen deposition is significantly greater in 
Bülach (late Pleistocene) than in Irchel (early Pleistocene). Depending on the specific site, 
the N deposited is biologically fixed to a large extent [59], so that losses through leaching 
are low. The mean estimated value for N leaching via percolating water from forest areas 
in a study of 2005 for north-eastern Switzerland in the vicinity of our study area is 0 to 1 
kg N·ha−1·yr−1 [60]. In addition to the lower N deposition in Irchel, more biomass is 
exported at the early Pleistocene sites, which leads to significantly more positive N 
balances in the late Pleistocene sites. 

Whole-tree harvesting leads to significantly greater nutrient removal than the other 
two harvesting strategies. With the whole-tree harvest, an average of 3 to 4 kg·ha−1·yr−1 
more Ca is exported in both study areas compared to the pure stemwood harvest, which 
reduces the balances accordingly. For N, these values are even 4 to 5 kg·ha−1·yr−1; for K, 1 
to 5 kg·ha−1·yr−1; and for Mg and P, still 0.3 to 0.5 kg·ha−1·yr−1. This has an impact on 
biodiversity and on the resistance and resilience of forest ecosystems. The most obvious 
effect on biodiversity is the reduction in wood-inhabiting species [3]. A balanced nutrient 
mass balance is important for the resistance and resilience of the forest to external factors 
such as drought stress, wind, or insect calamities [11]. For the resilience of forest 
ecosystems, nutrient sustainability, or the maintenance of soil fertility after wood use, is 
an important aspect. In the case of alkaline cations, the resilience of forest ecosystems to 
wood utilization is ensured by weathering, which is the most important source of alkaline 
cations [61]. The mass balances for Ca are negative in both test areas for all nine wood 
harvesting strategies and for P in the Irchel test area for the whole-tree harvesting. This 
means that neither resistance nor resilience are still conferred. 

The lack of influence of the geological substrate on the nutrient sustainability of 
timber harvesting is mainly due to the variability within the geological units. The 
variability within the study areas is about the same as the variability of all sites in both 
study areas. In order to determine the site parameters that influence the mass balances 
and that can help to find the right management measures, this variability must be taken 
into account. This means that in addition to the yield parameters and external large-scale 
nutrient fluxes, soil properties that are directly related to the nutrient supply of the trees 
must also be taken into account. We showed that a higher soil pH is associated with a 
higher Ca mass balance and a lower Mg mass balance. 

Figure 5 illustrates a caveat to the statistical analysis. There is a high variance in the 
nutrient mass balance within sites. If any of the variation can be attributed to measurement 
error, then this would obscure the underlying relationship between nutrient mass balance 
and soil pH. A further caveat to the statistical analysis is visible in Figure A4. Despite the 
normalizing transformations, none of the models have a “textbook” straight-line QQ plot, 
indicating that the assumption of normal errors may not be upheld. 
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5. Conclusions 
Our results show that detailed soil data and data on the entire nutrient cycle are 

essential for assessing nutrient sustainability, an important basis for close-to-nature 
forestry. Information from relatively large-scale maps is not sufficient, as the variability 
within the mapping units is too big. Site-specific data are therefore needed. If, in addition 
to the mapping unit, just the pH value of the soil as an important parameter of soil 
acidification is known, the nutrient sustainability and mass balances for different forest 
management scenarios can be predicted much better. 

The assumed depth of the root zone has proven to be a critical factor in estimating 
nutrient balances. With increasing thickness of the assumed root zone, the mean pH value 
of the soil is increasing and the influence of the depth of the presence of calcite becomes 
greater, which significantly improves the Ca balance in particular. 

At the investigated sites of the early and late Pleistocene, full-tree harvesting in 
particular has negative consequences for nutrient sustainability. With this harvesting 
method, the balances for Ca and P are negative at all thinning intensities. In all other forest 
management scenarios, only Ca appears to be problematic. 
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Appendix A 

Table A1. Site characteristics, tree species, soil type, and geological unit of the two study areas 
Bülach and Irchel. Tree species: Acer pseudoplatanus L. (BAh), Tilia cordata Mill. (Li), Quercus robur L. 
(Ei), Fagus sylvatica L. (Bu), Abies alba Mill. (Ta), Picea abies (L.) H. Karst. (Fi), Pinus sylvestris L. (Fö), 
Larix decidua Mill. (Lä), Fraxinus excelsior L. (Es), and Pseudotsuga menziesii (Mirb.) Franco (Dougl). 

Study 
Area 

Site Name Longitude Lattitude Altitude 
[m] 

Exposure Slope [%] Tree Species Soil Type Geological 
Unit 

Bülach 
Lärchenischla

g 
8.52747 47.52564 428 NW 7 Bu, BAh, Li Calcic Luvisol 

Late 
Pleistocene 

 
Chengelbode

n 
8.52879 47.53423 435 SE 3 Bu, Ta, Fi, BAh 

Dystric 
Cambisol 

 

 Lindi 8.53340 47.54641 423 - 0 Bu, Fö, Fi, BAh Calcic Luvisol  
 Marterloch 8.53648 47.53980 432 - 0 Bu, Fi, Fö Calcic Luvisol  
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 Brengspel 8.53650 47.53054 451 - 1 
Bu, BAh, Fö, Lä, 

Ei 
Calcaric 

Cambisol 
 

Irchel Hörnli 8.58262 47.55627 676 - 0 Bu, Ei, Fi Haplic Luvisol 
Early 

Pleistocene 
 Schartenflue 8.59637 47.54898 668 - 2 Bu, Ei Calcic Luvisol  
 Schaffhuser 8.60396 47.54749 669 NE 50 Bu, Fi, Es Eutric Cambisol  
 Obermeser 8.61025 47.53738 692 NW 2 Bu, Fi, Dougl Haplic Luvisol  
 Steig 8.61735 47.53603 680 W 3 Bu, Fi, Dougl Haplic Luvisol  

Table A2. Morphological soil properties of the 5 sites in the study area Bülach. Texture classes: Ss = 
pure sand, Slu = silty-loamy sand, Sl = loamy sand, St = clayey sand, Ls = sandy loam, Lts = sandy 
clayey loam, Lu = silty loam. 

Site 

Pedogenetic 
Horizon and Its 

Depth 
[cm] 

Stone Content 
[%] Texture 

Density of the 
Fine Earth 
[Mg·m−3] 

Hydromorphic 
Features Soil Color 

Lärchenischlag L (1.5–0) - - 0.10 no - 
 Ah (0–10) 11–25 Sl 0.67 no 10YR 3/3 
 (E)AB (10–30) 26–50  Sl 0.72 no 10YR 4/4 
 B(t) (30–50) 51–75  Lts 0.74 no 10YR 4/6 
 CBv (50–80) 51–75  Sl 0.78 no 10YR 5/6 
 Cca1 (80–110) >75  Ss 0.78 no 10YR 5/2 
 Cca2 (110–135) >75  Ss 0.81 no 10YR 5/2 

Chengelboden L (3–0.5) - - 0.10 no - 
 [F] (0.5–0) - - 0.15 no - 
 Ah (0–6) <2  Slu 0.91 no 10YR 2/3 
 (A)B (6–20) <2  Lu 0.91 no 10YR 4/4 
 Bv (20–40) 11–25 Lu 1.19 no 10YR 5/4 

 BSw (40–60) <2  Lu 1.28 Mn 
concretions 

10YR 6/3 

 Sw (60–100) <2  Lu 1.49 
Mn 

concretions 
2.5Y 6/4 

 IISw (100–140) <2  Ls 1.55 pale-red colors 2.5Y 5/4 
 IISd (140–195) <2  Ls 1.59 pale-red colors 2.5Y 5/3 
 IICca (195–220) >75  Sl 1.46 no 10YR 5/2 

Lindi L (3–1) - - 0.10 no - 
 F (1–0) - - 0.15 no - 
 Ah (0–4) <2  Sl 0.88 no 10YR 3/3 
 (EA)B (4–20) <2  Ls 0.88 no 10YR 4/4 
 (E)B (20–40) 2–10 Ls 1.17 no 10YR 5/6 
 B(t) (40–55) 2–10 Ls 0.87 no 10YR 5/6 
 CB(t) (55–80) 26–50  Lts 0.87 no 10YR 4/6 
 B(t) (80–100) <2  Sl 1.33 no 10YR 5/6 
 Cca (100–155) >75  Sl 1.20 no 10YR 6/3 

Marterloch L (1–0) - - 0.10 no - 
 Ah (0–5) 2–10 Sl 0.91 no 10YR 2/3 
 (EA)B (5–25) 11–25 Ls 0.91 no 10YR 4/3 

 (E)B(cn) (25–60) 11–25 Lu 1.09 Mn 
concretions 

10YR 5/6 

 B(t,cn) (60–80) 26–50  Lts 1.10 
Mn 

concretions 10YR 4/4 

 CB(t) (80–105) 51–75  Lts 0.95 no 10YR 4/4 
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 Cca (105–140) >75  St 0.95 no 10YR 6/1 
Brengspel L (1–0) - - 0.10 no - 

 Ah (0–15) 11–25 Sl 0.67 no 10YR 3/2 
 (A)B (15–30) 26–50  Sl 0.72 no 10YR 4/4 
 AB (30–40) >75  Ls 0.79 no 10YR 4/6 
 Cca1 (40–70) >75  Sl 0.71 no 10YR 5/4 
 Cb,ca (70–90) <2  Sl 1.15 no 10YR 6/2 

Table A3. Morphological soil properties of the 5 sites in the study area Irchel. Texture classes: Sl = 
loamy sand, St = clayey sand, Ls = sandy loam, Lts = sandy clayey loam, Lt = clayey loam. 

Site 

Pedogenetic 
Horizon and Its 

Depth 
[cm] 

Stone Content 
[%] 

Texture 
Density of the 

Fine Earth 
[Mg·m−3] 

Hydromorphic 
Features 

Soil Color 

Hörnli L (1–0) - - 0.10 no - 
 Ah (0–6) <2  Sl 0.99 no 10YR 3/2 
 (A)B (6–25) <2  Ls 0.99 no 10YR 4/4 

 (Sw)B (25–65) 2–10 Ls 1.41 Mn 
concretions 

10YR 4/6 

 Sd1 (65–90) 11–25 Lt 1.41 
Mn 

concretions 10YR 6/8  

 Sd2 (90–160) 26–50  Lt 1.44 Mn 
concretions 

10YR 5/6 

 Sd3 (160–225) 26–50  Lt 1.51 Mn 
concretions 

10YR 5/6 

Schartenflue L (2–0) - - 0.10 no - 
 Ah (0–6) 26–50  Sl 0.59 no 10YR 3/2 
 (E)AB (6–15) 26–50  Sl 0.59 no 10YR 4/3 
 (E)Bv (15–40) 26–50  Sl 0.85 no 10YR 5/6 
 (E)CBv (40–60) 51–75  Sl 1.08 no 10YR 4/6 
 (Bt)C (60–100) >75  Lts 1.08 no 10YR 4/6 
 Cca (100–140) >75  St 1.13 no 10YR 5/2 

Schaffhuser L (2–0) - - 0.10 no - 
 Ah (0–10) 11–25 Lts 0.67 no 10YR 3/2 
 (E)AB (10–20) 11–25 Ls 0.72 no 10YR 4/2 
 B(t) (20–40) 11–25 Lts 0.89 no 10YR 5/4 

 Bcn (40–55) 11–25 Lt 1.06 
Mn 

concretions 10YR 6/6 

 CB (55–80) 51–75  Lts 0.91 no 10YR 5/6 

 
(Bcn)Cca (80–

120) 
<2  Lts 1.36 

Mn 
concretions 

10YR 6/4 

 Rca (120–130) >75  - 1.47 no - 
Obermeser L (1.5–0) - - 0.10 no - 

 Ah (0–6) 11–25 Sl 0.72 no 10YR 4/2 
 (EA)B (6–16) 11–25 Ls 0.72 no 10YR 4/4 

 (E)Bcn1 (16–35) 11–25 Ls 1.04 
Mn 

concretions 
10YR 6/6 

 (E)Bcn2 (35–50) 11–25 Ls 1.04 
Mn 

concretions 10YR 5/4 

 B(t),cn (50–65) 11–25 Ls 1.24 Mn 
concretions 

10YR 5/6 
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 Sw (65–95) 11–25 Lt 1.21 Mn 
concretions 

10YR 6/6 

 Sd (95–130) 11–25 Lt 1.34 Mn 
concretions 

10YR 5/6 

 SdC (130–220) 51–75  Ls 1.30 
Mn 

concretions 10YR 5/8 

Steig L (2–0.5) - - 0.10 no - 
 F (0.5–0) - - 0.15 no - 
 A (0–15) 11–25 Ls 0.98 no 10YR 3/2 
 ElB (15–40) 11–25 Lt 1.15 no 10YR 6/6 

 Bt (40–140) 11–25 Lts 1.35 
Mn 

concretions 
7.5YR 5/6 

 BC (140–200) 11–25 Lts 1.43 Mn 
concretions 10YR 4/6 

Table A4. Mean values in the considered rooting zone of the sites on early Pleistocene of pH; base 
saturation (BS); cation exchange capacity (CEC); clay fraction; organic carbon stock; stock of 
exchangeable calcium (Caexc), magnesium (Mgexc), and potassium (Kexc); extractable phosphorus (Plak 
[19]); as well as the stock of total nitrogen (Ntot). An extended version of this table is available under 
https://doi.org/10.16904/envidat.505. 

Soil Property Lärchenisc
hlag 

Chengelb
oden Lindi Marterl

och 
Brengspe

l Hörnli Schartenf
lue 

Schaffhuse
r 

Ober
meser Steig 

Mean pH-value 4.05 3.76 3.72 3.70 4.96 3.72 3.83 4.59 3.61 3.77 
Mean BS [%] 62.6 53.3 29.9 29.8 96.3 34.5 38.0 96.2 31.6 33.0 

CEC [molc·m−2] 23.2 143.7 53.2 52.9 69.6 74.0 15.5 242.1 162.4 305.0 
Amount of clay [kg·m−2] 47.1 430.2 165.2 175.3 61.4 222.8 39.2 278.0 380.6 796.8 

Stock of Corg [kg·m−2] 4.7 7.4 7.2 5.5 7.1 5.7 4.1 7.7 7.6 8.3 
Caexc [mol·m−2] 6.8 23.2 4.7 5.4 32.9 6.3 2.4 111.9 15.5 24.9 
Mgexc [mol·m−2] 0.30 12.92 2.60 1.89 0.42 5.67 0.47 2.67 8.62 22.89 
Kexc [mol·m−2] 0.26 3.74 0.99 1.01 0.42 1.52 0.16 3.16 3.11 4.96 

Plak [mmol·m−2] 98.3 3746.7 960.4 582.6 279.7 49.3 43.4 152.0 441.7 290.2 
Ntot [mol·m−2] 22.1 73.4 39.9 33.5 33.4 29.9 16.7 44.4 47.2 76.8 

Table A5. Correlation matrix (Pearson correlation coefficient) of CEC, depth of the root zone, 
amount of clay, stock of Corg, Caexc, Mgexc, and Kexc. 

Correlation Matrix CEC 
[molc·m−2] 

Depth of Root 
Zone [m] 

Amount of 
Clay [kg·m−2] 

Stock of Corg 
[kg·m−2] 

Caexc 
[mol·m−2] 

Mgexc 
[mol·m−2] 

Kexc 
[mol·m−2] 

CEC [molc·m−2] 1       
Depth of root zone [m] 0.82 1      

Amount of clay [kg·m−2] 0.88 0.87 1     
Stock of Corg [kg·m−2] 0.81 0.77 0.71 1    

Caexc [mol·m−2] 0.60 0.25 0.17 0.49 1   
Mgexc [mol·m−2] 0.77 0.84 0.97 0.62 4.2 × 10−3 1  
Kexc [mol·m−2] 0.93 0.81 0.95 0.78 0.39 0.89 1 

Table A6. Weathering rate of Ca, Mg, K, and P at all sites of the two study areas for all three different 
thinning intensities. 

Site Study Area Thinning 
Intensity 

Ca 
[kg·ha−1·y−1] 

Mg 
[kg·ha−1·y−1] 

K 
[kg·ha−1·y−1] 

P 
[kg·ha−1·y−1] 

Lärchenischlag Bülach HIGH 12.26 1.09 3.61 0.39 
Chengelboden   13.56 19.44 69.99 4.07 

Lindi   2.96 4.46 13.39 0.86 
Marterloch   3.17 5.89 14.71 1.00 
Brengspel   549.49 2.34 3.72 0.61 
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Hörnli Irchel  1.68 5.25 14.75 0.00 
Schartenflue   0.54 0.48 1.40 0.14 
Schaffhuser   624.39 8.59 10.03 0.36 
Obermeser   1.90 11.14 39.81 0.00 

Steig   3.09 19.58 64.28 0.00 
Lärchenischlag Bülach LOW 12.25 1.08 3.56 0.39 
Chengelboden   13.54 19.42 69.88 4.07 

Lindi   2.96 4.46 13.42 0.86 
Marterloch   3.17 5.88 14.65 1.00 
Brengspel   549.88 2.35 3.74 0.61 

Hörnli Irchel  1.69 5.27 14.86 0.00 
Schartenflue   0.54 0.48 1.40 0.14 
Schaffhuser   624.09 8.59 10.01 0.36 
Obermeser   1.90 11.14 39.80 0.00 

Steig   3.09 19.60 64.38 0.00 
Lärchenischlag Bülach BAU 12.26 1.09 3.61 0.39 
Chengelboden   13.55 19.44 69.97 4.07 

Lindi   2.96 4.46 13.42 0.86 
Marterloch   3.17 5.89 14.71 1.00 
Brengspel   549.57 2.35 3.73 0.61 

Hörnli Irchel  1.68 5.26 14.80 0.00 
Schartenflue   0.54 0.48 1.40 0.14 
Schaffhuser   624.29 8.59 10.02 0.36 
Obermeser   1.90 11.13 39.79 0.00 

Steig   3.09 19.58 64.29 0.00 

Table A7. Deposition of Ca, Mg, K, P, and N at all sites of the two study areas. The deposition is the 
same for all three different thinning intensities. 

Site Study Area Ca 
[kg·ha−1·y−1] 

Mg 
[kg·ha−1·y−1] 

K 
[kg·ha−1·y−1] 

P 
[kg·ha−1·y−1] 

N 
[kg·ha−1·y−1] 

Lärchenischlag Bülach 6.37 0.67 2.82 0.74 25.35 
Chengelboden  6.31 0.67 2.78 0.74 22.41 

Lindi  6.14 0.65 2.65 0.74 24.51 
Marterloch  6.20 0.65 2.70 0.74 22.44 
Brengspel  6.30 0.67 2.77 0.74 24.73 

Hörnli Irchel 6.18 0.65 2.64 0.73 18.61 
Schartenflue  6.18 0.65 2.64 0.73 18.85 
Schaffhuser  6.30 0.67 2.73 0.73 20.67 
Obermeser  6.15 0.65 2.62 0.73 21.04 

Steig  6.21 0.66 2.67 0.73 20.88 
Lärchenischlag Bülach 6.37 0.67 2.82 0.74 25.35 
Chengelboden  6.31 0.67 2.78 0.74 22.41 

Lindi  6.14 0.65 2.65 0.74 24.51 
Marterloch  6.20 0.65 2.70 0.74 22.44 
Brengspel  6.30 0.67 2.77 0.74 24.73 

Hörnli Irchel 6.18 0.65 2.64 0.73 18.61 
Schartenflue  6.18 0.65 2.64 0.73 18.85 
Schaffhuser  6.30 0.67 2.73 0.73 20.67 
Obermeser  6.15 0.65 2.62 0.73 21.04 

Steig  6.21 0.66 2.67 0.73 20.88 
Lärchenischlag Bülach 6.37 0.67 2.82 0.74 25.35 
Chengelboden  6.31 0.67 2.78 0.74 22.41 

Lindi  6.14 0.65 2.65 0.74 24.51 
Marterloch  6.20 0.65 2.70 0.74 22.44 
Brengspel  6.30 0.67 2.77 0.74 24.73 

Hörnli Irchel 6.18 0.65 2.64 0.73 18.61 
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Schartenflue  6.18 0.65 2.64 0.73 18.85 
Schaffhuser  6.30 0.67 2.73 0.73 20.67 
Obermeser  6.15 0.65 2.62 0.73 21.04 

Steig  6.21 0.66 2.67 0.73 20.88 

Table A8. Leaching of Ca, Mg, K, P, and N at all sites of the two study areas for all three different 
thinning intensities. 

Site Study Area Thinning 
Intensity 

Ca 
[kg·ha−1·y−1] 

Mg 
[kg·ha−1·y−1] 

K 
[kg·ha−1·y−1] 

P 
[kg·ha−1·y−1] 

N 
[kg·ha−1·y−1] 

Lärchenischlag Bülach HIGH 1.50 0.00 0.00 0.08 0.00 
Chengelboden   0.00 15.20 55.28 0.08 0.00 

Lindi   0.00 1.87 4.33 0.08 0.00 
Marterloch   0.00 3.01 5.90 0.08 0.00 
Brengspel   446.02 0.07 0.00 0.08 0.00 

Hörnli Irchel  0.00 3.11 7.25 0.08 0.00 
Schartenflue   0.00 0.00 0.00 0.08 0.00 
Schaffhuser   606.01 5.78 2.49 0.08 0.00 
Obermeser   0.00 8.57 29.57 0.08 0.00 

Steig   0.00 17.17 55.02 0.08 0.00 
Lärchenischlag Bülach LOW 2.39 0.00 0.00 0.08 0.04 
Chengelboden   0.00 15.63 56.69 0.08 0.00 

Lindi   0.00 1.66 3.50 0.08 0.00 
Marterloch   0.00 3.18 6.42 0.08 0.00 
Brengspel   443.87 0.06 0.00 0.08 0.00 

Hörnli Irchel  0.00 2.57 5.33 0.08 0.00 
Schartenflue   0.00 0.00 0.00 0.08 0.00 
Schaffhuser   607.29 6.00 3.22 0.08 0.00 
Obermeser   0.00 8.63 29.70 0.08 0.00 

Steig   0.00 16.78 53.69 0.08 0.00 
Lärchenischlag Bülach BAU 1.38 0.00 0.00 0.08 0.00 
Chengelboden   0.00 15.30 55.65 0.08 0.00 

Lindi   0.00 1.69 3.67 0.08 0.00 
Marterloch   0.00 3.01 5.84 0.08 0.00 
Brengspel   445.62 0.07 0.00 0.08 0.00 

Hörnli Irchel  0.00 2.90 6.52 0.08 0.00 
Schartenflue   0.00 0.00 0.00 0.08 0.00 
Schaffhuser   606.36 5.87 2.75 0.08 0.00 
Obermeser   0.00 8.68 29.91 0.08 0.00 

Steig   0.00 17.12 54.84 0.08 0.00 

Table A9. Summary of the modeled mineralogical composition of the C horizons of all soil profiles 
in the two study areas (unit: wt. %). Abbreviations: qz: quartz, fsp: feldspars, crb: carbonates, feo: 
Fe-oxides and -hydroxides, shs: sheet silicates (including biotite, muscovite, and chlorite), cm: clay 
minerals (including illite, smectite, vermiculite, and kaolinite), om: organic matter. Irchel: bedrock 
early Pleistocene till, Bülach: bedrock late Pleistocene till. 

Site Horizon Depth 
[m] 

qz fsp crb feo shs cm om 

Irchel          
Steig BcnC 1.6–1.8 55.75 0.54 0 5.17 4.14 34.56 0.09 

Hörnli Sd 1.8–2.25 56.65 4.5 0 5.01 2.45 32.12 0.01 
Schartenflue Rcca 1.1–1.4 58.82 5.07 18.35 1.9 5.6 10.53 0.15 
Obermeser SdC 1.3–1.6 66.44 1.24 0 3.28 2.98 25.57 0.29 
Schaffhuser Cca 0.9–1.1 34.49 5.92 30.22 3.6 0 26.05 0.05 

Bülach          
Lärchenischlag Cca2 1.2–1.35 48.48 14.39 26.65 0.94 5.6 3.52 0.81 
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Chengelboden IICca 1.95–2.2 33.05 14.06 29.6 2.62 8.01 12.5 0.2 
Brengspel Cca2 1.0–1.2 30.76 7.15 42.4 0.67 6.21 13.21 0.09 
Marterloch Cca 1.2–1.4 50.6 6.33 23.77 1.77 9.83 8.02 0.14 

Lindi B 0.85–0.95 57.46 17.44 0.2 2.09 10.54 13.06 0.16 

Table A10. Coefficients of nutrient mass balance models. 

Full vs. Partial 
Model 

Response 
mass 

Balance 

Thinning 
HIGH 

Thinning 
LOW 

Timber 
Harvestin

g (Stem 
Only) 

Timber 
Harvesti

ng 
(Whole 
Tree) 

Depth of 
Occurrence 
of Calcite 

Depth of 
the Rooting 

Zone  

Late 
Pleistocene 

Mean 
CEC 

Mean 
pH 

Full Ca  0.07 −0.20 0.12 −0.12 −0.27 1.72 0.07 −0.01 1.14 
Partial Ca 0.07 −0.20 0.12 −0.12 −0.94 2.33 −0.21 −0.01 − 

Full N 0.03 −0.10 0.13 −0.27 −0.45 0.97 0.16 −0.00 −0.18 
Partial N 0.03 −0.10 0.13 −0.27 −0.34 0.88 0.21 −0.00 − 

Full K −0.02 0.11 0.56 −0.67 3.42 −1.70 6.66 0.06 −0.88 
Partial K −0.02 0.11 0.56 −0.67 3.94 −2.17 6.88 0.06 − 

Full Mg −0.01 0.04 0.18 −0.15 1.09 −1.12 2.23 0.02 0.72 
Partial Mg −0.01 0.04 0.18 −0.15 0.66 −0.74 2.05 0.02 − 

Full P −0.02 −0.01 −0.23 0.37 0.11 −0.30 −0.14 0.00 −0.10 
Partial P −0.02 −0.01 −0.23 0.37 0.17 −0.35 −0.11 0.00 − 

Table A11. Significance of the coefficient estimates. 

p-Values Are Reported by the Summary() Function in R from t-Tests of Model Coefficients 
Key: - coefficient not included; () 1 > p > 0.1; . 0.1 > p > 0.05; * 0.05 > p > 0.01; ** 0.01 > p > 0.001; *** 0.001 > p  

Full vs. Partial 
Model 

Response 
Mass 

Balance 

Thinning 
HIGH 

Thinning 
LOW 

Timber 
Harvesting 

(Stem 
Only) 

Timber 
Harvesting 

(Whole 
Tree) 

Depth of 
the 

Occurrence 
of Calcite 

Depth of 
the 

Rooting 
Zone  

Late 
Pleistocene 

Mean 
CEC 

Mean 
pH 

Full Ca  () * () () * *** () *** *** 
Partial Ca () . () () *** *** () ** - 

Full N () () * *** *** *** () . . 
Partial N () () * *** *** *** . () - 

Full K () () () () *** () *** ** () 
Partial K () () () () *** () *** ** - 

Full Mg () () () () *** . *** *** ** 
Partial Mg () () () () *** () *** ** - 

Full P () () *** *** * * * () . 
Partial P () () *** *** *** ** . () - 

Table A12. F-test results. 

p-Values Relate to the 𝐅𝟏,𝟖𝟎 Distribution 
Nutrient Mass Balance F Statistic p Value B-H Corrected Threshold (p) Decision 

Calcium 80.91 8.99 × 10−14 0.01 Reject 𝐻  
Magnesium 7.33 8.31 × 10−3 0.0125 Reject 𝐻  
Phosphorus 3.82 5.42 ×10−2 0.017 Do not reject 𝐻  

Nitrogen 3.62 6.06 × 10−2 0.025 Do not reject 𝐻  
Potassium 1.02 3.20 × 10−1 0.05 Do not reject 𝐻  
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Figure A1. Comparison of beech components of Bülach and Irchel with regard to contents of (a) 
potassium (K) and (b) nitrogen (N). The red line is the 1:1 line. Levels of significance: * significant < 
5%, ** very significant < 1%, *** highly significant < 0.1%. df = degrees of freedom. 

 
Figure A2. Results of different thinning and harvesting strategies in Bülach and Irchel. Comparison 
of (a) calcium; (b) magnesium; and (c) potassium export by timber harvesting. The red line is the 1:1 
line. Levels of significance: * significant < 5%. df = degrees of freedom. 
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Figure A3. Different thinning and harvesting strategies in Bülach and Irchel: (a) comparison of the 
mass balance of magnesium (Mg); (b) comparison of the mass balance of potassium (K); (c) 
comparison of the mass balance of phosphorus (P). The red line is the 1:1 line. df = degrees of 
freedom. 

 
Figure A4. Q-Q plots for nutrient-balance models. 
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