Effects of logging residue treatment and mechanical site preparation on below- and aboveground biomass production in Scots pine stands
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Abstract
The increasing demand for renewable energy has led to a surge in biomass harvesting from forest ecosystems. However, intensive biomass extraction, especially logging residue (LR) removal and mechanical site preparation (MSP), may affect long-term forest productivity. This study aimed to assess the effects of three MSP methods (plowing and planting in furrows, disc trenching, bedding and planting in raised beds) and three LR management strategies (complete removal, leaving residues, and comminution) on above- and belowground biomass production in Scots pine (Pinus sylvestris L.) stands 17 years after planting. The experiment was conducted in northwestern Poland on Albic Brunic Arenosols with low fertility.
The experiment consisted of 27 plots in a randomized complete block design. The tree measurements included diameter at breast height (DBH), tree height, stand density, basal area, stand volume and biomass, which were analyzed using two-way ANOVA. Significant differences in DBH and tree height were detected between the MSP methods. Furrowing resulted in the greatest growth, whereas bedding produced the lowest DBH and height. Among the LR treatments, tree height was lowest for comminution. However, no significant differences were found in stand biomass, basal area, or stand volume across the treatments.
These findings suggest that the MSP and LR management methods have short-term effects on tree growth but do not significantly influence long-term stand productivity. These results highlight the importance of performing long-term experimental trials to assess the sustainability of forest management practices.
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1. Introduction
[bookmark: _Hlk153554888]Harvesting biomass for energy is gaining importance because of the growing demand for renewable energy. In particular, in recent years, the use of biomass, both from agricultural and forest areas, has been investigated in a growing body of research. The analyzed problems include the determination of biomass resources and the effects of various factors on biomass production (Lattimore et al., 2009; Achat et al., 2015); and raw and processed biomass and its use as an energy source (Ubeda Delgado and Antolín Giraldo, 1995; Frankowski et al., 2022; Wawro et al., 2023) or as a carbon pool in carbon sequestration processes (Węgiel and Polowy, 2020; Mensah et al., 2023). Each time plant biomass is removed, the environment may be depleted in nutrients required for the growth and development of future plant generations.
In commercially managed forests, the volume and structure of biomass are influenced not only by natural conditions (climate, site fertility, etc.) but also by human activity, i.e., implemented management practices. The most profound impact on forest ecosystems is exerted by forest harvesting methods (Egnell, 2011; Roxby and Howard, 2013) and operations connected with the preparation of cleared forest sites for regeneration (Löf et al., 2012). These activities include both logging residue (LR) management and mechanical site preparation (MSP) methods, which also affect forests (Wallertz et al., 2018; Sikström et al., 2020).
Research in European countries is aimed at increasing the amount of forest biomass harvested for energy purposes in a sustainable manner (Helmisaari et al., 2011; Egnell, 2017). Poland, a relatively large country with almost 30% forest cover and a timber harvest of 43 million m3, can play an important role in transformations related to climate change and has the potential to meet its energy needs from renewable sources (Wieruszewski et al., 2022). To fully utilize this potential, it is necessary to comprehensively harvest biomass, particularly from tree parts typically not valued (roots, tree tops, branches, needles). Currently, harvested wood almost always refers only to aboveground biomass, without stumps or roots. In addition, long-term utilization of forest biomass (covering multiple treatments) could have an impact on forest soils, water resources and nutrient abundance (Tamminen et al., 2012; Clarke et al., 2021).
Potentially negative environmental impacts are particularly relevant for the whole-tree harvesting system, in which all above-ground tree biomass is removed from the forest. An alternative may be the stem-only harvesting method, where LR is left in forests; however, even in this case, a depletion of forest soils may occur. Studies conducted in Sweden have shown that nutrient losses caused by biomass harvesting are greater than those related to the leaching of elements from regenerated sites (Ring et al., 2017). In addition, the fineness of the remaining LR may affect the rate of mineralization of organic matter in the soil (Gan et al., 2020). Given that changes in soil composition occur as a consequence of biomass harvesting, nutrient depletion may compensate, to a certain extent, for forestry practices, while soil acidity may be regulated using various operations to minimize the negative effects of the removal of whole trees (Hedwall et al., 2015; Ring et al., 2021; Brandtberg et al., 2023).
[bookmark: _heading=h.30j0zll]LR management may be combined with the MSP method. This may be a key factor influencing the growth parameters of new tree generations (Mäkitalo, 1999; Celma et al., 2019; Nilsson et al., 2019). Various MSP methods may positively affect seedling growth and survival (Graham et al., 1989; Hansson and Karlman, 1997; Boateng et al., 2006; Heiskanen et al., 2013; Sikström et al., 2020). This effect is greatest during the first years of tree growth (Örlander et al., 2002; Wallertz et al., 2018; Nilsson et al., 2019), which may be related to the faster mineralization of nutrients (Nohrstedt, 2000) as well as increased nutrient availability and uptake, reduced soil bulk density, improved soil aeration, and a reduction in vegetation competition (Bedford and Sutton, 2000; Löf et al., 2012; Neaves et al., 2017).
[bookmark: _heading=h.hoshpaxoinsq]The influence of various MSP methods on the growth of Scots pine, Pinus sylvestris L., may last for up to 70 years (Örlander et al., 1996; Egnell, 2017). However, in some studies, the effect of site preparation on the growth of pine seedlings could not be confirmed, or the effect was small (Graham et al., 1989; Petersson et al., 2005). The MSP method may also influence the biomass (both above- and belowground) of the subsequent stand. The effect on aboveground tree biomass was confirmed for 3-year-old Scots pine (Jakubowski and Gornowicz, 2014), 9-year-old Scots pine (Gornowicz et al., 2021) and 8-year-old slash pine Pinus eliotii (McKee Jr. and Shoulders, 1974) stands. Additionally, Mjöfors et al. (2017), in a 25-year experiment, confirmed the positive effects of various MSP methods on the carbon pool in the biomass of Scots pine trees. Celma et al. (2019) reported a relationship between site preparation method and the root depth of Scots pine.
 Many studies have shown that MSP methods that more strongly interfere with the soil structure result in higher seedling densities, faster growth and better survival rates (Bilodeau-Gauthier et al., 2011). As MSP causes changes in soil structure, among other factors affecting physical properties such as density or porosity (Ahuja et al., 1998), it may influence changes in soil retention and, as a consequence, the leaching of nutrients (Heiskanen et al., 2007). Additionally, the effects of site preparation methods on tree growth parameters may vary depending on climatic conditions, tree species or forest site type (Mäkitalo, 1999; MacKenzie et al., 2005; Wallertz and Malmqvist, 2012).
[bookmark: _heading=h.ojjuinj1pfsu]The objective of this study was to determine the effects of three methods of mechanical site preparation and three methods of logging residue management on the volume of above- and belowground biomass of Scots pine stands 17 years after planting.
[bookmark: _heading=h.cg21n57934cs][bookmark: _heading=h.sllzc3rgel23]The following hypotheses were tested.
[bookmark: _heading=h.cev8bfeltvgw][bookmark: _heading=h.nl2quaksj18z](1) The MSP method applied affects the growth and biomass of a Scots pine stand, and trees in particular may benefit from disc trenching (the SP-tren method) because of improved water availability in dry soils in the first few years after planting.
 (2) The removal of logging residue (LR-rem method) negatively affects the growth and biomass of the subsequent Scots pine stand compared with leaving the residue in place (LR-leav and LR-com methods).

2. Materials and methods
2.1. Study area
The study was carried out on sample plots located in the Kalisz Pomorski Forest District (53° 13' 50.8” N, 15° 57' 29.3” E), northwestern Poland. Poor sites with Scots pine (Pinus sylvestris L.) as the dominant species (approx. 91% of the area) predominate in the area (F.M.P., 2013). The mean temperature during the vegetation period is 12.8 °C, the mean annual temperature is 7.5 °C, the annual precipitation is 628 mm, the annual precipitation during the vegetation period is 407 mm, and the vegetation period lasts 210 days (Błaś and Ojrzyńska, 2024).
The study plots had Albic Brunic Arenosol soils with uniform texture. These soils are formed from sands and glacial tills. Owing to the high amount of sand, these soils are permeable to water, with no marked impact on groundwater. Moisture conditions are determined primarily by precipitation water. Before the experimental site was established, the area was covered by a 90-year-old Scots pine stand, with a mean DBH (diameter at breast height - 1.3 m) of 27 cm, a mean tree height of 20 m and a growing stock of 247 m3·ha-1. The stand was felled in April 1999, and LR was managed immediately after felling, as described in Section 2.2. In the fall of 1999, the site was treated with MSP, and in April 2000, Scots pine seedlings of local provenance were planted at a density of approx. 10,000 per 1 ha with a spacing of 0.4×1.4 m. No tending operations (cleaning or thinning) were performed after planting, and no fungicides or insecticides were applied to the stand.

2.2. Experimental design
The experiment was established in a split-plot design (Figure 1). The blocks were rectangles of the following dimensions: block I and block II – 54x84 m (0.45 ha), and block III – 54x105 m (0.57 ha). The dimensions of individual plots were 18x28 m (0.0504 ha) and 18x35 m (0.063 ha) respectively. For technological reasons, rows were made through the entire length of the block (12 rows in each plot). Belts of intact stands of 0.2 ha each were left between the blocks. In each block, 9 different variants were applied for the combinations of MSP methods and LR treatment methods (27 plots in total). 
The adopted MSP methods included the following.
SP-furr: Plowing and planting in furrows - soil was plowed once with an LPZ-75 V-plow (produced by the Center of Forest Technology in Jarocin, Poland).
SP-tren: Disc trenching - soil was plowed once with an active disc plow U-162 (Center of Forest Technology in Jarocin, Poland), and seedlings were planted in shallow furrows.
SP-bed: Bedding and planting on raised beds - soil was plowed twice with an LPZ-75 V-plow.
The applied LR management methods included the following.
LR-rem: Complete removal - LR was thoroughly raked, removed and manually carried out outside the sample plots.
LR-leav: Leaving - LR was distributed evenly on the ground, and the longest branches were cut into large pieces.
LR-com: Comminution - LR was crushed using a DVV-96 crusher (Center of Forest Technology in Jarocin, Poland) and left on site.

[image: ]
Figure 1. The experimental design of the sample plot included three types of mechanical site preparation (SP-furr – plowing and planting in furrows, SP-tren – disc trenching, SP-bed – bedding and planting on raised beds) and three methods of logging residue management (LR-rem – complete removal, LR-leav – leaving, and LR-com – comminution).

2.3. Measurements
Field inventories were conducted in September 2017. The measurements included 50% diameter at breast height (every even-numbered row was measured, excluding the rows located on the margins) as well as 10–15% tree height in each treatment (plot areas were reduced by 50% for the calculation of stand density, volume, basal area and biomass). Dead trees were not included. The DBH was measured using calipers (accurate to 1 mm), and the heights of the trees were recorded with a Vertex Laser hypsometer (Haglöf, Sweden). On the basis of these data, Näslund’s height curves (Näslund, 1929) were developed for each plot to assign a height to each tree.
Biomass was determined for the aboveground and belowground parts of trees on the basis of mean sample trees, which were identified according to a method proposed by Hartig. In each plot, trees were ranked according to their DBH and then divided into 5 classes with the same basal area; then, one sample tree was selected from each class. In accordance with this method, 5 sample trees were selected in each plot, resulting in a total of 135 trees in the entire experiment. The sample trees were dug out with a shovel and then divided into four fractions (compartments): stems, roots, branches and needles. After excavation, the roots were gently removed from the soil with brushes. No water was needed to clean the roots, as the dry sandy soil was easily removed. The fresh mass of each compartment was measured immediately on site. Then, samples from each fraction were taken randomly. Roots and branches were sampled, representing their different thicknesses, in proportions corresponding to the whole tree compartment. From the stem, samples were taken as 10-cm cross sections that were cut every 1 meter along the stem. The tips with needles (thin branches approximately 4 mm in diameter) were then cut from the living branches. A 2-kg sample of branches with needles was collected from each sample tree, and the ratio of needles to shoots was determined (Picard et al., 2012). These samples were weighed fresh, dried to a constant mass at 65 °C and weighed again. For each sample, a conversion factor was used for estimating the dry mass of each compartment of each sample tree.
Direct measurement of biomass is relatively accurate but also labor intensive. Allometric models are therefore being developed as a basis for estimating biomass for larger sites. In these models, direct measurement is only an element leading to the construction of models. In this case, the biomass of trees, or parts of trees, is determined as a function of various tree parameters. The most commonly used predictors of biomass are DBH and tree height (Parresol, 1999; Muukkonen, 2007). The method involves taking measurements, on the basis of which the proportions of individual compartments (stem, branches, needles and roots) are accurately determined. The results obtained were used to determine the masses of individual tree compartments and whole trees. The results for the sample trees were then applied to the entire stand, providing the stand biomass.
The first step in our analyses was to determine the relationships between the biomasses of the different parts of the trees and the independent variables (DBH and tree height). To this end, the equation that best described the dependence of biomass on independent variables was determined for each tree compartment. The following equations were tested (Parresol, 2001; Balboa-Murias et al., 2006; Zasada et al., 2008):
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where y is the dry mass of an individual tree compartment; D is the diameter at breast height (cm); H is the tree height (m); and α, β and γ are the coefficients of the allometric equations.
A weighted nonlinear least squares method was used to estimate the parameters of the equations. The best equations for determining the dry weight of individual tree parts were selected on the basis of the following criteria: evaluation of model fit expressed by the residual standard error (RSE), the coefficient of determination R2 and Akaike's information criterion (AIC). Independent variables most commonly obtained during forest measurements (DBH and tree height) were used.
After selecting the partial equations to determine the final values of the formula parameters for the individual compartments and the dry mass of the whole tree, a model with seemingly unrelated equations was obtained to fulfill this assumption. Different biomass equations were chosen for different treatment combinations to get a better fit of the models. The numbers of selected equations for different compartments and for different variants of the experiment are shown in the Supplementary Material (Table S1).

2.4. Statistical analyses
[bookmark: _GoBack]Statistical analyses were preceded by the verification of data to confirm a normal distribution via the Kolmogorov‒Smirnov test, whereas homoscedasticity was tested using the Box‒Cox transformation. Next, an analysis of variance (ANOVA) was performed for the main effects, which made it possible to determine the effects of the adopted MSP method and LR management method on tree size (DBH and height), stand density, basal area, stand volume and biomass. The statistical model for a two-way split-plot design in analysis of variance was used as:
	
	(5)


where:
Yijk – the dependent variable value for the i-th level of the main factor (whole plot), the j-th level of the subplot factor (split-plot), and the k-th replication,
μ – overall mean,
αi ​ – main effect of the first factor (whole plot factor),
βj​ – main effect of the second factor (split-plot factor),
(αβ)ij​ – interaction between the two factors,
γk​ – random effect of the whole plots,
(αγ)ik – random error within whole plots for split-plot levels,
εijk​ – residual error.
When significant differences were found, they were identified using the post hoc Tukey test for multiple comparisons. The assumed significance level was p < 0.05.
Dendrograms were used in hierarchical cluster analysis to visually represent the arrangement of clusters for the dry biomass of tree compartments in the stand, including different MSP processes and different LR treatments. When the clusters were combined, they were represented by branches on the dendrogram. The height of the branches indicates the distance at which the clusters were merged. The x-axis represents the individual data points, and the y-axis represents the percentage of divergence at which the clusters were merged (Everitt et al., 2011).
Calculations and analyses were performed via the Curve Expert Professional 2.0.4 (Hyams Development) and Statistica 13.3 statistical packages (StatSoft Polska).

3. Results
Seventeen years after planting, the number of trees per 1 ha (stand density) ranged from 3404 to 4354, the stand volume ranged from 84.4 m3·ha-1 to 118.2 m3·ha-1, the basal area ranged from 16.5 m2·ha-1 to 24.6 m2·ha-1, the DBH ranged from 7.57 cm to 8.37 cm, and the tree height ranged from 7.35 m to 7.84 m (Table 1).

Table 1. Mean stand parameters (±SD): DBH (diameter at breast height), tree height, stand density, stand volume and basal area for different methods of mechanical site preparation (SP-furr – plowing and planting in furrows, SP-tren – disc trenching, SP-bed – bedding and planting on raised beds) and different methods of logging residue management (LR-rem – complete removal, LR-leav – leaving, LR-com – comminution). Letters a, b, c, d indicate homogeneous groups determined by Tukey's post-hoc test following a two-way ANOVA.
	Mechanical site preparation 
	Stand parameter 
	Logging residue treatment

	
	
	LR-rem
	LR-leav
	LR-com

	SP-furr
	DBH (cm)
	8.32±1.90
	8.29±1.91
	8.22±2.01

	
	Height (m)
	7.84±0.67 d
	7.79±0.45 c d
	7.59±0.66 b

	
	Stand density (tree·ha-1)
	3981±997
	4143±962
	3585±533

	
	Stand volume (m3·ha-1)
	111.5±62.6
	113.2±38.9
	78.3±24.9

	
	Basal area (m2·ha-1)
	22.9±11.6
	23.8±8.3
	16.5±5.3

	SP-tren
	DBH (cm)
	8.37±1.91
	8.34±1.83
	8.08±1.83

	
	Height (m)
	7.55±0.61 b
	7.70±0.61 c
	7.40±0.51 a

	
	Stand density (tree·ha-1)
	3622±915
	3519±200
	3404±956

	
	Stand volume (m3·ha-1)
	94.1±41.6
	93.2±9.1
	84.4±18.7

	
	Basal area (m2·ha-1)
	19.6±8.5
	19.5±2.2
	17.8±4.3

	SP-bed
	DBH (cm)
	7.70±1.79
	7.58±1.75
	7.57±1.73

	
	Height (m)
	7.57±0.66 b
	7.42±0.49 a
	7.35±0.67 a

	
	Stand density (tree·ha-1)
	4232±874
	4354±952
	4019±157

	
	Stand volume (m3·ha-1)
	118.2±34.7
	109.3±34.7
	90.1±13.7

	
	Basal area (m2·ha-1)
	24.6±7.4
	23.0±7.4
	19.1±2.0



One-way ANOVA showed significant differences between the MSP methods in terms of tree diameter (Figure 2) and height (Figure 3). The DBH was lower for bedding and planting on raised beds (SP-bed) than for the two other site preparation methods (SP-furr and SP-tren). However, tree height was significantly different among all the MSP methods, with the greatest difference for plowing and planting in furrows (SP-furr) and the lowest difference for bedding and planting on the raised bed (SP-bed). Additionally, significant differences were found between the various LR management variants for tree height (Figure 3). Compared with those of the two other treatments (LR-rem and LR-leav), tree height was the lowest in the comminution treatment (LR-com). On the other hand, no differences in stand density, stand volume or basal area were detected between the different MSP methods and different LR treatments. Similarly, two-way ANOVA showed no significant differences for these parameters (stand density, stand volume and basal area), and furthermore for DBH, between the different MSP, LR treatments and their interactions. Only tree height showed significant differences (p<0.0001) for LR treatments and for the combinations of MSP and LR treatments (Table 2). 
[image: ]
Figure 2. Mean tree DBH (± 95% confidence interval) under different methods of mechanical site preparation (see Table 1 for abbreviations). Different letters indicate significant differences at the p < 0.05.

[image: ][image: ]
Figure 3. Mean tree height (±95% confidence interval) under different methods of mechanical site preparation and different methods of logging residue treatment (see Table 1 for abbreviations). Different letters indicate significant differences at the p < 0.05.

The mean biomass of a single tree ranged from 20.2 kg to 30.3 kg. No significant differences (p < 0.05) were found for either the MSP methods or the LR treatments (Table 3). The total dry biomass (below- and aboveground) of a stand ranged from 72.5 Mg·ha-1 to 109.5 Mg·ha-1. Additionally, no significant differences (p < 0.05) were found for the MSP method or LR management method (Table 4).
The dendrogram shows that two variants of the experiments, SP-furr/LR-rem and SP-furr/LR-leav, differed the most from the others. In contrast, SP-bed/LR-leav and SP-bed/LR-com, as well as SP-tren/LR-rem and SP-tren/LR-com, were the most similar to each other (Figure 4).
In this study, the MSP process and LR management methods had no effect on the biomass of the subsequent Scots pine stands 17 years after planting.

Table 2. Results of two-way ANOVA, presenting the effects of mechanical site preparation (MSP), logging residue treatment (LR), and their interactions on DBH (diameter at breast height), tree height, stand density, basal area, and stand volume of sampled Scots pines 17 years after planting. 
	Stand parameter
	Source of variation
	Df
	MS
	F
	p

	DBH
	MSP
	2
	143
	5.30
	0.0750

	
	LR
	2
	10.3
	3.10
	0.0561

	
	MSP x LR
	4
	1.00
	0.31
	0.8698

	
	Error
	12
	3.3
	
	

	Height 
	MSP
	2
	17.1
	0.94
	0.4620

	
	LR
	2
	9.5
	37.24
	< 0.0001

	
	MSP x LR
	4
	1.7
	6.57
	< 0.0001

	
	Error
	12
	0.3
	
	

	Stand density
	MSP
	2
	1067722
	1.01
	0.4415

	
	LR
	2
	288992
	0.23
	0.8000

	
	MSP x LR
	4
	40343
	0.03
	0.9980

	
	Error
	12
	1273512
	
	

	Basal area
	MSP
	2
	24.2
	0.72
	0.5413

	
	LR
	2
	58.8
	1.02
	0.3914

	
	MSP x LR
	4
	7.9
	0.14
	0.9651

	
	Error
	12
	57.9
	
	

	Stand volume
	MSP
	2
	548
	0.61
	0.5862

	
	LR
	2
	1514
	1.11
	0.3614

	
	MSP x LR
	4
	178
	0.13
	0.9683

	
	Error
	12
	1365
	
	



Table 3. Mean (±SD) dry biomass of tree compartments of a single tree (kg) for different methods of mechanical site preparation and different methods of logging residue management (see Table 1 for abbreviations).
	Mechanical site preparation 
	Tree part
	Logging residue treatment

	
	
	LR-rem
	LR-leav
	LR-com

	
	
	Mean ±SD
	Percentage
	Mean ±SD
	Percentage
	Mean ±SD
	Percentage

	SP-furr
	stem
	14.15±6.21
	46.7%
	12.73±5.56
	50.8%
	11.04±6.86
	46.8%

	
	branches
	9.68±4.97
	31.9%
	6.34±4.3
	25.3%
	7.08±3.89
	30.0%

	
	needles
	2.99±1.72
	9.9%
	2.59±1.4
	10.3%
	2.01±1.49
	8.5%

	
	roots
	3.51±4.62
	11.6%
	3.38±3.57
	13.5%
	3.47±4.93
	14.7%

	
	total
	30.33±17.24
	100%
	25.04±14.71
	100%
	23.59±16.88
	100%

	SP-tren
	stem
	11.51±5.32
	49.1%
	13.33±6.23
	48.9%
	11.79±5.43
	49.8%

	
	branches
	6.27±3.38
	26.7%
	6.94±4.66
	25.4%
	6.32±3.34
	26.7%

	
	needles
	2.23±1.33
	9.5%
	3.64±2.43
	13.3%
	2.58±1.55
	10.9%

	
	roots
	3.45±3.27
	14.7%
	3.36±3.49
	12.3%
	2.99±3.38
	12.6%

	
	total
	23.46±13.18
	100%
	27.26±16.65
	100%
	23.68±13.55
	100%

	SP-bed
	stem
	10.75±5.30
	51.8%
	9.97±4.07
	49.3%
	11.1±4.94
	51.2%

	
	branches
	5.23±2.91
	25.2%
	5.70±3.35
	28.2%
	6.00±2.85
	27.6%

	
	needles
	2.23±1.74
	10.7%
	2.24±1.37
	11.1%
	2.38±1.32
	11.0%

	
	roots
	2.56±4.52
	12.3%
	2.31±2.82
	11.4%
	2.22±2.26
	10.2%

	
	total
	20.77±13.96
	100%
	20.22±11.44
	100%
	21.69±11.25
	100%




Table 4. Mean (±SD) dry biomass of tree compartments in the stand (Mg·ha-1) for different methods of mechanical site preparation and different methods of logging residue management (see Table 1 for abbreviations).
	Mechanical site preparation 
	Tree part
	Logging residue treatment

	
	
	LR-rem
	LR-leav
	LR-com

	
	
	Mean ±SD
	Percentage
	Mean ±SD
	Percentage
	Mean ±SD
	Percentage

	SP-furr
	stem
	51.1±32.6
	46.7%
	46.1±4.9
	51.0%
	34.4±7.6
	46.9%

	
	branches
	35.0±23.2
	32.0%
	22.8±1.2
	25.2%
	22.1±4.1
	30.2%

	
	needles
	10.8±7.4
	9.9%
	9.4±0.8
	10.4%
	6.2±1.7
	8.5%

	
	roots
	12.6±8.4
	11.5%
	12.1±0.3
	13.4%
	10.6±4.8
	14.5%

	
	total
	109.5±71.5
	100%
	90.4±6.6
	100%
	73.4±17.8
	100%

	SP-tren
	stem
	36.5±9.0
	49.1%
	41.8±9.3
	48.7%
	36.1±6.8
	49.9%

	
	branches
	19.9±5.1
	26.8%
	21.9±6.3
	25.5%
	19.3±3.3
	26.7%

	
	needles
	7.0±1.6
	9.4%
	11.5±3.3
	13.4%
	7.9±1.3
	10.9%

	
	roots
	10.9±3.2
	14.7%
	10.6±3.6
	12.4%
	9.1±0.7
	12.6%

	
	total
	74.3±18.8
	100%
	85.9±22.6
	100%
	72.5±12.1
	100%

	SP-bed
	stem
	41.4±9.7
	51,7%
	38.2±6.6
	49.5%
	39.2±3.1
	51.2%

	
	branches
	20.2±5.2
	25.2%
	21.8±2.9
	28.2%
	21.2±1.8
	27.7%

	
	needles
	8.6±2.0
	10.7%
	8.5±1.1
	11.0%
	8.4±0.7
	11.0%

	
	roots
	9.9±2.8
	12.4%
	8.7±1.5
	11.3%
	7.8±1.1
	10.2%

	
	total
	80.1±18.9
	100%
	77.3±10.9
	100%
	76.6±6.3
	100%
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Figure 4. Dendrogram of stand biomass (different tree compartments) for different combinations of mechanical site preparation and logging residue treatments (see Table 1 for abbreviations).

4. Discussion
In this paper, we present the results of a long-term experiment on the combined influence of two drivers (MSP process and LR management method) on tree growth and biomass accumulation in Scots pine stands 17 years after planting. We found no effects of these factors on the above- or belowground biomass of subsequent stands. In the same experiment, 9 years after planting, the effect on biomass was significant (Gornowicz et al., 2021). In a previous study, the aboveground biomass of trees in the LR-leav (leaving whole) treatment was greater than that in other LR treatments. Similarly, the aboveground biomass for the SP-bed method (bedding and planting on the raised bed) was greater than that for the other MSP methods. This finding likely indicates that the effects of the MSP and LR treatments on stand biomass were only short-term and were no longer relevant 17 years after planting.
However, in the present study, the average size of a single tree, as measured by DBH and height, differed significantly between the compared MSP methods. Trees had the smallest DBH and heights in the SP-bed treatment (bedding and planting on raised beds). Our research was carried out on free-draining soils, where bedding was not expected to be beneficial, because there were no waterlogging conditions to mitigate. Moreover, elevating spots likely results in poorer growth conditions for seedlings because of potential water shortages (Löf et al., 2012; Sikström et al., 2020). This is probably why, in our experiment, the seedlings on elevated spots were smaller in size. Importantly, larger tree dimensions do not necessarily indicate greater stand productivity and may simply result from lower stand density. Nevertheless, stand volume and basal area did not significantly differ between the experimental groups. Similarly, stand density (expressed as the number of trees per hectare) also showed no significant differences between the different treatments. On the other hand, planting on raised beds may be beneficial for waterlogged soils. Bedding improves the air‒water balance in the soil by increasing aeration and placing the seedlings above the water table (Aust et al., 1998; Eisenbies et al., 2004). Compared with other MSP methods, planting on ridges was confirmed to create better conditions for seedlings in moist locations (Graham et al., 1989; Hansson and Karlman, 1997; Bedford et al., 2000; Boateng et al., 2006; Heiskanen et al., 2013). Many other trials have confirmed the effects of MSP on tree growth in Europe (Örlander et al., 1996; Mäkitalo, 1999; Johansson et al., 2013; Hjelm et al., 2019) and North America (Bedford et al., 2000; Kyle et al., 2005; Prévost and Dumais, 2018). In contrast, this effect was not found for 18-year-old Scots pine in Sweden (Hansson and Karlman, 1997).
We only found a significant effect of the different LR management methods on tree height, not DBH. Because our study was performed in poor habitats, nutrient availability likely had the greatest effect on the differences found among LR management variants. We expected the trees to be the smallest in LR-rem (complete removal) because of nutrient depletion in the soil. Surprisingly, the tree heights in the LR-rem treatment were not significantly different from those in the LR-leav (leaving) treatment and were greater than those in the LR-com (comminution) treatment. Here, some factors may have caused weaker tree growth in the LR-com treatment. This finding needs to be confirmed in further research, especially since no such effect was observed in a similar experiment for Scots pine elsewhere in Poland (Węgiel et al., 2023). Many studies have shown that a relatively high harvesting intensity resulting in the removal of LR negatively affects the seedling height of subsequent stands. These findings were reported for Scots pine in Sweden 24 years after removal (Egnell and Valinger, 2003), for Sitka spruce Picea sitchensis 10 years after removal in England (Proe and Dutch, 1994) and 23 years after removal in Wales (Walmsley et al., 2009), and for Norway spruce Picea abies 30 years after removal in Finland (Wall and Hytönen, 2011) and 31 years after removal in Sweden (Egnell, 2011). In contrast, no such effect was found for Scots pine in Finland 22 years after removal (Saarsalmi et al., 2010), for Norway spruce 6 years after removal in Sweden (Sikström, 2004) and 10 years after removal in Finland (Kaarakka et al., 2014) or for various tree species in the USA 10-14 years after removal (Roxby and Howard, 2013).
The results of the present study highlight that the response of a forest ecosystem to LR removal can only be loosely linked to the nutrient export caused by felling. Forest productivity seems to be influenced by more complex drivers and interactions than simple soil nutrient balance (Paré and Thiffault, 2016; Premer et al., 2019). Identifying these drivers may be crucial to understanding the link between LR removal and biomass production (Thiffault et al., 2006; Smolander et al., 2015; Egnell, 2017; Wan et al., 2018). Location may also be a crucial variable in the sensitivity of a forest ecosystem to LR removal, as there are clear regional differences in climate, soil types and nutrient deposition. In fact, some reviews have confirmed differences in forest growth between experiments in North America and Europe (Thiffault et al., 2011; Tveite and Hanssen, 2013; Achat et al., 2015). Reviews and meta-analyses conducted on the results of these experiments have concluded that there is no consistent, unequivocal, or universal opinion on the effects of forest biomass harvesting on soil productivity (Thiffault et al., 2011; Wall, 2012; Achat et al., 2015; Egnell, 2017; Ranius et al., 2018). However, most such studies have been conducted in boreal forests, and temperate forests are much less studied. Our research fills this gap to some extent.
Most site preparation experiments have been conducted as relatively short-term studies (less than 10 years after planting), and only a few studies have reported the long-term effects of different MSP methods on seedling development (Örlander et al., 1996; Hansson and Karlman, 1997; Kyle et al., 2005). This could mean that the growth response to site preparation is temporary and may last the first 10–15 years after planting (Zhao et al., 2009; Neaves et al., 2017; Sikström et al., 2020). This is consistent with our experiment, where 9 years after planting, the different MSP and LR treatments had an effect on stand biomass (Gornowicz et al., 2021), and 8 years later, we no longer observed such an effect. This also confirms the need for long-term experiments examining the effects of various factors on the productivity of subsequent stands.
Two similar experiments were performed to test the effects of the same factors (different methods of MSP and LR) on the productivity of Scots pine stands 12 years after planting in Poland (Węgiel et al., 2023) and 30 years after planting in Sweden (Hjelm et al., 2019). In the former, the basal area was greater for bedding than for the other MSP methods (trenching and plowing), whereas in the latter, the standing volume was greater for plowing than for the other treatments (trenching and mounding). In both stands, logging residue removal had no effect on the volume of subsequent stands.
Notably, the presence of many small trees or a few large trees can result in the same volume, basal area and biomass in a stand, which shows that biomass is a more valuable determinant than mean DBH or mean height in measuring forest productivity (Węgiel et al., 2018). We found no significant effect of the MSP or LR treatments on the above- and belowground biomass in the subsequent Scots pine stands 17 years after planting. Thus, we did not confirmed our two hypotheses. However, it is important to keep in mind the limitations of our results. The experiment applies to one site in a temperate forest in Europe and is not necessarily representative of other regions. In addition, the results changed over time, confirming the need for long-term studies in different locations worldwide.

[bookmark: _Hlk153558653]5. Conclusions
The results of the study led to the following conclusions.
· In the present study, the use of different methods of MSP affected the diameter and height of Scots pine trees 17 years after planting. The DBH was lower for bedding and planting on raised beds than for the two other site preparation methods. Tree height significantly differed among all the MSP methods (plowing > disc trenching > bedding). A significant effect of different LR management methods on tree height (but not DBH) was also found. The lowest tree heights were in plots where LR comminution was applied. The observed differences in mean diameter and height were very small and unlikely to be of practical significance, especially since the basal area and volume did not differ among the treatments.
· The three MSP methods compared in the experiment had no effect on stand productivity. No differences were found between the total biomass (aboveground or belowground) of individual trees and that of whole stands.
· The three LR treatments also had no effect on the biomass accumulation of the subsequent stand. These findings may have practical implications for forest management. The removal of logging residues does not necessarily result in the reduced stand productivity in Scots pine. However, this finding must be confirmed under different climatic conditions and across different sites.
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Supplementary material
Table S1. Coefficients of allometric equations (α, β and γ) used to determine the dry mass of different parts of Scots pine trees (stem, branches, needles and roots) for 9 variants of the experiment, evaluation of model fit and the number of selected equation (see: Materials and Methods).
	Variant
	
	Stem
	Branches
	Needles
	Roots

	SP-furr – LR-rem
	α
	0.0322
	0.0089
	0.0013
	0.00019

	
	β
	0.723
	0.829
	0.916
	4.451

	
	γ
	-
	-
	-
	-

	
	R2
	0.947
	0.729
	0.758
	0.752

	
	AIC
	16.926
	37.567
	3.924
	-0.519

	
	RSE
	1.748
	3.479
	1.133
	0.954

	
	equation no.
	4
	4
	4
	1

	SP-furr – LR-leav
	α
	0.215
	0.303
	0.0164
	0.00019

	
	β
	1.908
	3.354
	2.355
	4.451

	
	γ
	-
	-2.04
	-
	-

	
	R2
	0.928
	0.892
	0.797
	0.752

	
	AIC
	15.932
	19.136
	-6.794
	-0.519

	
	RSE
	1.691
	1.791
	0.793
	0.954

	
	equation no.
	1
	2
	1
	1

	SP-furr – LR-com
	α
	0.062
	0.0157
	0.0513
	0.00019

	
	β
	2.413
	0.966
	3.107
	4.451

	
	γ
	-
	-
	-1.482
	-

	
	R2
	0.97
	0.867
	0.89
	0.752

	
	AIC
	8.997
	20.917
	-17.506
	-0.519

	
	RSE
	1.34
	1.997
	0.528
	0.954

	
	equation no.
	1
	3
	2
	1

	SP-tren – LR-rem
	α
	0.013
	0.0063
	0.0003
	0.00019

	
	β
	0.81
	1.085
	1.0589
	4.451

	
	γ
	-
	-
	-
	-

	
	R2
	0.909
	0.82
	0.688
	0.752

	
	AIC
	23.587
	19.32
	3.506
	-0.519

	
	RSE
	2.183
	1.894
	1.117
	0.954

	
	equation no.
	4
	3
	4
	1

	SP-tren – LR-leav
	α
	0.035
	0.0096
	0.0052
	0.00019

	
	β
	0.936
	3.037
	3.022
	4.451

	
	γ
	-
	-
	-
	-

	
	R2
	0.916
	0.813
	0.463
	0.752

	
	AIC
	20.591
	25.549
	30.03
	-0.519

	
	RSE
	1.976
	2.33
	2.706
	0.954

	
	equation no.
	3
	1
	1
	1

	SP-tren – LR-com
	α
	0.041
	0.01
	0.005
	0.00019

	
	β
	0.908
	1.032
	2.486
	4.451

	
	γ
	-
	-
	0.476
	-

	
	R2
	0.853
	0.779
	0.732
	0.752

	
	AIC
	31.139
	25.84
	7.214
	-0.519

	
	RSE
	2.808
	2.353
	1.203
	0.954

	
	equation no.
	3
	3
	2
	1

	SP-bed – LR-rem
	α
	0.034
	0.12
	0.0012
	0.00019

	
	β
	1.674
	2.32
	2.567
	4.451

	
	γ
	1.127
	-0.507
	1.057
	-

	
	R2
	0.97
	0.92
	0.815
	0.752

	
	AIC
	-3.479
	4.838
	-6.437
	-0.519

	
	RSE
	0.842
	1.112
	0.763
	0.954

	
	equation no.
	2
	2
	2
	1

	SP-bed – LR-leav
	α
	0.017
	0.0021
	0.0006
	0.00019

	
	β
	1.244
	0.969
	1.007
	4.451

	
	γ
	1.903
	-
	-
	-

	
	R2
	0.937
	0.89
	0.962
	0.752

	
	AIC
	12.729
	10.92
	-32.806
	-0.519

	
	RSE
	1.446
	1.431
	0.333
	0.954

	
	equation no.
	2
	4
	4
	1

	SP-bed – LR-com
	α
	0.043
	0.023
	0.0035
	0.00019

	
	β
	1.603
	0.91
	1.063
	4.451

	
	γ
	1.13
	-
	-
	-

	
	R2
	0.924
	0.743
	0.84
	0.752

	
	AIC
	20.432
	22.108
	-9.626
	-0.519

	
	RSE
	1.87
	2.078
	0.722
	0.954

	
	equation no.
	2
	3
	3
	1
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