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How effective are clearcutting and topsoil removal
in the de-eutrophication of mixed oak forests?
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Abstract

The present work examines the extent to which clearcutting and topsoil removal lead to de-
eutrophication of forest sites in the communal forest of Bad Windsheim (Bavaria/Germany). In
addition, effects on microclimate were analysed. We used average Ellenberg indicator values for
nutrients (mN) as a proxy of eutrophication status. 27 plots in two treatments (clearcutting, topsoil
removal) and untreated controls in three forest compartments were sampled for vegetation composition,
soil pH, canopy shading (global site factor) and temperature. While treatments increased light
availability, temperature amplitude and late frosts, effects on nutrient status and prevalence of ruderal
plant species were inconsistent across compartments, which could be attributed to differences in soil
substrate and land use histories. The results of this experiment indicate that the effectiveness of
ecological compensation measures depends on bedrock geology and management legacies.
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Erweitere deutsche Zusammenfassung am Ende des Artikels

1. Introduction

Light forest canopy structures receive increasing attention in biodiversity conservation
(BURGI & WOHLGEMUTH 2002, MULLER-KROEHLING 2007, MOLDER et al. 2019). Fine-scale
variance in temperature and light favours structural diversity and ecological succession,
which, in combination with a long biotope tradition, contribute to the nature conservation
value (MOLDER et al. 2019, MICHIELS 2021). In pristine forests light canopy structures were
associated with extreme site conditions (FISCHER et al. 2015) or, possibly, with combined
fire and wild ungulate browsing (BOND 2005). However, they became widespread through
historical land uses such as litter raking, forest pasture, coppices and coppice-with-standards
(Jotz et al. 2017), which have lost their economic importance in the modern age and became
threatened habitats (RUPP 2010, KIRBY et al. 2017). Today, well-tended remnants of light
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forests are rare, small and isolated (MICHIELS 2021). In addition to the quantitative decrease
in light forests, qualitative changes are observed due to progressive N-eutrophication
(BUNZEL-DRUKE et al. 2008, HEDL et al. 2010, FISCHER et al. 2015, EWALD & PYTTEL 2016).

Nitrogen-eutrophication and darkening through canopy closure have emerged as the
main drivers of change in plant composition in numerous local studies and meta-analyses
(e.g. FISCHER 1999, VERHEYEN et al. 2012, EWALD et al. 2013). However, against expec-
tions, eutrophication of forests does not depend on nitrogen immissions in a straightforward
way (PERRING et al. 2018), but involves site conditions as well as past and present land-use
(ROTH 2022).

HOLZEL (2019) highlights the conservation and recreation of light and oligotrophic
forests among the main goals of forest restoration. Light forest structures can be restored by
reactivating historical forms of land use such as forest pastures (cf. RUPP 2010) or coppice-
with-standards (MULLER-KROEHLING 2007), which combine timber extraction and lighting
(BURGI & WOHLGEMUTH 2002). More thorough de-eutrophication is sought by removing
litter (BEER & EWALD 2005) and humus layers (SCHMIDT et al. 2008, FISCHER et al. 2015) in
order to create low-competition habitats for oligotraphent plants and long-lasting,
structurally rich succession stages. As an endpoint in a continuum of measures against
eutrophication (EWALD & PYTTEL 2016), topsoil removal in forests remains a contentious
and understudied restoration method (GANN et al. 2019, ZERBE 2023).

In spring 2019, trial areas were set up in the Bad Windsheim communal forest to
improve the habitat of the endangered butterflies Euphydryas maturna and Eriogaster catax
with the treatments clear-cutting and clearcutting with topsoil removal. This experimental
set-up offers the opportunity to test for heliophilizing and de-eutrophicating effects on
microclimate, soil and vegetation (EWALD & PYTTEL 2016). The following effects of
intervention intensity were expected (research questions 1-5): (1) increase in incoming
radiation and heliophytic plant species, (2) creation of open-air microclimate with larger
temperature amplitudes, (3) increase in topsoil pH, (4) increase of soil disturbance and
ruderal plant species, and (5) maximum of nitrophytic plant species after intermediate distur-
bance (clearcutting), reduction of nutrient value and increase in stress strategists after soil
removal.

2. Study area

The Kehrenberg (49.52616 N, 10.36897 E) is located in the county of Neustadt a. d.
Aisch-Bad Windsheim in northwestern Bavaria/Germany (Fig. 1), belongs to growth region
5 Frinkischer Keuper and Albvorland and is part of the FFH area Vorderer Steigerwald mit
Schwanberg (AELF AN 2016).

2.1 Climate and geology

The climate is temperate, warm and relatively dry with an annual average temperature of
8.4 °C and annual precipitation of 690 mm (reference period 1961-1990). At the nearby
Kaubenheim weather station (BAYER. LFL 2023) an increase in average annual temperature
of 1.7 °C has been observed since 1991. Geologically, the study area is characterized by
sand, clay and marl rocks of the Lower and Middle Keuper (EMMERRT 1969), giving rise to
pseudo-gleyed two-layer soils with high base saturation and heavy clay soils (pelosols) on
Estheria and Myophoria Layers (WALENTOWSKI et al. 2020).
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Fig. 1. Aerial photo map of the study sites; inset photo: soil removal plot. Map background: Open
Street Map, Bayerische Vermessungsverwaltung.

Abb. 1. Luftbildkarte der Aufnahmeorte; Foto: Fliche nach Oberbodenabtrag. Kartenhintergrund: Open
Street Map, Bayerische Vermessungsverwaltung.
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2.2 Forest composition

The potential natural vegetation is formed by oak-hornbeam forests (Galio-Carpinetum,
OBERDORFER 1992) with thermo-xerophytic and basiphytic species such as Melica nutans
and Carex montana (TURK 1996). Heavy clays and dry cracks hinder the expansion of
European beech and favour one of the most diverse forest communities in Bavaria
(WALENTOWSKI et al. 2020). In a matrix of Quercus petraea, Tilia cordata and Carpinus
betulus, rare tree species such as Acer platanoides, Sorbus torminalis, Pyrus pyraster,
Sorbus domestica and Ulmus laevis are admixed. While seminatural mixed deciduous forests
prevail, sandy acid soils derived from sandstones and fallow agricultural land have been
locally converted to coniferous plantations with Picea abies and Pinus sylvestris.

2.3 Land use history

The southern Steigerwald is characterized by historical coppice-with-standards forests
(BARNTHOL 2003). In conjunction with closely interlinked grasslands and orchards they
form a biodiversity hotspot of national significance (WERKING-RADTKE & KONIG 2015,
GROBMANN & PYTTEL 2016).

3. Methods

3.1 Experimental design

The research design comprised the treatments control (0), clearcutting (C) and clearcutting with
topsoil removal (S) in three forest compartments A, B and C (Fig. 1). A and B were previously
coppiced deciduous stands, C was a conifer plantation. Triple replication of each variant resulted in
27 areas which are identified by a three-digit code (e.g. “AC1”) (Supplement S1). The clearcut
(C, complete harvest of tree stand, RITTERSHOFER 2014) took place in 2018 on 18 randomly arranged
areas. In 2019, within half of the clearcuts 10 cm topsoil was removed from nine 20 x 20 m parcels
(“S”). Nine areas of equal size in the adjacent forest that had not been logged for 20 years served as
control areas (“0”).

3.2 Vegetation plots

In the centre of each parcel, 10 x 10 m vegetation plots were staked out and surveyed twice for
plant species composition (vascular plants, ground-dwelling mosses) and cover on a 13-part scale
(LONDO 1976). Spring geophytes were recorded from the end of March to the end of April 2020, and
all other plants from May to mid-July 2020 after full leaf emergence. Total cover of the various layers
(moss, herb, shrub, 2™ tree, 1 tree layer, DIERSCHKE 1994) was estimated to the nearest 5% interval in
the summer period. Vegetation plots were processed with TURBOVEG software (HENNEKENS &
SCHAMINEE 2001).

3.3 Environmental variables

The relief parameters slope, aspect and elevation a.s.l. were recorded with inclinometer, compass
and GPS device (Garmin, model Astro 320).

The Global Site Factor (GSF, as a proxy for global solar radiation expressed as a relative
proportion of full lighting) was determined on the basis of five hemispherical photos (corners, centre)
taken with a wide-angle lens (Sigma EX DC 4.5 mm) on days with uniform sky lighting and subsequent
processing with the HemiView software (Version 2.1, Delta-T Devices; VIEGLAIS & RICH 1998).

Hourly measurements of temperature at the soil surface and at 1.3 m height were carried out on
each plot from 6 April to 29 August 2020 with temperature loggers (model EL-USB-1, Easylog)
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attached to wooden pegs. Temperature amplitude was quantified as the distance between the first and
third quartile of the observed distribution of values (IQR: interquartile range).

The pH-value of the topsoil (uppermost 5 cm of mineral soil) was measured in fresh samples after
addition of distilled water (soil: solution ratio = 1: 2.5; WUNDRAM 2006, ARBEITSGEMEINSCHAFT
FORSTEINRICHTUNG 2016).

3.4 Data processing and analysis

Vegetation relevés were arranged in a differentiated table according to treatments and
compartments. Significant diagnostic species (p <0.05) for compartments and treatments were
determined by indicator species analysis according to DUFRENE & LEGENDRE (1997) in PCOrd
(MCCUNE & MEFFORD 1999).

Mean unweighted Ellenberg indicator values for light, moisture, reaction and nutrients (ELLEN-
BERG 2001) were calculated in TURBOVEG. Based on the species classification by GRIME (2006), the
following ruderality index was computed for each plot:

r+sr+cr

Ri, 100

= *
sr+r+csr+cs+cr

where lower case letters denote the number of observed species types per strategy type. Late frosts were
defined as temperatures below freezing point occurring after leaf emergence (as of 25 April 2020) and
quantified as duration in hours.

The effects of the treatment (fixed factor) and compartment (random factor) on the measured
variables were analysed using a mixed linear model (GLM) in R (R CORE TEAM 2013). Model signifi-
cance was calculated and interpreted according to BARTON (2015), differences between treatments were
examined using a post hoc test (HOTHORN et al. 2008, BARTON 2015). The main gradients of species
composition were extracted by detrended correspondence analysis (DCA; LEYER & WESCHE 2008) of
the root-transformed species matrix with PC-ORD (MCCUNE & MEFFORD 1999) and were interpreted
through vector projections of environmental variables.

4. Results and discussion

The section explores the multivariate patterns of species composition regarding experi-
mental treatments and proceeds to the testing of the underlying research questions. The
studied vegetation is characterised as belonging to the Carpinion alliance by absence of
Fagus sylvatica and high constancy of Dactylis polygama, Stellaria holostea and many other
basiphytic species of the order Fagetalia.

4.1 Gradients of species composition

As expected, DCA-axis 1 (eigenvalue 0.41834, gradient length of 3.573) was closely
related to treatments (Fig. 2), whereas axis 2 (eigenvalue 0.34299) revealed different species
composition in the studied compartments (Fig. 3).

4.1.1 Comparison of compartments

With high cover of Dactylis polygama and Poa nemoralis, canopy dominance of
Fraxinus excelsior and Tilia platyphyllos and diagnostic nitro- and basiphytes like Alliaria
petiolata, Mercurialis perennis, Carex guestphalica and Arum maculatum (Supplement S1),
compartment A shows affinities to the Galio-Carpinetum tilietosum subassociation (OBER-
DORFER 1992).
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Fig. 2. DCA-ordination of species composition with plots grouped by treatment; vectors display
correlation of axes with important environmental variables (GSF: global site factor, IQR Temp:

interquartile range of temperature at 1.3 m, Late Frost: number of hours with late frost at 1.3 m) and
Ellenberg indicator values (mM: moisture, mL: light).

Abb. 2. DCA-Ordination der Artenzusammensetzung, Gruppierung der Plots nach Behandlung; Pfeile
geben die Korrelation der Achsen mit wichtigen Umweltvariablen wider (GSF: Global Site Factor, IQR
Temp: Interquartils-Abstand der Temperatur in 1,3 m, Late Frost: Anzahl der Stunden mit Spétfrost in
1,3 m) und Ellenberg-Zeigerwerte (mM: Feuchte, mL: Licht).
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™
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Fig. 3. DCA-ordination of species composition with plots grouped by compartments A—C; explanation
of vectors in Figure 2.

Abb. 3. DCA-Ordination der Artenzusammensetzung, Gruppierung der Plots nach Versuchsbestinden
A-C; Legende der Pfeilbeschriftungen sieche Abbildung 1.
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Compartment B represents a rather typical Galio-Carpinetum asaretosum (OBERDORFER
1992) characterized by xerophytes like Carex flacca, C. montana, Melica picta and Conval-
laria majalis (Supplement S1). Occurrence of acidophytes (Calamagrostis arundinacea,
Festuca heterophylla) in compartment B coincides with lower soil pH (Fig. 5), sandy topsoil
and admixture of the conifers Pinus sylvestris, Picea abies and Pseudotsuga menziesii in the
canopy.

The coniferous plantation in compartment C was differentiated by Geum urbanum,
Rubus fruticosus and the seral shrubs Crataegus monogyna, Prunus spinosa, Rosa canina et
arvensis (Prunetalia species; UEBELER 2012), indicating xeric (low water storage capacity,
90 mm), calcareous sites (base saturation type 1+) and recent afforestation on agricultural
land. The moss Scleropodium purum in control plots can be attributed to the canopy of
conifers (Pinus sylvestris, Picea abies).

4.1.2 Comparison of treatments

Control plots are characterized by intact tree layers, regeneration of Acer campestre,
Quercus petraea and Prunus avium, and by the forest species Dryopteris carthusiana, Rhyti-
diadelphus triquetrus, Calamagrostis arundinacea and Scleropodium purum. Thuidium
tamariscinum and Asarum europaeum tolerate clearcutting, but not soil removal.

Milium effusum was most frequent on clearcuts. Otherwise, clearcuts shared a large
group of diagnostic disturbance indicators and mostly nitrophytic ruderals like Cirsium
palustre, Rubus caesius and Lactuca serriola with soil removal plots.

The diagnostic species of soil removal plots comprised ruderals like Cirsium arvense and
meadow plants like Daucus carota, Silene flos-cuculi, Leucanthemum vulgare and Campa-
nula patula with intermediate or low Ellenberg nutrient values.

Removing the tree stand resulted in drastic changes of light (GSF, mL) and soil moisture
(mF) as well as temperature amplitudes and opened niches for ruderal vegetation (MUCINA
1993) germinating from seedbank (KARPOV 1960) or seed rain, such as Epilobium spp. and
Rubus spp. as well as pioneer trees such as Betula pendula and Pinus sylvestris.

Increasing treatment intensity favoured heliophytes like Cirsium palustre, Ranunculus
repens, Campanula patula und Juncus effusus. Diagnostic species of the genera Bromus und
Arctium as well as the companions Cirsium arvense, Hypericum perforatum und Taraxacum
Sect. Ruderalia suggest classification of disturbed plots as Arctietum nemorosi (OBER-
DORFER et al. 1978, MUCINA 1993). Silene flos-cuculi, Myosotis scorpioides and Galium
palustre indicate hygric conditions after soil removal. The weak postive correlation of mN to
axis 1 (r=-0,21) speaks against de-eutrophicating effects of the treatments.

4.2 Study Questions

The relevant variables were tested in the GLM according to questions H1-5 (Tab. 1 and
2) and are interpreted below.

Q1: Do radiation (GSF) and heliophytic species increase with intensity of intervention?

According to the GLM, clearcutting and topsoil removal had a significant influence on
radiation (Tab. 1 and 2) and there was a linear relationship between the intensity of the
intervention and GSF (R?= 0.69).
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Table 2. Post hoc test for pairwise comparison of the test variants.

Table 2. Post hoc-Test zum paarweisen Vergleich der Testvarianten.

Variable Treatment Estimate Std. Error z Value p*
Global Site Factor Cc-0 0.4001 0.0518 7.724 <1E-04 ***
S-0 0.5975 0.0518 11.535 <1E-04 ***
S-C 0.1974 0.0518 3.811 0.00038 ***
Light value (mL) C-0 0.3611 0.1887 1.914 0.13475
S-0 1.0356 0.1887 5.488 <0.001 ***
S-C 0.6744 0.1887 3.574 0.00106 **
IQR T Soil Surface Cc-0 11.111 2.051 5.418 <1E-04 ***
S-0 13.778 2.051 6.719 <1E-04 ***
S-C 2.667 2.051 1.3 0.395
IQRT 1.3 m Cc-0 13.0556 1.3879 9.407 <1E-06 ***
S-0 12.8333 1.3879 9.247 <1E-06 ***
S-C -0.2222 1.3879 -0.16 0.986
pH value Cc-0 0.262 0.1822 1.438 0.321
S-0 0.341 0.1822 1.871 0.147
S-C 0.079 0.1822 0.434 0.902
Nitrogen value (mN) Cc-0 -0.3833 0.3201 -1.198 0.455
S-0 -0.5433 0.3201 -1.698 0.206
S-C -0.16 0.3201 -0.5 0.871
Ruderality (Ri) (1] 6.911 2.841 2.433 0.0397 *
S-0 9.686 2.841 3.41 0.00194 **
S-C 2.774 2.841 0.977 0.59161

In all three compartments, radiation increased with the intensity of the intervention. The
different starting levels in the compartments could be explained by land use history and tree
stock: The pure deciduous forest (A) was darker than the deciduous-coniferous mixed forest
(B) and the pure coniferous forest (C). After clearcutting, up to 70% of the canopy remained
in compartment A, and up to 40% in compartment B was shaded by remaining trees and
deadwood. The cleared coniferous forest in compartment C reached similar levels of shading
as the soil removal variants in compartments A and B.

Ellenberg light values correlated positively with GSF at »=0.76 and showed a dicho-
tomy: All control variants and the clearing variants of compartments A and B scored light
numbers between 4.4 and 5.5, whereas the cleared coniferous forest of compartment C and
all soil removal parcels scored values between 5.5 and 6.6. Due to the different behaviour of
the cutting variants in the compartments, the GLM was not significant for the treatment.

Q2: Does an open-land microclimate with larger temperature amplitudes arise with
increasing intensity of intervention?

The influence of radiation attributable to the degree of forestry intervention on
temperature (MITSCHERLICH 1981) is confirmed by a tight linear relationship between GSF
and temperature amplitude measured at 1.3 m height (R?=0.74). Air temperatures after
clearcutting with (S) and without topsoil removal (C) differed only slightly in the
observation period.
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Fig. 4. Average temperature profile of the air (1.3 m) and near-ground temperature on control, clearcut
and topsoil removed surfaces in the observation period.

Abb. 4. Mittlerer Tagesgang von Luft- (1,3 m) und bodennaher Temperatur auf Kontroll-, Kahlschlag-
und Bodenabtragsplots wihrend des Beobachtungszeitraums.

Medians of CC and SR plots were identical at 15.5 °C, and mean temperatures after
clearcutting (16.9 °C) and topsoil removal (17.5 °C) differed by only 0.6°C. Measured
maximum and minimum temperatures were comparable, whereas temperature amplitudes
(IQR) were considerably (2.5 °C) larger on topsoil removal than on clearcuts and much
smaller on control plots (Fig. 4), which were characterized by a lower median, less extreme
maxima and a significantly narrower amplitude. Closed canopies dampened mean
temperatures by 1.9 °C compared to clearcuts and by 2.5 °C compared to bare soil. In all
plots, temperatures at soil surface showed higher maxima and lower minima than at 1.3 m.
On the SR and CC plots mean ground temperatures were slightly lower than at 1.3 m,
whereas in control plots measurement series close to the ground had slightly lower (-0.4 °C)
mean temperatures. The measurements confirm a more balanced climate in the forest due to
a narrower amplitude. Temperatures close to the ground reached higher max/min values,
leading to outliers in the measurement series.

There was an exponential relationship between the variables late frost and GSF
(y = 0.0857e%126% = R?=(.55), which is typical for intact canopies (MITSCHERLICH 1981).
However, remaining slash and resprouting deciduous stumps had a mitigating influence on
temperature extremes after leaf emergence on clearcut plots. Despite similar canopy and
radiation, visible late frost damage was only detected on soil removal, not on clearcut plots,
indicating a significant treatment effect.

The GLM confirmed research question 2. However, heterogeneous radiation on clearcut
plots blurred the distinction between clearcutting and topsoil removal. Regardless of
intervention intensity, open space climate prevailed above a certain GSF threshold, above
which the two treatments differed only in terms of late frost events.
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Q3: Does the pH-value of the topsoil increase with increasing intervention strength?

There was no consistent relationship between intervention intensity and pH value of the
topsoil across the three study compartments, which largely differed between controls (87%
variance explained by random factor), probably due to differences in soil substrates (Fig. 5).

The main soil type in compartment A was a two-layered brown earth with negligible
hydromorphic features, and mild clay overlying heavy clay in the subsoil. The soils had high
base saturation (type 2) with ample calcium, magnesium and potassium reserves, only slight
acidification in the topsoil and AWSC of 145 mm. In compartment B, the main soil type was
strongly hydromorphic pseudogley with high base saturation (type 2), but more acidified
topsoil and an AWSC of 137 mm. The main soil type in compartment C was a slightly
pseudo-gleyed Pararendzina with mild clay overlying loam, high base saturation (type 1+)
and AWSC of 90 mm.

Q4: Do soil disturbance and ruderal plants increase with intervention intensity?

Topsoil removal favoured ruderal species, which is in contrast to the objective of favour-
ing stress strategists. While controls and topsoil removal areas differed significantly (Tab. 1),
there was only a weak linear relationship with ruderal cover and intensity (Supplement S1).

Intermediate strategists (CSR) were dominant in all plot groups, ruderality index reached
maximum values of 30% in topsoil removal plots of compartment C. As expected, clear-
cutting and soil removal treatments exhibited higher ruderality mostly due to Cirsium spp.,
Urtica doica and Galium aparine (cf. BRANDES 1978). Differences in ruderality between the
treatments were only prominent in compartment C, resulting in a linear dependence with
intensity (R?= 0.81) due to increasing cover of non-forest species such as Myosotis arvensis,
Rosa arvensis, Daucus carota and Cirsium arvense. The situation in compartment C may be
explained by the relative proximity of agricultural land (as a source of diaspores and
atmospheric nutrient input) and land use history. Historical maps and photos confirm,

] Treatment
65 ] O control (0)
' O O clearcut (C)
| O soil removal (S)
5,5 1 [
T
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1 =
45
35 1
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Fig. 5. pH value as box plots across compartments and treatments.

Abb. 5. pH-Werte als Boxplots gegliedert nach Untersuchungsbestéinden und Behandlungen.
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that the coniferous forest stand was established on former agricultural land around 1945.
Thus, ruderal and other non-forest species may have emerged from the seed bank. At old
forest sites (compartments A and B) soil removal favours a mixture of ruderal species with
forest species.

Q5: Does occurrence of nitrophytic species peak at intermediate intervention level
(clearcutting) and does soil removal favour oligotraphent, stress-tolerant plants?

The hypothesis combines the expectation that clearcutting favours nutrient release from
biomass residues and humus stocks, but that removing topsoils counteracts mineralisation
and favours oligotraphent stress strategists. Observed patterns in mN do not confirm QS5 at
the level of the whole dataset nor within any of the three compartments (Fig. 6).

Nutrient values in compartment A showed a strong reduction in nitrophytes with
increasing intervention. Control plots in this compartment were classified as highly
eutrophic, clear-cut plots as eutrophic, and soil removal plots as mesotrophic according to
EWALD & ZICHE (2017). However, eutrophic mN-values of control plots in compartment A
stand out (random factor compartment explains 41% of variance), which can be attributed to
the absence of conifers and higher pH/absence of sandy topsoil (A vs. B). Canopy
dominance of Fraxinus excelsior and Tilia platyphyllos with easily decomposable litter and
narrow C/N-ratio favour fast nutrient turnover (CHUDOMELOVA et al. 2017), which can
apparently be reduced by removing the canopy and humus-rich topsoil. The treatments tend
to remove the a priori differences between compartments and homogenize nutrient values at
intermediate, meso- to eutrophic levels. Thus, reducing mN-values through topsoil removal
remained the exception.

] Treatment
75 ] O control (0)
’ O clearcut (C)
) O soil removal (S)
> 6,5 1
(S
5,5 1
4,5
A B c
Compartment

Fig. 6. Mean nutrient values shown as box plots across compartments and treatments.

Abb. 6. Mittlere Néahrstoffzahl als Boxplots gegliedert nach Untersuchungsbestinden und Behand-
lungen.
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4.3 Caveats in interpreting indicator values

As Ellenberg nutrient values are a widely-used proxy for the eutrophication of forests
(RoTH etal. 2020), one would expect that they are suited to test for successful de-
eutrophication. However, their performance may be compromised when comparing different
vegetation formations (WAMELINK et al. 2002, 2003). Nutrient values of plant species and
vegetation may also be biased by correlation with other factors like soil reaction (SZYMURA
et al. 2014), which showed comparable variation in our study and were highly correlated
across and within the studied compartments. In forests, both nutrient and reaction values
strongly depend on chemical and biological properties of forest floors such as litter quality,
humus content, C/N-ratio and release of organic acids. In fact, correlations between pH, mR
and mN were strongest in the subsets of undisturbed control plots and in control and clearcut
plots regarded together (Tab. 3). Weak relationships in soil removal plots indicated an
uncoupling of chemical soil properties and community composition. We hyoptesize, that the
latter is strongly governed by dispersal and seed bank dynamics. In contrast, the relationship
between radiation (GSF) and light values held well across treatments.

4.4 Efficiency of topsoil removal in deciduous forest

While topsoil removal seems to be well-established as a restoration measure in heaths
(GEISSEN et al. 2013), fens (EMSENS et al. 2015), wet (KLIMKOWSKA et al. 2007) and dry
grasslands (TOROK et al. 2011), the few scientific studies on topspoil removal in temperate
forests of Europe are from Pinus sylvestris on sand (e.g. BEER & EWALD 2005, PRIETZEL &
KAISER 2005, ZANIEWSKI et al. 2015, FISCHER et al. 2016), where litter raking and sod
plugging had a long tradition. As in heath ecosystems, removal of organic forest floors takes
out the bulk of stored mineral nutrients leaving bare sand as a habitat for stress tolerant
target species like lichens, Lycopdium spp. and Pulsatilla spp. (HEINKEN 2008).

In temperate deciduous forests, topsoil removal has so far been employed to remove
encroaching or invasive understorey vegetation and facilitate tree regeneration (RESCO DE
Dios et al. 2005, LOF et al. 2012). Likewise, our experiment aimed at creating temporary
clearings for heliophilous species: Young Euphydryas maturna caterpillars feed on Fraxinus
excelsior leaves occurring under precisely defined thermal and hygric conditions, while
older larvae extend their diet to Ligustrum vulgare, Plantago spp. (occurring on one soil
removal plot in compartment C) and Pulmonaria spp. (FREESE et al. 2006); larvae of
Eriogaster catax feed on Prunus spinosa and Crataegus spp. (occurring in clerarcut and

Table 3. Coefficient of determination between measured variables and Ellenberg indicator values
within different groups of the treatments control (0), clearcutting (C) and soil removal (S).

Tabelle 3. Bestimmtheitsmall  zwischen MessgroBen und  Ellenberg-Zeigerwerten — innerhalb
verschiedener Gruppen der Behandlungen Kontrolle (0), Kahlschlag (C) und Bodenentfernung (S).

R? 0 0+C C C+S S 0+C+S
pH-mR 0.405 0.308 0.079 0.049 0.090 0.186
mR-mN 0.780 0.650 0.514 0.432 0.497 0.637
GSF-mL 0.147 0.577 0.604 0.735 0.666 0.758
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topsoil removal plots of compartment C) (SITAR et al. 2019). Clearing and soil removal in
the young forest and close to margins (compartment C) was most efficient in providing
specific food plants. AMBROZOVA et al. (2021) demonstrated positive effects of coppicing
and soil removal on the diversity of detritivorous dung and rove beetles reacting to
temperature and humidity imposed by the dominant vegetation layers.

While creating openings, microclimate and favouring food plants, treatments have so far
not been efficient in creating oligotraphent microhabitats, but have rather favoured eu- to
mesotraphent ruderal vegetation. These findings are in line with a review of coppicing
effects on nutrient status (EWALD et al. 2017). Soil removal reduced nutrient status only in
the highly eutrophic deciduous forest of compartment A, but led to complex responses under
low pH and in the presence of conifers, where oligotraphent forest species were replaced by
meso- to eutrophic ruderal species.

Studying effects of topsoil removal on soil nutrient concentrations and stocks were
beyond the scope of our project. Beyond a few pedological studies, that quantified nutrient
removal by litter raking in Pinus sylvestris (PRIETZEL & KAISER 2005) and Picea abies
stands (HOFMEISTER et al. 2008), direct measurements of nutrients after topsoil removal in
temperate deciduous forests are lacking.

5. Conclusions and outlook

Topsoil removal does not warrant rapid de-eutropication, but rather leads to the
establishment of meso- to eutrophic and subhygric ruderal vegetation in Galio-Carpinetum
forests. Effects of clearcutting and soil removal on vegetation are highly contingent on the
initial status of forest stands in terms of tree species composition, topsoil pH and land use
legacies. The experiment should be re-surveyed for long-term effects after several years,
when short-term ruderal dynamics have calmed down. It remains to be discovered whether
oligotrophic vegetation, specific food plants and the Lepidopteran target species will benefit
in the long run.

Erweiterte deutsche Zusammenfassung

Hintergrund, Untersuchungsgebiet & Methoden — Lichte Wiélder oligotropher Standorte sind von
besonderem Interesse fiir den Arten- und Biotopschutz, bediirfen jedoch unter den heutigen Stoft-
eintrdgen und Bewirtschaftungsregimes &hnlich wie Heiden und Kalkmagerrasen eines gezielten
Naturschutzmanagements.

Im Stadtwald Bad Windsheim (Mittelfranken, Bayern) wurden in einem Praxisversuch an drei
Waldorten (pnV Galio-Carpinetum, zwei naturnahe Laubwilder, ein Nadelholzforst) mit den Varianten
Kontrolle, Kahlschlag und Oberbodenabtrag gepriift, wie sich die Eingriffsintensitét auf die Standortbe-
dingungen und Vegetation auswirken, insbesondere ob (1) Strahlungsgenuss und lichtbediirftige Pflan-
zenarten gefordert, (2)ein Offenland-Mikroklima mit groBeren Temperaturamplituden geschaffen,
(3) der pH-Wert des Oberbodens erhoht und (4) durch Bodenverwundung das Auftreten von Ruderal-
arten gefordert werden. (5) SchlieBlich wurde ein maximales Auftreten nitrophytischer Pflanzenarten
nach Kahlschlag (mittlerer Storungsintensitit) sowie eine Férderung von stresstoleranten, oligotraphen-
ten Arten nach Bodenabtrag erwartet.

Dazu wurden auf 27 100 m? grolen Plots die Vegetation auf der Londo-Skala erfasst sowie relativer
Strahlungsgenuss (GSF) mittels Hemispharenfotos, Temperaturen in stiindlicher Auflésung am Boden
und in 1,3 m Hohe und pH-Werte des Oberbodens gemessen. Die Vegetationsaufnahmen wurden durch
Berechnung ungewichteter Ellenberg-Zeigerwerte fiir Licht, Feuchte, Reaktion und Stickstoff, eines
Ruderalititsindex auf Basis der CSR-Klassifikation nach GRIME (2006) sowie mittels Entzerrter
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Korrespondenzanalyse (DCA) ausgewertet. Die Behandlungsvarianten wurden an Hand von Joint Plots
der DCA-Achsen mit Zeigerwerten und Umweltvariablen sowie durch Boxplots verglichen. Der Ein-
fluss der Behandlungen auf Vegetation und Standortvariablen wurde durch gemischte lineare Modelle
(GLM) statistisch getestet.

Ergebnisse und Diskussion — Die Erhéhung der Einstrahlung (Forschungsfrage 1) wurde durch ein
hochsignifikantes GLM (Behandlungseffekt R?= 0,70***) bestitigt, obwohl die Einstrahlung auf den
Kontrollparzellen unterschiedliche Ausgangsniveaus gehabt hatte. Einstrahlung und mittlere Ellenberg-
Lichtzahlen der Parzellen waren zwar positiv korreliert (» = 0,76) und die Bodenabtrags-Plots (5,5-6,6)
lagen durchweg ca. eine Stufe iiber den Kontrollen (4,4-5,5). Jedoch unterschied sich der Effekt des
Kahlschlags auf die Lichtzahl zwischen den Versuchsbestinden: In den beiden Laubwildern waren
dhnliche Werte wie in den Kontrollen, im Fichtenbestand dagegen dhnliche wie nach Bodenabtrag zu
verzeichnen.

Die Behandlungen fiihrten auch, wie geméB Frage 2 erwartet, zu einer deutlichen Erhohung der tég-
lichen Temperaturamplituden, welche ihrerseits eng mit der Strahlung korreliert waren. Die Storungs-
varianten unterschieden sich hinsichtlich Mitteltemperaturen und Extremwerten wenig, jedoch traten
nach Bodenabtrag wesentliche grofere Temperaturamplituden auf. Mit zunehmender Einstrahlung
nahm die Spétfrostdauer exponentiell zu, wobei Bestandesreste und Stockausschlidge auf den Kahl-
schldgen den Frost abmilderten und die nach Bodenabtrag eintretenden sichtbaren Schidden verhin-
derten.

Die Behandlungen zeigten in den drei Versuchsbestinden inkonsistente Effekte auf die pH-Werte
der Oberbdden: In dem einen Laubwaldbestand mit hohem Ausgangs-pH (5,9) blieb der Effekt aus, im
zweiten Laubwald erhohte die Storung den pH von 4,2 auf 5, im Nadelwald von 6,1 auf 6,4 nach Kahl-
schlag und 6,8 nach Bodenabtrag. Die Frage 3 zu Grunde liegende Annahme wurde durch das GLM
nicht besttigt.

Die Storungsvarianten zeigten die gemill Frage 4 erwartete Zunahme von Ruderalpflanzen, ihre
Intensitdt war jedoch hochgradig abhéngig vom Ausgangsbestand. Sie war in alten Laubwaldbestdnden
viel geringer als im Nadelholzbestand, der sich in Recherchen als Erstaufforstung auf Ackerland erwies.

Der erwartete unimodale Behandlungseffekt auf die mittlere Nahrstoffzahl (Frage 5: Steigerung bei
Kahlschlag, Absinken nach Bodenabtrag) konnte nicht belegt werden. Die angestrebte Ausmagerung
der Vegetation fand nur in einem der drei Versuchsbestinde (Laubwald auf basenreichem Substrat mit
hohen Ausgangswerten in der Kontrolle) statt.

Wiéhrend der Projektlaufzeit gelang es zwar in den kiinstlichen Lichtungen ein Offenland-Mikro-
klima mit entsprechender Schlagflurvegetation zu schaffen, die durch Bodenabtrag angestrebte Veran-
derung der Bodeneigenschaften (Erhohung des pH-Wert, Ausmagerung) war dagegen nicht durch-
gehend nachweisbar, weil sich die untersuchten Waldokosysteme hinsichtlich Substrat, Bestockung und
Nutzungsgeschichte deutlich unterschieden.
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Supplement S1. Vegetation table differentiated by treatments (from left to right: soil removal S —clearcut C —control 0) and forest compartments (A, B, C); column Ly (layer): t1 —
upper tree, t2 — lower tree, h — herb, s-shrub; column N: Ellenberg indicator value for nutrients; frames denote diagnostic species of treatments and compartments.

Beilage S1. Differenzierte Vegetationstabelle gegliedert nach Behandlungen (von links nach rechts: Bodenabtrag-Kahlschlag-Kontrolle) und Ausgangsbestand (A, B, C); Spalte N:
Ellenberg-Nahrstoffzahl.
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Species richness S8 8 FE AL S FFE S E S S8 YT Sld s 8 8 8 & 4 2 9

D Soil Removal Ly N

Cirsium arvense hl 7 4 4 5 5 2 4 5 5 5 2 4 5 1

Daucus carota hl 4 . . 2 1 4 5 4 . . . . 1 1 1

Hypericum perforatum h 4 77 714 1 . 2 51 2

Silene flos-cuculi hl 1 1 2 . 1 4 . . . 1 1 1

Leucanthemum vulgare hl 3 1 2 2 . 2 7 1 1

Populus tremula hl 2 1 4 4 2 1 1

Galium palustre hl 1 . . 4 5 4 1 2

Senecio viscosus hl 4 2 . 2 1 1 2 . . 1

Luzula multiflora hl 3 2 1 2 2 . . 2

Ajuga reptans hl 6 . 2 5 6 4

Campanula patula hl 5 1 2 2 1 .

Juncus effusus hl 4 2 4 5 2 . .

Myosotis scorpioides hl 5 2 4 4

D Soil Removal + Clearcut

Cirsium palustre hl 3 6 6 6 2 1 2 6 7 6114 5 1 1 6 7 .

Rubus caesius hl 7 4 2 1 4 5 6 5|4 2 1 2 2 2 4 2

Lactuca serriola hl 4 . 2 2 2 1 . 1 1 412 2 4 1 1 1 2

Hypericum hirsutum hl 7 6 5 412 2 1 . 5 4 4 | . 2 1 .

Taraxacum sect. Ruderalia hl 8 2 2 2 2 2 2 . 2 1 1 1 . 1

Cirsium vulgare hl 8 4 2 1 5 2 1 1 1 . 1 6

Scrophularia nodosa hl 7 2 5 5 5 7 1 . 2 2 . 1

Alopecurus pratensis hl 7 . 2 412 4 4 2 412 4 5

Ranunculus repens hl 7 5 4 5 7 6 4 1 4 4

D Clearcut

Milium effusum hl . 5 2 . . 5 . . . 6 5 2 4 5 5 5 5 5

D Clearcut + Control

Thuidium tamariscinum ml 2 2 2 4 5 41 2 6 2 5 2 4

Asarum europaeum hl 6 2 2 2 2 1 4 4 2 1

D Control

Acer campestre sl 6 . . 5

Acer campestre hl 6 . ] ] . 1 4 ] 2 2 2 5 . 2 1 2 8 5 1

Galium aparine hl 8 . 215 5 6 1 5 8 5 711 1 4 2

Dryopteris carthusiana hl 3 . . . . . . . . . 1 . . 1 1 2 4 1 1 1

Rhytidiadelphus triquetrus ml . . 2 . . . . . . . 2 1 . . . . . . 5 4 . 5 . . . . 5

Quercus petraea hl 1 . . . . . . . . . . . . . . . . . . . . 1 . 2 4 4 2

Calamagrostis arundinacea hl 5 . . . . . . . . . . . . . . . 5 . . . . . | 4 5 6 2

Scleropodium purum ml . . . . . . 4 . 2 4 5

Prunus avium hl 5 . . . . . . . . . 1 . . . . . . . . . . . . 2 2 2

D Compartment A . . . . . . . . .

Dactylis polygama hl 5 57 714 8 7 5 1 syv7 7 717 6 7 . 5 1 714 5 6

Fraxinus excelsior sl 7 2 4 5 4 6 . 4 2 4 5 .

Fraxinus excelsior hl 7 5 2 1 1 2 4 1 4 . 5 2 2 2 4 2 412 4 2 1

Alliaria petiolata hl 9 1 1 1 . . . . . . 1 . 6| 2 1 1 1 7 7 5 1 2

Poa nemoralis hl 4 2 6 6 . . . . . 515 4 5|6 1 61 4 4 6

Mercurialis perennis hl 7 . . . 1 5 5 7 5

Acer platanoides hl . 1 1 1 1 .

Carex guestphalica hl 2 2 1 2

Veronica officinalis hl 4 2 4 1

Arum maculatum hl 8 ] ] 2

D Compartment B

Anemone nemorosa hl . . . 2 2 2 4 4 2 2 5 7 6

Carex montana hl 3 5 4 2 416 6 . 6 2 .

Melica picta hl 4 2 5 5 2 2 5 4

Festuca heterophylla hl 5 2 . . 2 5 4 5 4

Carex flacca hl 4 4 2 2 2 2

Convallaria majalis hl 4 . . . 2 . . . . . . . . 2 . 1 . . . . . . . 1 1

Carpinus betulus sl . . . . . . . . . . . . . . . . . . . . . 5

Carpinus betulus hl 2 1 4 4 4 6 4

D Compartment C

Geum urbanum hl 7 . 1 1 . . 1 5 6 4 . 2 6 6 1 4 1 . . 5

Rubus fruticosus agg. hl 2 7 515 . 6 7 4 6 217 5

Crataegus monogyna sl 4 . . . . . . . . . . . . . . . 2 1 5 5 .

Crataegus monogyna hl 4 . . . 5 . . 4 . . . . . . 2 214 2 4 1 . 4 2

Prunus spinosa sl . . . 215 5 4

Prunus spinosa hl . . . . . . 2 2 7 215 7 8 112 4

Rosa canina sl . . . . 2 .

Rosa canina hl . 2 1 . 1 5 2 2 216 2

Rosa arvensis hl 5 1 4 4 1 2 4

Myosotis arvensis hl 6 . . . . 2 . . . 4 2 2 5 4

Lysimachia nummularia hl . . . . . . . 4 4 . . . . . . . . 2 . . . . . . . 1 .

Rubus idaeus hl 6 . . . . . . . . . . . . . . . 4 . . . . . . . 21 4 . 4

Barbarea vulgaris hl 6 . . . . . . . 4 4 . . . . . . . 2 . . . . . . . .

Cornus sanguinea hl . . . . . . 4 . . . . . . . . 5 . . . . . . . . 4 . .

Lonicera xylosteum hl 6 . . . . . . . . . . . . . . . 5 . . . . . . . . . 2 2

Lonicera xylosteum sl 6 . . . . . . . . . . . . . . . 5 6

Oxalis sp. hl . . . . . . 5 . 2 . . . . . . . . . . . . . . . . . 4

Potentilla reptans hl 5 . . . . . . . . . . . . . . L4 2 . . . . . . . . 4
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Plot-Code 22 2 82 2 2880|222 B BB Q0|2 B AAE D DD

Tree Layer

Quercus robur tl 4 . 5 6 .

Pinus sylvestris tl 5 . 615 7 5

Pinus sylvestris 2 . . . . 5

Fraxinus excelsior t1 7 4 . . 5 4 . 7 . .

Fraxinus excelsior 2 7 . . 5 | 5 6 4 9

Salix caprea sl 7 . . 6 .

Tilia platyphyllos tl 7 . . . . 8 .

Tilia platyphyllos 2 7 4 . . | 5 4 5

Acer campestre tl 6 . . 7 .

Acer campestre 2 6 . 7 .

Quercus petraea tl 5 . 7

Quercus petraca 2 . . 4 .

Carpinus betulus 2 4 5 7 .

Ulmus laevis tl 7 8 .

Ulmus laevis 2 7 . . 5

Picea abies tl 4 6 . . .

Picea abies 2 .

Pseudotsuga menziesii 2 4 . . . .

Betula pendula tl 4 6

Indifferent Species

Brachypodium sylvaticum hl 6 5 5 6 1 2 2 6 . 517 7 6 . 6 5 7 5 414 2 . 4 . 4 7 6 6

Galeopsis tetrahit hl 6 2 . 1 2 2 5 2 2 4 1 1 . 5 . 2 1 . 1 . 1 2 4 . . 1

Stellaria holostea hl 5 2 4 2 4 5 . 4 5 5 4 4 4 . 4 . 4 . 1 2 4 2

Mocehringia trinervia hl 7 2 1 1 . 1 4 . 2 . . . 1 4 4 1 1 2 .

Fragaria vesca hl 6 . 2 . 2 . 2 1 2 2 4 4 . . . 2 2 2

Quercus robur hl 2 2 1 2 1 . . . 2 . 2 . . 2 . 1 2 2

Ranunculus ficaria hl 7 1 1 2 2 4 4 . 2 2 . 2 2 1 .

Vicia sepium hl 5 . 2 2 . . 2 2 2 . 2 2 5 2 4 .

Viola reichenbachiana hl 6 2 . . 2 . 1 1 . 2 . 2 . 2 1 2 2

Bromus benekenii hl 5 6 2 . . . 4 2 4 . 2 2 414 . . .

Carex brizoides hl 3 . . 2 6 5 . . 5 5 6 5 5 7

Veronica serpyllifolia hl 5 2 2 1 . 1 2 . . . . 2 1 2

Geranium robertianum hl 7 . . . 2 2 1 2 . 4 . 2 2

Juncus conglomeratus hl 3 1 . 5 5 2 . 2 . 2 . 4 .

Tilia platyphyllos hl 7 2 . 6 1 2 2 . . 1 . 2

Carex tomentosa hl 4 . . 4 . 4 5 4

Dipsacus fullonum hl 7 . 6 . . 2 . 2 4

Lapsana communis hl 7 2 1 1 2 . .

Crataegus laevigata sl 5 . 4 . 4

Crataegus laevigata hl 5 . . 2 4 1 .

Pinus sylvestris hl 4 1 . . 1

Potentilla erecta hl 2 4 2 . 2 .

Ranunculus acris hl . . 1 1 2

Salix caprea hl 7 1 2 2 . . .

Sambucus nigra sl 9 . 4 4 4

Sambucus nigra hl 9 2 . 4 .

Urtica dioica hl 9 . . 4 5 4 .

Viola canina hl 2 1 2 . . 2

Betonica officinalis hl 3 2 1 . .

Cardamine impatiens hl 8 . . 4 2

Carex disticha hl 5 1 1 .

Carex muricata hl 6 2 . 4

Carex spicata hl 4 2 2 . .

Carex umbrosa hl 4 4 4 . .

Deschampsia flexuosa hl 3 . . 1 5

Dryopteris filix-mas hl 6 1 . 1 .

Epilobium hirsutum hl 8 . 2 1

Epilobium montanum hl 6 . . 4 1

Galium sylvaticum hl 5 2 1 . .

Hedera helix hl . . 2 1

Lathyrus pratensis hl 6 1 . 2

Melilotus officinalis hl 3 1 2 . .

Myosotis sylvatica hl 7 . . 1 2

Poa pratensis hl 6 5 2 .

Primula veris hl 3 . 2 2 .

Prunus padus hl 6 5 2 .

Pyrus pyraster sl . . 2 5

Rubus laciniatus hl 3 5 4 )

Senecio jacobaea hl 5 . . 1 1

Stellaria graminea hl 3 2 4 . .

Tilia platyphyllos sl 7 4 . 1

Torilis japonica hl 8 . . 1 1

Trifolium aureum hl 2 1 1 . .

Ulmus laevis hl 7 4 4

Single occurrences: Plot 1: Picris hieracioides 1, Potentilla thuringiaca 1; plot 4: Eurhynchium striatum 2, Luzula luzuloides 4, Prunus padus sl 4, Vicia pisiformis 4; plot
5: Melica nutans 2, Poa annua 2, Pyrus communis 1, Vicia tetrasperma 2; plot 6: Vicia pannonica 2; plot 10: Brachypodium pinnatum 2, Hypericum pulchrum 2; plot 12:
Arctium lappa 2, Senecio vulgaris 2; plot 14: Dianthus superbus 2, Pyrus pyraster 2, Rosa gallica 1; plot 16: Polytrichum formosum 4, Sorbus torminalis 1; plot 18:
Agrostis gigantea 4, Ulmus glabra 1; plot 19: Deschampsia cespitosa 4; plot 20: Artemisia vulgaris 4, Stachys palustris 5; plot 21: Anthemis arvensis 4, Cardamine hirsuta
4, Plantago major 4, Poa trivialis 5, Solanum dulcamara 4; plot 22: Cornus sanguinea s1 6, Euonymus europaea 2; plot 23: Agrimonia eupatoria 2, Corylus avellana 5,
Galium spurium 4, Sonchus arvensis 4; plot 24: Valeriana officinalis 4; plot 25: Clematis vitalba hl 4, Picea abies hl 1, Ulmus laevis sl 4; plot 26: Equisetum sylvaticum 8;

Frangula alnus 2, Stachys sylvatica 2; plot 27: Epilobium angustifolium 2, Hylocomium splendens 4.
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