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Soil scarification, which involves the disruption of the top layer of soil, is a common method utilized to promote the regeneration of tree species on clear-cut and calamity areas. In the context of adapting forests to become climate-resilient mixed species forests, this method could also be used to promote tree regeneration under intact canopies, either exclusively or in combination with direct seeding. However, evidence on the impact of this method on the composition of forest floor vegetation, including bryophytes, is lacking and needs to be investigated. This is of importance because the forest floor vegetation significantly contributes to species richness in temperate forests. To address how and to what extent soil scarification affects the forest floor species composition, we conducted a space-for-time-substitution study, creating a chronosequence spanning a 13-year period, to investigate the effect of soil scarification on forest floor vegetation in Norway spruce (Picea abies) stands in a lower montane forest in central Germany. Our results showed that soil scarifications were quickly recolonized by bryophyte species, whereas herbaceous species cover took around a decade to reach a similar level of establishment as the undisturbed forest floor. Species composition initially shifted in favor of early successional species. In the long term, however, the species composition converged back to the undisturbed state. Tree regeneration diversity especially benefitted from scarification, making it a viable method for intact forest stands, particularly given that it does not appear to exert any adverse effect on forest floor vegetation.
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1 Introduction

Soil scarification involves the disruption of the uppermost soil layer, thereby creating a more uneven surface and exposing the mineral soil through manual or mechanical means. It is a long-standing practice in forest management, where it is used to enhance reforestation. The combination of several advantageous factors has been demonstrated to improve microsite conditions for the establishment of trees. These factors include reduced competition for resources for the desired tree species (Nilsson and Örlander, 1999; Karlsson et al., 2002), increased nutrient mineralization rates (Stenger et al., 1995; Kristensen et al., 2000), and increased soil water availability and soil temperatures (Johansson et al., 2005; Hansson et al., 2018). Scarification is often used in conjunction with direct seeding as a soil preparation method before sowing (Grossnickle and Ivetić, 2017). This alternative to tree plantings is increasingly employed by forest management in central Europe for artificial regeneration and the introduction of new or underrepresented tree species to increase the climate-resilience of forests (Huth et al., 2017; Löf et al., 2019; Pardos et al., 2021).

The application of direct seeding has been examined for various tree species in temperate European forests (Ammer et al., 2002; Huth et al., 2017; Löf et al., 2019; Willoughby et al., 2019). Similarly, the positive effects of soil scarification on the regeneration of various tree species have been investigated (Karlsson et al., 2002; Dassot and Collet, 2015; Fløistad et al., 2018). However, the consequences for herbaceous and bryophyte species have received comparatively less attention. In temperate forests, the herbaceous and bryophyte layers exhibit the highest biodiversity among the various strata and deliver a substantial variety of environmental services (Gilliam, 2007; Eldridge et al., 2023). In the context of reforestation and adaptation to climate change, the herb and bryophyte layers play a particularly important role in the water and nutrient cycle (Porada et al., 2018; Thrippleton et al., 2016; Thrippleton et al., 2018). Consequently, it is crucial to examine the effect of small-scale disturbances, such as scarification, on the composition and structure of these ecosystem compartments.

Several studies have examined the effects of scarification on the biodiversity of herbaceous and bryophyte species in clear-cut and shelterwood cutting areas (Pykälä, 2004; Bergstedt et al., 2008; Hébert et al., 2016; Tullus et al., 2019). These studies suggest that scarification has the capability to alter the species distribution in these ecosystems, by disrupting the existing dominant vegetation and humus layer, allowing other species the opportunity to colonize these newly established microsites. In such rather open environments, scarification often results in the proliferation of ruderal, fast-growing and highly competitive species, which can lead to a long-term decline in overall species richness (Bergstedt et al., 2008). Still, to the best of our knowledge, no studies have investigated the effects of scarification on the species composition and cover of herbaceous and bryophyte vegetation under an intact canopy. Assessing these effects is important considering the increasing need for artificial rejuvenation within closed forest stands.

With scarification increasingly applied for this purpose, it is crucial to understand the recolonization dynamics of herbaceous and bryophyte vegetation in terms of cover development and species composition to evaluate potential impacts. However, medium- to long-term observation sites in commercially used forests employing these techniques are scarce, making such observations challenging. In order to still infer temporal vegetation cover development, a space-for-time substitution approach was employed to investigate these dynamics. This approach entails the substitution of long-term monitoring of disturbed sites with the investigation of geographically separated sites with disturbances from different years within the same forest area. Thus, a 13-year chronosequence (2011–2023) was created to evaluate the progression of cover development and species composition in a lower montane acidophilous conifer forest in central Germany dominated by Norway spruce (Picea abies H.Karst.). As the herbaceous and bryophyte species composition of temperate forests is largely driven by microsite environmental characteristics, additional measurements were taken to assess microclimatic conditions, including light availability, soil moisture, and topographic features (Gilliam, 2007; Müller et al., 2019; Tinya et al., 2009). The objective of this study was to address the following research questions:


	i. How long after scarification for direct seeding does it take for herbaceous and bryophyte cover to fully enclose the disturbance?

	ii. Does scarification facilitate the establishment of species that contribute minimally or not at all to the cover of the undisturbed forest floor, thereby changing the species composition?

	iii. Which environmental factors mediate establishment and species composition after scarification, and are these factors general or species-specific?





2 Materials and methods


2.1 Study site and design

The study was conducted in southern Thuringia, Germany, in the Hildburghausen municipal forest (50°27’N 10°47′E). The forest’s topography ranges from 430 to 565 m a.s.l. with mainly south-facing slopes. The forest’s soil, predominantly brown and podzolized brown soils, is characterized by acidic ≈ pH 3 (measured in KCl) and nutrient-poor soil conditions due to its underlying bedrock (Bundsandstone) and the historical forest use, causing additional nutrient removal through litter and firewood collection (TLUBN, 2024). The mean annual temperature is 8.5 °C, and the mean annual precipitation is 800 mm (DWD weather station Veilsdorf). The forest, primarily managed for timber production, is largely comprised of conifers, accounting for 86% of the stand volume. Of these P. abies makes up 64%, along with smaller amounts of Pinus sylvestris L. and Betula pendula Roth. Since 2011, the municipal forestry service has employed direct seeding in conjunction with soil scarification as a strategy to transform predominantly single-species stands into multi-species, uneven-aged ones. A key aspect of this strategy has been the reintroduction of Abies alba Mill., a conifer species considered as exhibiting greater adaptation potential to climate change compared to P. abies (Vitasse et al., 2019).

The comparable long-standing practice of direct seeding in this forest allows for the survey of artificial rejuvenation sites from up to 13 years ago (2011–2023). A space-for-time approach was adopted to evaluate the impact of scarification through continuous line disk trenching on the forest floor vegetation for more than one decade. To create a comprehensive chronosequence of the development of the herbaceous and bryophyte layer after scarification, a series of survey sites was established. To include soil water characteristics in the site selection, as it potentially affects species composition, larger-scale hydrology was considered in the site pre-selection process. Before in situ selection, potential sites were evaluated based on the available data on the water balance classes derived from the forest site mapping of Thuringia (FFK Gotha, 2022), using QGIS (v3.24) (QGIS Development Team, 2022). These classes provide a rough estimate of the water availability and are based on the usable field capacity and topographic features that determine aspects such as water table height and potential duration of waterlogging. The aim was to pre-select sites within one year with the most contrasting water balance classes available (e.g., moderately wet vs. moderately dry) to incorporate a higher heterogeneity of general water availability. After the preselection process, the forest sites underwent in situ evaluation. The evaluation parameters included site size with a minimum of 0.25 ha and the availability and identifiability of seeding rows. Based on the aforementioned criteria, two sites per year were selected, with the exception of 2016 and 2017, were only one site was available each, and 2015 and 2022, during which no sowing took place. If more than two sites were suitable based on the aforementioned criteria, the sites of the most contrasting water balance classes were chosen, and in cases of no difference between these classes, the larger site was selected. This resulted in a total of 20 sites, representing 11 years of the 13-year chronosequence. As the aim was to select sites with an intact canopy, it is to note that over the course of the sampling year, four sites saw their canopy partially removed due to bark beetle (Ips typographus) salvage logging, while others saw changes in the canopy cover of adjacent sites.

At each site, 10 survey plots (n = 200) were distributed along the longest possible diagonal within-site to account for site heterogeneity. In instances where the positioning of the plots along a single diagonal was not viable due to inadequate distance (< 5 m) between plots, a secondary diagonal, perpendicular and overlapping the first one, was used to further distribute the plots. In general, plots were established with a distance of 15 m between them, with the distance varying on average by ±2 m due to the distance between seeding rows. The survey plots were established on the seeding rows. They extended one meter outward from the seeding row in both directions and one meter along the seed row, resulting in a 2×1 m plot (Figure 1). The plots were then subdivided into three subsections: a 40-centimeter-wide seed row whose width was predetermined by the disc trenching tool used; two 20-centimeter-wide mounds (40 cm total) whose total width was the same as the seeding row as they were comprised of the displaced soil from the disc trenching; and two 60-centimeter-wide strips of undisturbed forest floor (120 cm total, hereafter referred to as “forest floor”) (Figure 1). The larger width of the forest floor subplot was intentionally chosen to be wider compared to the other two, in order to potentially record a larger pool of species, allowing us to better trace whether species recolonized the disturbance out of the proximity of the seeding row or from further away. Due to the generally species-poor conditions of the surveyed forest, this greater width increased the probability of detecting said species. Since we used vegetation layer and species cover percentage as the main variables of the statistical analysis, which are area unspecific, we believe that no bias was introduced to the analysis of the total cover of the herbaceous and bryophyte layer, despite this uneven design. The chosen uneven design could potentially have affected the selection of the species considered for species-specific testing by increasing the likeliness of detection due to the larger area covered. While in situ observations did confirm the chosen most common species to be a sound selection, this selection bias can’t be fully ruled out. The same potential bias also applies to the indicator species analysis. The vegetation inventory was performed from 27.05.2024 to 05.06.2024, surveying the bryophyte, herbaceous (< 1.5 m), shrub (1.5–6 m), and tree layer. Vegetation cover within the plots was estimated using a slightly modified scale by Pfadenhauer et al. (1986): r (one Individual), + (<1%), 1a (1–3%), 1b (4–5%), 2a (5–10%), 2b (10–25%), 3 (25–50%), 4 (50–75%), and 5 (75–100%). General cover of each vegetation layer was estimated on the plot level, and species-specific cover by subplots. The mean value of these cover classes was used as the basis for the subsequent analysis. Species nomenclature was used according to Euro+Med PlantBase (2025).
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FIGURE 1
 (A) Example of a survey plot (6 years since scarification) and (B) schematic representation of the survey plot design used during the vegetation survey.


The soil moisture content was measured in each plot using an FDR probe (ML3-Theta probe) connected to a HH2 moisture meter (Delta-T Devices Ltd., Cambridge, UK). Three measurements were taken in the mineral soil at a depth of 6 cm, along a 40 cm line covering all three subplots. The measurements were then averaged to obtain a single measurement, representing a snapshot of each plot’s microsite conditions. The measurements took place on the 04.08.24, four days after a rain event (Table 1). Photosynthetically active radiation was measured simultaneously with the soil moisture, in the center of the seeding row and on both sides in the center of the forest floor subplot at a height of one meter using a LI-COR LI-190R quantum sensor coupled to a Li-COR LI-1500 light sensor logger. Three measurements were obtained and averaged (Table 1). Open field reference values were obtained from adjacent calamity areas within the forest. Due to the weather prerequisites of a rain event followed by dry days and uniformly overcast skies, the measurements could not be obtained right after the vegetation survey. However, as no change to the overstory occurred during this time period, we believe no bias was introduced by this delay. The digital elevation model (DEM10 1x1m Grid) of Thuringia (GDI-Th, 2025) was used to determine plot aspect using QGIS. Additionally, the topographic wetness index (TWI) was calculated for each plot. The index describes an estimate of the likelihood of water accumulation within a specified area (grid cells) and is calculated as:


TWI
=
ln
(

α

tan
β


)


Where α describes the catchment area and β the slope (Beven and Kirkby, 1979). TWI values were derived from the DEM using SAGA GIS (Conrad et al., 2015) (Table 1).


TABLE 1 The surveyed environmental variables with abbreviations, units, and a brief description.


	Variable
	Abbreviation
	Unit
	Description
	Min.
	Mean
	Max.

 

 	Vegetation cover 	 	% 	Normalized ratio of variable (Fv) to maximum fluorescence (Fm) 	 	 	


 	Soil moisture 	SWC 	vol % 	Averaged soil moisture content based on three single measurements per plot 	13.80 	27.18 	59.43


 	Topographic wetness index 	TWI 	 	Index estimating the likelyhood of water accumulation based on the terrains slope derived from the DEM 	1.81 	3.62 	6.12


 	Photosynthetically active radiation 	PAR 	% 	Percentage of photosynthetically active radiation within the forest stands, referenced to an open site measurement 	10.54 	43.31 	100


 	Aspect 	 	Degree ° 	 	8.46 	159.37 	355.42




 



2.2 Statistical analysis

The development of the overall cover over time, including all species, was analyzed using Generalized Additive Models (GAM) (Hastie and Tibshirani, 2017), with separate analyses conducted for the herbaceous and the bryophyte layer. GAMs were used for the modeling of cover development as they allow to account for the expected, non-linear cover development over time, caused by differences in species distribution speed and growth. To minimize the influence of overall cover differences between the plots on the model, the log ratio of the difference between the forest floor and the seeding row and the soil mounds was calculated as:



log

(

disturbance

forest floor



)



This allowed for a simplified interpretation of the seeding row and mounds cover, as negative log ratios indicate lower cover in the scarification area compared to the forest floor, while positive values indicate higher cover. Zero represents no cover changes. Before calculating the log ratio, a pseudo count of 10−6 was added to all cover values to avoid infinity issues when the cover value equaled zero. This approach enabled the retention of all plots for analysis. Subsequently, the log ratio was modeled as the dependent variable and the two scarification subplot types as explanatory variables, with zero as a fixed intercept and the years since scarification as a smoothing term using thin plate regression splines with 4 basis functions (cover log ratio ~ 0 + subplot type + s(years_since)). Zero was used as a fixed intercept to allow for the comparison of the scarification subplots to the forest floor baseline. To account for the nesting of the subplots within the plots, both plot and subplot were included as random factors in the model. Model fitting was done using the Student’s t distribution with an identity link to account for the data structure and improved handling of extreme observations. Model robustness was assessed using visual diagnostic tests. Post hoc analysis of the fitted models was performed using estimated marginal means (EMMs). Contrasts were calculated for each individual year, testing log-ratio cover values of the seeding row and soil mound for significant differences toward zero.

In the GAM analysis of total cover exclusively, the cover of A. alba, as the target species of the direct seeding operations, was excluded from the seeding rows and mounds, as the focus of the study was on the naturally occurring species. However, A. alba was sporadically present within the canopy of forest sites adjacent to the survey sites and naturally regenerating, leading to the assumption that all individuals on the forest floor originated from natural regeneration. Consequently, the presence of A. alba cover within the forest floor was documented (in total, 10 out of 200 plots exhibited A. alba presence on the forest floor). While it’s possible that seeds were transported by animals from the seeding rows onto the forest floor, the presence of fruiting A. alba stands near the excluded plots suggests that the seeds are falling directly to the forest floor. This is supported by observing the age differences between the seedlings in the seeding rows and those on the forest floor. While this also poses the potential of individuals in the seeding row originating from this seed rain, the age difference between individuals in the seeding row and those on the forest floor, combined with the very low number of individuals observed outside the row, makes this highly unlikely. In subsequent species-specific modeling, A. alba was included, serving as a reference for the development as the direct seeding target species.

To identify species that could serve as potential indicators of different stages of development after scarification, we divided the timeline into three phases. The initial phase: the “pioneer” phase, comprises the first four years after scarification (including year 2 for which no sites were available). The second phase: the “intermediate” phase, lasts from years five to eight. Year 9 was left out as no sites from this year were available, and it was situated between the four-year brackets. The third phase: the “climax” phase, consists of the final four years of the observed timespan. This division was based on the results of the analysis of overall cover development. An indicator species analysis (ISA) was conducted for each subplot individually.

In addition to examining overall cover development, we analyzed species-specific cover for the 24 most abundant species with more than 20 observations. This threshold was selected to maintain sufficient statistical power for the models and because the number of observations below this value declined strongly, compromising the reliability and interpretability of statistical results. These species were categorized into three groups: tree regeneration, herbaceous plants, and bryophytes. For the tree regeneration, the cover values from individuals recorded in the shrub layer were added to those in the herbaceous layer using the following formula by Fischer (2015) to account for potential overlaps:


Combined cover
=
(


herb
.

cover

100

+

shrub cover
100

−


herb
.
cover

100

∗

shrub cover
100

)
∗
100


This was done to include tree seedlings in the seeding rows and mounds that originated from natural regeneration, which however, had grown beyond the height threshold of the herbaceous layer. This was specifically the case for A. alba, B. pendula, P. abies, and P. sylvestris. Later, in the model selection, the shrub layer cover was not considered for the four aforementioned species to not include these values twice. Species-specific cover development over time was also analyzed via GAMs. The same GAM-model structure as for overall cover development was used.

To explore species assemblage in relation to the different subplot types and environmental factors, a Distance-based redundancy analysis (dbRDA) was used, where years since scarification was used as the constraining factor. Only factors that exhibited significant correlations were retained for further analysis. The dbRDA was performed using the cover values of all recorded species.

The influence of environmental factors on cover development was also analyzed using GAMs. To identify the most influential environmental factors (Table 1) for each species, a model selection process was conducted to arrive at the most parsimonious model. Prior to model selection, environmental factors were tested for correlations. Tree layer cover and PAR were found to be highly correlated (−0.6). As both variables in this case carry similar information, only PAR was retained for offering a finer data gradient. In the further selection process, all possible combinations of non-correlated explanatory variables were fitted and comparatively evaluated based on their AIC values. Environmental factors were scaled to a zero-mean, unit-variance. The final model contained all the environmental factors as explanatory variables from the models with a ΔAIC < 2.

All statistical analyses were performed in R version 4.4.1 (R Core Team, 2024) using the mgcv package (Wood, 2017) for GAM modelling. Post hoc analysis of the GAMs was performed using the emmeans package (Lenth and Piaskowski, 2025). The vegan package (Oksanen et al., 2025) was used for the ordination and the indicspecies package (de Cáceres and Legendre, 2009) for the indicator species analysis. The package tidyverse (Wickham et al., 2019) was used for general coding and plotting.




3 Results

A total of 84 species were documented within the survey plots, including 57 phanerogams (29 herbs, 13 grasses, and 15 trees) and 27 cryptogams (25 mosses and 2 ferns).


3.1 Cover development over time

In general, both herbaceous and bryophyte cover in the seeding rows and on the soil mounds appeared to differ significantly from the forest floor. However, the models only explained 1.79 and 7.2% of the variance within and between years (Table 2), respectively. This indicates that the development of cover was influenced by factors other than time alone (Table 2). Post-hoc analysis of the modeled herbaceous cover revealed a consistent increase in cover within the seeding rows over time. By the tenth year following scarification, the cover exhibited no significant difference compared to the forest floor, tough differences became significant again in year eleven and twelve (Figure 2a; Appendix 1). The herbaceous layer on the soil mounds showed a faster development compared to the seeding row, as differences to the forest floor disappeared by year six (Figure 2a; Appendix 1). However, starting by year ten differences reappeared with significantly lower cover on the soil mounds. Bryophyte cover increased comparatively faster, with differences toward the forest floor disappearing for both seeding row and mounds by year four (Figure 2b; Appendix 2). Afterwards, values slightly decreased, with cover in the seeding rows becoming significantly lower compared to the forest floor by year eleven and twelve, though by year thirteen the differences again subsided (Figure 2b; Appendix 2).


TABLE 2 Summary statistics of the generalized additive models (GAM) of herbaceous and terricolous bryophyte cover.


	Layer
	Treatment
	Estimate
	Std. error
	T-value
	p-value

 

 	Herbaceous 	Deviance explained = 1.79% 	 	 	


 	Seeding row 	−0.595 	0.192 	−3.103 	0.002


 	Mound 	−0.574 	0.192 	−2.994 	0.003


 	Bryophyte 	Deviance explained = 7.2% 	 	 	


 	Seeding row 	−0.281 	0.109 	−2.570 	0.01


 	Mound 	−0.150 	0.109 	−1.376 	0.169





Bold numbers indicate significance (α < 0.05).
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FIGURE 2
 Cover development of the (a) herbaceous vegetation and (b) terricolous bryophytes after soil scarification modeled via GAMs (Table 2). Shaded areas represent 95% confidence interval.




3.2 Indicator species

Of the 84 species, in total, twenty species were identified as indicators across all subplots and developmental phases (Table 3). In the pioneer phase (1–4 years following scarification), Dicranella heteromalla and Digitalis purpurea were both identified as indicator species within the seeding rows and mounds, while Carex pilulifera and Impatiens parviflora were identified as additional indicator species of the seeding rows. Thus, acrocarpous mosses and hemicryptophytes were the predominant life forms in these subplot types regarding indicator species. On the forest floor, Rubus idaeus and Epilobium angustifolium were identified as indicators. In the intermediate phase (5–8 years since scarification), the identified indicator species overlapped among all subplot types, including Taraxacum sect. Ruderalia as a shared indicator between the seeding row and forest floor (Table 3). Eurhynchium angustirete was a shared indicator species between the seeding rows and the mounds, while Melampyrum sylvaticum was a prevalent indicator species between the mounds and the forest floor. During the climax phase (10–13 years following scarification), the indicator species exhibited a persistent increase in similarity between subplots (Table 3). Leucobryum glaucum and Eurhynchium striatum were identified in all three subplot types. A greater number of tree species were identified as indicators here, including Quercus petraea and Pinus sylvestris, which served as indicators for the seeding rows and the forest floor. Bazzania trilobata was the sole liverwort species identified as an indicator in both mounds and the forest floor. In this development phase, pleurocarpous mosses and phanerophytes were the most dominant life form types. In addition to the identified indicator species, an average of six species unique to the scarification subplots were found within the first 10 years after the scarification; however, the number of individuals was low. During this timeframe, 12 herbaceous species were identified as being unique to the disturbance, however, no terricolous bryophytes were observed (Supplementary Materials).


TABLE 3 Indicator species divided into the three subplots and development phases.


	Subplot
	Species
	Development phase
	Stat
	p-value
	Lifeform type

 

 	Seeding row 	Dicranella heteromalla 	Pioneer 	0.737 	0.001 	Acrocarpous moss


 	Carex pilulifera 	Pioneer 	0.51 	0.001 	Perennial hemicryptophyte


 	Digitalis purpurea 	Pioneer 	0.365 	0.001 	Monocarpic hemicryptophyte


 	Impatiens parviflora 	Pioneer 	0.224 	0.05 	Therophyte


 	Eurhynchium angustirete 	Intermediate 	0.282 	0.031 	Pleurocarpous moss


 	Taraxacum sect. Ruderalia 	Intermediate 	0.258 	0.014 	Perennial hemicryptophyte


 	Betula pubescens 	Intermediate 	0.224 	0.042 	Phanerophyte


 	Leucobryum glaucum 	Climax 	0.482 	0.001 	Acrocarpous moss


 	Pinus sylvestris 	Climax 	0.352 	0.011 	Phanerophyte


 	Eurhynchium striatum 	Climax 	0.333 	0.015 	Pleurocarpous moss


 	Quercus petraea 	Climax 	0.291 	0.013 	Phanerophyte


 	Quercus robur 	Climax 	0.274 	0.043 	Phanerophyte


 	Mound 	Dicranella heteromalla 	Pioneer 	0.71 	0.001 	Acrocarpous moss


 	Digitalis purpurea 	Pioneer 	0.258 	0.013 	Monocarpic hemicryptophyte


 	Melampyrum sylvaticum 	Intermediate 	0.338 	0.005 	Therophyte


 	Eurhynchium angustirete 	Intermediate 	0.288 	0.004 	Pleurocarpous moss


 	Mycelis muralis 	Intermediate 	0.253 	0.04 	Perennial hemicryptophyte


 	Pseudotsuga_menziesii 	Intermediate 	0.224 	0.041 	Phanerophyte


 	Leucobryum glaucum 	Climax 	0.544 	0.001 	Acrocarpous moss


 	Eurhynchium striatum 	Climax 	0.316 	0.008 	Pleurocarpous moss


 	Bazzania trilobata 	Climax 	0.25 	0.03 	Jungermanniales liverwort


 	Hypnum cupressiforme var. filiforme 	Climax 	0.224 	0.031 	Pleurocarpous moss


 	Forest floor 	Rubus idaeus 	Pioneer 	0.36 	0.003 	Nanophanerophyte


 	Epilobium angustifolium 	Pioneer 	0.258 	0.016 	Perennial hemicryptophyte


 	Melampyrum sylvaticum 	Intermediate 	0.32 	0.012 	Therophyte


 	Frangula alnus 	Intermediate 	0.258 	0.019 	Phanerophyte


 	Taraxacum sect. Ruderalia 	Intermediate 	0.224 	0.045 	Perennial hemicryptophyte


 	Leucobryum glaucum 	Climax 	0.601 	0.001 	Acrocarpous moss


 	Pinus sylvestris 	Climax 	0.412 	0.001 	Phanerophyte


 	Eurhynchium striatum 	Climax 	0.332 	0.004 	Pleurocarpous moss


 	Quercus petraea 	Climax 	0.327 	0.014 	Phanerophyte


 	Bazzania trilobata 	Climax 	0.243 	0.043 	Jungermanniales liverwort


 	Hypnum cupressiforme var. filiforme 	Climax 	0.224 	0.035 	Pleurocarpous moss




 



3.3 Ordination

The first axis (eigenvalue 4.768) of the dbRDA, constrained by the years since scarification, explained only 2.5% of the variation showing that time since scarification only had a minor influence. The second, unconstrained axis (eigenvalue 38.1663) explained 20.2% of the variation with herbaceous and bryophyte cover as well as TWI showing the stronger differentiation along the measured environmental factors. Permutation testing confirmed the significance of the model (p = 0.001). This result was to be expected due to the homogenous species composition throughout the survey sites. No distinct clustering of the subplot types (seeding row, soil mounds, and forest floor) was observed (Figure 3).

[image: Scatter plot of dbRDA analysis constrained by years since environmental vectors and species. Data points in red, green, and blue represent seed, mound, and reference subplots, respectively. Vectors indicate environmental factors and species correlations. Species names are shown in blue, with arrows representing vectors such as “years since,” “aspect,” “PAR,” “HL,” “BL,” and “TWI shown in red.”]

FIGURE 3
 Ordination of environmental vectors (BL = bryophyte cover; HL = herbaceous cover) (Appendix 3) with a p < 0.05 in relation to the 24 most abundant species and the 200 surveyed plots constrained by the years since scarification. Eigenvalue of first, constrained axis 4.768, explaining 2.36% of the total variance of the data. Eigenvalue of second, unconstrained axis 38.1663, explaining 20.2% of the total variance. Only species with a distance >1 on Axis 1 shown. Species in brackets had their distance reduced to 1/3 of the original to improve plot comprehensibility.




3.4 Species-specific developments


3.4.1 Tree regeneration

Of the five naturally occurring tree species in the regeneration, B. pendula exhibited higher cover in the seeding row, though only within the first two years after scarification, while Quercus robur demonstrated significantly lower cover (Table 4). P. abies, P. sylvestris, and Q. robur exhibited significantly lower cover on the soil mounds (Figure 4). Photogenically active radiation (PAR) positively impacted the cover of Q. robur but was negatively associated with the cover of A. alba. P. sylvestris exhibited a negative response to higher cover proportions of sown A. alba, whereas P. abies appeared to benefit from it. Additionally, B. pendula cover was negatively influenced by TWI, which indicates higher potential water availability. Q. petraea cover was negatively influenced by bryophyte presence.


TABLE 4 Shortened version of summary statistics of the generalized additive models (GAM) of the tree regeneration species with the cover development after scarification and environmental variables after model simplification.


	Years since scarification
	Environmental variables



	Variable
	Factor
	Estimate
	SE
	t-value
	p-value
	Predictor
	Estimate
	SE
	t-value
	p-value

 

 	Abies alba 	R2 (adjusted) = 0.483 	R2 (adjusted) = 0.354


 	Seeding row 	15.669 	0.474 	33.020 	< 0.001 	(Intercept) 	15.156 	1.043 	14.533 	< 0.001


 	Mounds 	0.076 	0.474 	0.160 	0.873 	PAR 	−5.843 	1.162 	−5.028 	< 0.001


 	Betula pendula 	R2 (adjusted) = 0.671 	R2 (adjusted) = 0.210


 	Seeding row 	1.732 	2.153 	0.804 	0.421 	(Intercept) 	4.462 	1.357 	3.289 	0.001


 	Mounds 	−3.707 	2.153 	−1.722 	0.085 	TWI 	−3.371 	1.330 	−2.534 	0.011


 	Picea abies 	R2 (adjusted) = 0.581 	R2 (adjusted) = −0.011


 	Seeding row 	−0.738 	0.822 	−0.898 	0.369 	(Intercept) 	4.215 	0.448 	9.400 	< 0.001


 	Mounds 	−2.468 	0.822 	−3.004 	0.003 	A. alba cover 	1.134 	0.558 	2.031 	0.042


 	Pinus sylvestris 	R2 (adjusted) = 0.725 	R2 (adjusted) = 0.184


 	Seeding row 	−0.292 	2.174 	−0.134 	0.893 	(Intercept) 	13.470 	2.536 	5.312 	< 0.001


 	Mounds 	−7.064 	2.174 	−3.249 	0.001 	A. alba cover 	−5.595 	2.598 	−2.154 	0.031


 	Quercus petraea 	R2 (adjusted) = 0.497 	R2 (adjusted) = 0.101


 	Seeding row 	−3.206 	2.621 	−1.223 	0.221 	(Intercept) 	2.032 	0.730 	2.783 	0.005


 	Mounds 	−4.366 	2.621 	−1.666 	0.095 	Bryophyte cover 	−1.978 	0.661 	−2.991 	0.003


 	Quercus robur 	R2 (adjusted) = 0.791 	R2 (adjusted) = 0.294


 	Seeding row 	−5.474 	2.372 	−2.308 	0.021 	(Intercept) 	1.682 	0.424 	3.972 	< 0.001


 	Mounds 	−7.024 	2.372 	−2.961 	0.003 	PAR 	1.668 	0.483 	3.452 	0.001





Only significant factors (α < 0.05) and intercepts are displayed, for full version see Appendix 4.
 

[image: Graphs show the development of six tree species over 13 years since soil scarification, comparing differences to a reference. Each graph includes lines for seedrow and mound subplots, with shaded areas representing confidence intervals. Graphs A-F represent Abies alba, Betula pendula, Picea abies, Pinus sylvestris, Quercus petraea, and Quercus robur, respectively. Seedrow trends (blue lines) vary: some increase slightly, while others show slight declines or stability. Mound trends (orange lines) generally indicate stability or slight decline. Each graph is labeled with species names.]

FIGURE 4
 Cover development of tree regeneration species identified at the surveyed plots after soil scarification modeled via GAM’s (Table 3). Shaded areas represent 95% confidence interval.




3.4.2 Herbaceous species

Of the examined herbaceous species, Rubus idaeus and Vaccinium myrtillus showed a significantly lower cover in both the seeding rows and mounds compared to the forest floor (Table 4). However, R. idaeus was not recorded in plots older than 10 years, a factor that may have influenced this finding (Table 5). Deschampsia flexousa showed significantly lower cover only in the seeding rows, while Carex pilulifera cover was significantly increased, though the species was only recorded in the first eight years of the timeframe surveyed (Figure 5). Mycelis muralis differed only in the soil mounds from the forest floor, with significantly lower cover values. Individual herbaceous species profited from a generally higher cover of herbaceous species (C. vulgaris, D. flexousa, G. harcynicum, V. myrtillus). M. muralis appeared to benefit from a higher shrub cover, while for V. myrtillus higher shrub cover exerted a negative effect. A contrasting effect was found for aspect, suggesting a positive effect of more south-facing slopes for V. myrtillus. The model also suggested that a denser bryophyte cover positively influenced V. myrtillus, while an additional positive effect of higher PAR availability was found for R. idaeus.


TABLE 5 Shortened version of summary statistics of the generalized additive models (GAM) of the most common herbaceous species with the cover development after scarification and environmental variables after model simplification.


	Years since scarification
	Environmental variables



	Variable
	Factor
	Estimate
	SE
	t-value
	p-value
	Predictor
	Estimate
	SE
	t-value
	p-value

 

 	Calluna vulgaris 	R2 (adjusted) = 0.653 	R2 (adjusted) = 0.048


 	seeding row 	2.184 	1.787 	1.222 	0.222 	(Intercept) 	17.824 	3.233 	5.514 	< 0.001


 	mounds 	1.183 	1.787 	0.662 	0.508 	Herb. cover 	6.498 	3.152 	2.061 	0.039


 	Carex pilulifera 	R2 (adjusted) = 0.650 	R2 (adjusted) = −0.067


 	seeding row 	6.925 	1.917 	3.613 	< 0.001 	(Intercept) 	2.811 	0.636 	4.418 	< 0.001


 	mounds 	0.281 	1.917 	0.147 	0.883 	 	 	 	 	


 	Deschampsia flexuosa 	R2 (adjusted) = 0.567 	R2 (adjusted) = 0.207


 	seeding row 	−2.094 	0.843 	−2.483 	0.013 	(Intercept) 	37.082 	4.824 	7.688 	< 0.001


 	mounds 	−1.159 	0.843 	−1.374 	0.170 	Herb. cover 	25.215 	5.093 	4.951 	< 0.001


 	Galium harcynicum 	R2 (adjusted) = 0.809 	R2 (adjusted) = 0.198


 	seeding row 	−4.727 	2.776 	−1.703 	0.089 	(Intercept) 	4.407 	3.786 	1.164 	0.244


 	mounds 	−3.717 	2.776 	−1.339 	0.181 	Herb. cover 	7.471 	3.616 	2.066 	0.039


 	Melampyrum sylvaticum 	R2 (adjusted) = 0.100 	R2 (adjusted) = 0.191


 	seeding row 	−2.976 	1.691 	−1.760 	0.078 	(Intercept) 	10.181 	2.321 	4.386 	< 0.001


 	mounds 	−0.461 	1.691 	−0.273 	0.785 	 	 	 	 	


 	Mycelis muralis 	R2 (adjusted) = 0.686 	R2 (adjusted) = 0.625


 	seeding row 	−3.985 	2.136 	−1.866 	0.062 	(Intercept) 	19.993 	1.248 	16.019 	< 0.001


 	mounds 	−7.907 	2.136 	−3.702 	< 0.001 	Shrub cover 	81.834 	5.382 	15.205 	< 0.001


 	Rubus idaeus 	R2 (adjusted) = 0.468 	R2 (adjusted) = 0.551


 	seeding row 	−6.066 	2.634 	−2.303 	0.021 	(Intercept) 	−3.823 	7.709 	−0.496 	0.620


 	mounds 	−6.391 	2.634 	−2.426 	0.015 	PAR 	5.989 	1.753 	3.418 	0.001


 	Vaccinium myrtillus 	R2 (adjusted) = 0.287 	R2 (adjusted) = 0.417


 	seeding row 	−3.131 	0.706 	−4.434 	< 0.001 	(Intercept) 	46.598 	4.562 	10.215 	< 0.001


 	mounds 	−2.794 	0.706 	−3.957 	< 0.001 	Aspect 	10.690 	4.569 	2.340 	0.019


 	 	 	 	 	 	Herb. cover 	40.387 	4.783 	8.444 	< 0.001


 	 	 	 	 	 	Bryophyte cover 	10.667 	4.731 	2.255 	0.024


 	 	 	 	 	 	A. alba cover 	−11.169 	5.483 	−2.037 	0.042





Only significant factors (α < 0.05) and intercepts are displayed, for full version see Appendix 5.
 

[image: Eight line graphs showing the development of plant species over 13 years since soil scarification. Each subplot represents one species: A) Calluna vulgaris, B) Carex pilulifera, C) Deschampsia flexuosa, D) Galium harcynicum, E) Melampyrum sylvaticum, F) Mycelis muralis, G) Rubus idaeus, H) Vaccinium myrtillus. The y-axis represents the difference to reference, and the x-axis represents years. Two plot types are indicated: seedrow (blue) and mound (orange). Shaded areas show variability. Graphs highlight trends and differences in plant development over time.]

FIGURE 5
 Cover development of the most common herbaceous species identified at the surveyed plots after soil scarification modeled via GAM’s (Table 4). Shaded areas represent 95% confidence interval.




3.4.3 Bryophyte species

The cover of Dicranum scoparium, Pleurozium schreberi, and Thuidium tamariscinum on the forest floor was generally higher than on the other two subplot types (Table 6; Figure 6). These species were among the most prevalent, forming large continuous patches on the forest floor. No differences were observed for the other species compared to the forest floor. In the case of D. heteromalla and L. glaucum, this resulted from a higher cover in the scarification early in the surveyed timeframe, which gradually decreased, thereby diminishing any statistically significant differences. A similar trend was observed for E. striatum and Scerlopodium purum, though only with regard to the seeding rows. Of the environmental variables, aspect, in the sense of more south-facing slopes and high proportions of herbaceous cover, had a negative effect on the occurrence of D. scoparium (Table 6). High occurrences of A. alba had a negative effect on Hypnum cupressiforme, while higher bryophyte cover affected its cover positively. The positive effect of higher bryophyte cover was also found for E. angustirete, while high SWC negatively affected T. tamariscinum.


TABLE 6 Shortened version of summary statistics of the generalized additive models (GAM) of the most common terricolous bryophytes with the cover development after scarification and environmental variables after model simplification.


	Years since scarification
	Environmental variables



	Variable
	Factor
	Estimate
	SE
	t-value
	p-value
	Predictor
	Estimate
	SE
	t-value
	p-value

 

 	Dicranella heteromalla 	R2 (adjusted) = 0.733 	R2 (adjusted) = −0.072


 	Seeding row 	0.883 	1.192 	0.740 	0.459 	(Intercept) 	7.664 	1.545 	4.962 	< 0.001


 	Mounds 	1.563 	1.192 	1.310 	0.190 	 	 	 	 	


 	Dicranum scoparium 	R2 (adjusted) = 0.254 	R2 (adjusted) = 0.056


 	Seeding row 	−1.727 	0.524 	−3.299 	0.001 	(Intercept) 	15.942 	1.387 	11.493 	< 0.001


 	Mounds 	−1.567 	0.524 	−2.993 	0.003 	Aspect 	−3.517 	1.452 	−2.422 	0.015


 	 	 	 	 	 	Herb. cover 	−3.782 	1.480 	−2.556 	0.011


 	Eurhynchium angustirete 	R2 (adjusted) = 0.756 	R2 (adjusted) = 0.161


 	Seeding row 	−4.180 	3.168 	−1.319 	0.187 	(Intercept) 	8.621 	30.587 	0.282 	0.778


 	Mounds 	−5.689 	3.168 	−1.795 	0.073 	Bryophyte cover 	23.104 	11.437 	2.020 	0.043


 	Eurhynchium striatum 	R2 (adjusted) = 0.645 	R2 (adjusted) = −0.0994


 	Seeding row 	1.012 	3.116 	0.325 	0.745 	(Intercept) 	−6.808 	62.905 	−0.108 	0.914


 	Mounds 	−0.977 	3.116 	−0.313 	0.754 	 	 	 	 	


 	Hypnum cupressiforme 	R2 (adjusted) = −0.002 	R2 (adjusted) = 0.320


 	Seeding row 	−0.531 	0.331 	−1.604 	0.109 	(Intercept) 	68.846 	4.540 	15.164 	< 0.001


 	Mounds 	−0.290 	0.331 	−0.877 	0.380 	Bryophyte cover 	30.601 	5.138 	5.956 	< 0.001


 	 	 	 	 	 	A. alba cover 	−16.111 	5.812 	−2.772 	0.006


 	Leucobryum glaucum 	R2 (adjusted) = 0.494 	R2 (adjusted) = 0.0169


 	Seeding row 	−3.033 	1.753 	−1.730 	0.084 	(Intercept) 	9.460 	2.608 	3.627 	< 0.001


 	Mounds 	−0.788 	1.753 	−0.449 	0.653 	 	 	 	 	


 	Pleurozium schreberi 	R2 (adjusted) = 0.601 	R2 (adjusted) = 0.055


 	Seeding row 	−4.395 	0.771 	−5.704 	< 0.001 	(Intercept) 	32.068 	4.112 	7.799 	< 0.001


 	Mounds 	−2.948 	0.771 	−3.826 	< 0.001 	 	 	 	 	


 	Polytrichum formosum 	R2 (adjusted) = 0.601 	R2 (adjusted) = 0.003


 	Seeding row 	−1.111 	0.691 	−1.608 	0.108 	(Intercept) 	12.015 	1.313 	9.154 	< 0.001


 	Mounds 	−1.404 	0.691 	−2.033 	0.042 	 	 	 	 	


 	Scleropodium purum 	R2 (adjusted) = 0.569 	R2 (adjusted) = −0.248


 	Seeding row 	−2.815 	3.441 	−0.818 	0.413 	(Intercept) 	6.457 	2.118 	3.049 	0.002


 	Mounds 	−3.172 	3.441 	−0.922 	0.357 	 	 	 	 	


 	Thuidium tamariscinum 	R2 (adjusted) = 0.778 	R2 (adjusted) = 0.045


 	Seeding row 	−8.048 	2.506 	−3.211 	0.001 	(Intercept) 	−22.857 	37.965 	−0.602 	0.547


 	Mounds 	−7.365 	2.506 	−2.939 	0.003 	SWC 	−40.586 	16.988 	−2.389 	0.017





Only significant factors (α < 0.05) and intercepts are displayed, for full version see Appendix 6.
 

[image: Graphs depicting the development over time of various moss species after soil scarification. Each subplot shows the difference to a reference over 13 years for species: Dicranella heteromalla, Dicranum scoparium, Eurhynchium angustirete, Eurhynchium striatum, Hypnum cupressiforme, Leucobryum glaucum, Pleurozium schreberi, Polytrichum formosum, Scleropodium purum, and Thuidium tamariscinum. The data is represented with solid lines for mounds and dashed lines for seedrows, including confidence intervals. Each subplot varies in trends, illustrating species’ response over time.]

FIGURE 6
 Cover development of the most common terricolous bryophyte species identified at the surveyed plots after soil scarification modeled via GAM’s (Table 5). Shaded areas represent 95% confidence interval.






4 Discussion


4.1 Cover development after scarification

Although time alone was not the strongest predictor of cover development in the disturbed areas of the seeding rows and mounds, the results offer a robust estimate of the approximate timeline of recolonization following disturbance by scarification. Herbaceous species regeneration within the seeding rows took about ten years, likely due to a combination of the limited species pool and shaded conditions, making the sites unfavorable for more light-demanding, ruderal species.

On clear-cut sites, scarification can result in a closure of herbaceous species within two years, as reported by Pykälä (2004). However, the implementation of a closed or moderately open canopy through shelterwood or selection cutting management has been observed to extend the recolonization time (Nilsson et al., 2006; Löf et al., 2012). This delay hinders the enhancement of herbaceous diversity on the forest floor, but it facilitates the establishment of tree species by reducing competition from herbaceous species, which in clear-cut and calamity areas negatively affects tree regeneration (Nilsson et al., 2006; Fløistad et al., 2018).

The lower overall cover of seeding rows and mounds may have been, to an extent, mediated by the presence of A. alba as the target species of direct seeding, due to shading and providing a physical barrier for the establishment of other species. However, excluding A. alba already during the initial setup and plot selection would have posed a significant challenge, as bryophyte-covered seeding rows, particularly in older sites, were only identifiable through A. alba individuals. The decline in herbaceous cover on the soil mounds over time can be attributed to their composition, which consists of a mixture of an overturned bryophyte layer, organic material, and mineral soil. This facilitated the rapid settlement of overturned bryophytes, thereby hindering the ability of herbaceous species to establish themselves as well as outcompeting the remaining herbaceous species. The differences between the subplots are further exemplified by the indicator species of the pioneer phase. While multiple herbaceous species were identified within the seeding rows, only D. purpurea was found as an indicator species on the soil mounds. This species is known to possess a resilient seed bank that benefits from disturbance, likely explaining its presence (Sletvold and Rydgren, 2007).

Conversely, the recolonization rate of bryophytes in the seeding rows was comparatively faster. After four years, it had reached the level of the forest floor. The greater abundance of bryophyte species on the forest floor facilitated species’ dispersal into the seeding rows via clonal encroachment, propagules, or spores from the soil seed bank, consolidating their presence in all subplot types (Heinken and Zippel, 2004). This rapid recolonization may have constrained the settlement of herbaceous species and tree regeneration because these species require mineral soil for successful establishment. This most likely reduced overall herbaceous cover (Soudzilovskaia et al., 2011). The observed decline in bryophyte cover in both subplot types after a decade is likely due to the substantial shading caused by A. alba saplings and the subsequent rain interception. This led to a decline in light- and water-demanding bryophyte species (Tinya et al., 2009).



4.2 Effect on species composition

Scarification applied in the context of direct seeding was found to positively affect the recruitment of other tree species during the pioneer phase of the observed timeframe. Sometimes employed to facilitate and augment natural regeneration in clear-cut areas, the success of this technique has also been observed within the context of shelterwood cutting (Nilsson et al., 2006; Bergstedt et al., 2008). The present findings on the efficiency of this method under a closed canopy further emphasize the usefulness of this method. Light-seeded species, including B. pendula and P. abies exhibited a discernible positive impact from scarification. This finding is consistent with those reported by Karlsson and Nilsson (2005). In contrast to earlier studies, no evidence for a positive effect of scarification was found for P. sylvestris, another early successional species. However, in situ observations showed that the species benefited strongly from scarification when present as adult trees in the canopy (Figure 7). Unfortunately, as the number of sites with P. sylvestris canopy was highly limited, this could not be tested statistically. The two oak species did not profit from the scarification, as their dispersal is modulated by other factors, for example, the abundance of European jay (Garrulus glandarius L.), for which the scarification might not be attractive for seed storage (Mosandl and Kleinert, 1998). The impact on tree regeneration was also evident, with certain tree species identified as indicator species in the climax phase.

[image: A lush forest scene with dense greenery covering the ground. Young trees and shrubs are interspersed throughout, surrounded by taller, mature trees. The forest floor is rich with moss and small plants, creating a vibrant, natural landscape.]

FIGURE 7
 Natural regeneration of Pinus sylvestris intermixed with artificially regenerated Abies alba resulting from soil scarification for direct seeding.


In herbaceous vegetation, scarification led to a modest but mostly temporary change in the species composition, consistent with previous studies (Uotila and Kouki, 2005). This increase was most noticeable during the early successional phase. While numerous species were observed to emerge exclusively from scarification, they were limited to a small number of individuals that persisted over time and failed to propagate further. These species were not documented on the forest floor, but they were not rare in the surveyed forest in general. As the changes in the species composition were found to be rather slow, they lagged behind levels seen in clear- or shelterwood-cutting practices (Pykälä, 2004; Tullus et al., 2019). Of the more prevalent species, only C. pilulifera directly benefited from the scarification process, while species such as C. vulgaris, D. flexuosa, and M. muralis, which typically rapidly colonize disturbed sites, did not (van der Veken et al., 2007).

Generally, bryophytes demonstrated greater consistency in terms of species composition compared to herbaceous species. Among the bryophyte species, none were distinct to the disturbance; recruitment mostly occurred from the surrounding undisturbed forest floor (Heinken and Zippel, 2004). Early colonizer species, including D. heteromalla, E. striatum, and P. formosum, were found to rapidly establish themselves in the seeding row. In contrast, P. schreberi and H. cupressiforme, which were predominant on the forest floor, exhibited a decline in cover (Bergstedt et al., 2008). However, the initially colonizing species declined over time and were replaced by the more predominant species, especially H. cupressiforme, with cover proportions reaching that of the undisturbed forest floor (Hébert et al., 2016). These results align with studies conducted on open sites, which demonstrate that bryophyte species composition is largely determined by the pre-existing community before scarification, provided that there is no canopy disturbance (Fenton and Frego, 2005). Furthermore, the distribution of cover for individual species approached that of the undisturbed forest floor (Hébert et al., 2016). The convergence of the disturbance toward the undisturbed forest floor was also evident in the indicator species of the climax phase, which exhibited substantial overlap among the three subplots. For example, H. cupressiforme showed the prevalence of a few competitive bryophyte species generally found on the forest floor (Mills and Macdonald, 2004).



4.3 Environmental factors modulating species assemblage

Due to the limited number of tested environmental factors and their range, only minor influences on the recolonization dynamics of the tree species were found. Only photosynthetically active radiation (PAR) appeared to influence some species’ presence, with A. alba negatively and Q. robur positively affected, consistent with their typical regeneration niches (Dusan et al., 2007; Götmark et al., 2011). Consequently, the absence of a direct reaction from B. pendula or P. sylvestris to elevated light availability was unexpected, given their higher light demand and previous observations (Karlsson et al., 2002; Leuschner and Ellenberg, 2018). In general, the regeneration of B. pendula and P. sylvestris was largely unaffected by measured environmental factors, consistent with their generally low site requirements beyond light availability (Leuschner and Ellenberg, 2018). One exception was the topographic wetness index (TWI) which affected B. pendula abundance negatively, indicating that the species did suffer from potential waterlogging (Wang et al., 2017). Mineral soil availability was observed to be the most important environmental factor influencing the regeneration of B. pendula and P. abies, as evidenced by the cover development between the subplots and the in situ observations of P. sylvestris (Dassot and Collet, 2015). Although the effect on the species was less pronounced in our study, others found a strong relationship between their establishment success and the presence of exposed mineral soil, with this effect persisting for several years after scarification (Jäärats et al., 2012; Saursaunet et al., 2018). However, other studies demonstrated that P. abies exhibits a high degree of substrate indifference with respect to its germination behavior, with our results falling in between these contrasting observations (Oleskog and Sahlén, 2000).

The substantial impact of a well-developed herbaceous layer found on the present herbaceous species can be attributed to facilitation among these, likely resulting from enhanced microclimatic conditions (Brooker et al., 2008). Despite the absence of a discernible adverse impact of bryophyte cover on the establishment of herbaceous species, recruitment may have been impeded. This suggests that the extent of herbaceous species coverage has the potential to influence the species distribution (Tullus et al., 2019; Soudzilovskaia et al., 2011). Furthermore, the herbaceous species under consideration predominantly relied on mineral soil for generative expansion. The presence of a greater proportion of species with higher levels of cover, such as D. flexuosa or V. myrtillus, may have facilitated the settlement of other herbaceous species on the available mineral soil. While this effect may also stem from a certain degree of circularity inherent in the analysis, as the dependent species cover, which was not excluded from general cover, we hypothesize that this is not the case, as both cover-intensive and sparse-covering species were affected. Contrary to earlier findings, our research revealed only a limited impact of light availability on the herbaceous cover, affecting only V. myrtillus and R. idaeus (Hébert et al., 2016). In clear-cuts, increased light availability has been demonstrated to modify species composition, enabling the encroachment of ruderal species (Löf et al., 2012). In closed forest stands, however, while light remains an important factor in species assemblage, especially bryophytes were found to strongly depend on the site’s soil conditions (Tinya et al., 2009; Löf et al., 2012; Tullus et al., 2019). Including these factors to a greater extent would likely provide a more comprehensive explanation of the observed species’ composition and cover.

The presence of H. cupressiforme, as one of the most common bryophyte species, was primarily shaped by general bryophyte cover, as a widespread presence of bryophytes created a diverse range of microsites, supporting the establishment of this late successional species (Mills and Macdonald, 2004). Contrary to our expectations, no direct effect of light availability was found for pioneering and light-demanding species, such as D. heteromalla, D. scoparium and P. formosum was observed, with only D. scoparium showing a negative reaction to shrub cover, which can be interpreted as shading (Márialigeti et al., 2009; Tinya et al., 2009). Of the late successional species H. cupressiforme reacted negatively to substantial A. alba cover, with the shading provided by the seedlings potentially influencing the species colonization dynamics. In the absence of canopy disturbance, scarified areas are rapidly colonized by already dominant late successional species, which suppresses the establishment of other species and prevents changes in the species composition (Mills and Macdonald, 2004; Müller et al., 2019). In addition to the light regime, the availability of mineral soil emerged as a pivotal factor, influencing bryophyte species composition, by increasing the presence of pioneer species, which were otherwise absent or only minimally present. However, as is the case with herbaceous species, this effect is short-term only (Newmaster et al., 2007; Oheimb et al., 2007; Tullus et al., 2019).

Using space-for-time substitution to infer the temporal development in the succession following scarification is subject to certain limitations, as it assumes that time is the sole factor influencing succession (Kreyling, 2025). Although the observed species composition and cover development in this study are influenced by heterogeneity among different sites and plots, which cannot be accounted for due to the lack of comprehensive temporal data on these factors, we consider the general patterns observed in this study to be reliable. In our opinion, the modest geographic constraint of the surveyed area, together with the relatively stable canopy conditions of the surveyed sites since their respective scarification, has served to mitigate some of the uncertainties of the methodology. While four of the plots saw partial canopy removal during the year of the vegetation survey, as well as canopy removal in areas adjacent to the survey sites, we believe this had no effect on the results, as the sites showed no unusual deviations in terms of their species composition. The correspondence between our findings and those of related studies involving space-for-time substitution and long-term monitoring substantiates the validity of our results (Uotila and Kouki, 2005; Bergstedt et al., 2008; Jäärats et al., 2012; Tullus et al., 2019). While long-term studies have advantages over space-for-time approaches, studies on forest floor vegetation are rare. This underscores the necessity of alternative approaches, such as space-for-time substitution, as a means to study forest floor vegetation dynamics.




5 Conclusion

The soil scarification conducted under the intact spruce canopy did not result in long-lasting effects on the forest floor vegetation. The recolonization of herbaceous species took around a decade, with bryophytes settling comparatively faster. There was a noticeable short-term effect on the species composition through the increased microsite heterogeneity. This was particularly evident during the early successional phase. However, this effect was found to be not long-lasting, ultimately converging back to a species composition comparable to the undisturbed state. The settlement of species was mainly influenced by the availability of mineral soil. This was especially evident for tree species, underscoring the potential of the technique in fostering natural tree regeneration. This, in turn, would facilitate the transition of intact stands from even-aged forests dominated by single tree species to diverse, climate-tolerant forests. Additionally, several species could be identified as indicators of the different development stages. Overall, the results indicate that the species composition of acidophilic coniferous forests remains stable under an unaltered canopy following scarification, with tree regeneration being particularly enhanced.
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