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Abstract: Forest harvesting removes and redistributes nutrients through felling and forwarding.
Substantial quantities of nutrients can accumulate in brash mats on permanent skid trails, but their
availability and uptake after multiple thinnings on soils susceptible to leaching are unknown. In this
study, we modeled the deposition of base cations and phosphorus on a permanent skid trail after
five thinnings of a Picea abies (L.) Karst. stand, and measured the resulting nutrient stocks in both
the forest floor and mineral soil. An estimated 35%, 44%, 41%, and 61% of harvested Ca, K, Mg,
and P, respectively, were redistributed to the skid trail. Of those deposited stocks, 32–65% of nutrients
remained in decomposed brash material on the skid trail. Mineral soil stocks for Ca, K, and P were
significantly higher in the skid trail than in the stand, which included minor increases in bioavailable
pools. Skid trail root densities were not lower than the stand while bulk densities were only partially
higher. Both would not limit nutrient uptake. There were no significant relations between needle
nutrient concentrations and distance to the skid trail. Altogether, these results indicate that nutrient
uptake from the skid trail was minimal despite their accumulation, chemical availability, and physical
accessibility. This suggests that other factors such as liming and frequent thinning disturbances can
repress uptake of available nutrients on skid trails.
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1. Introduction

Timber harvesting both extracts and redistributes essential nutrients within forest ecosystems.
For instance, mechanized thinning and harvesting in Central Europe frequently involves crane
harvesters equipped with a felling-delimbing head. These machines traffic skid trails roughly 4 m
wide, spaced 20–40 m apart, covering 10–20% of the stand surface area. Trees within reach are felled,
delimbed and partially debarked in front of the harvester, cut into fixed-length logs, and forwarded to
the edge of the stand. Branches and other slash—along with their nutrients—are left on the skid trail
forming a brash mat. Brash-mats can reduce the soil physical impact of machine traffic, provided they
are thick enough, as well as protect against erosion [1,2]. Additionally, due to the lengthy recovery
time of machine-induced soil deformation, skid trail networks are more frequently planned and
permanent [3,4]. By reusing skid trails, the disturbed soil area is limited to ≤20% of the forest stand
independent of the harvesting frequency and intensity.

However, the long-term and systematic redistribution of slash constitutes a sustained disturbance
to forest nutrient cycles. For the stand matrix between skid trails, these operational systems are,
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in practice, whole tree harvests that impact nutrient stocks through the removal of stem wood, bark,
branches, and foliage (according to the classification of Achat et al. [5]). Such removal in boreal
stands increases nutrient export 2–4-fold due to the higher nutrient contents in the non-timber biomass
compartments [6], which would compromise nutrient cycle sustainability and depress growth [7].
On the other hand, by concentrating the non-timber residues as brash mats on skid trails, their nutrients
are not exported from the system, rather they stay within the stand concentrated strip-wise on roughly
20% of the stand’s surface. A similar residue treatment is the piling of clearcut slash into windrows.
In a nutrient-poor slash and longleaf pine forest (Pinus elliottii and Pinus palustris, respectively)
15–40% of total ecosystem nutrients were concentrated on 6% of the stand in windrows [8]. The fate,
however, of such quantities of nutrients in windrows is uncertain: increased mobility and leaching has
been observed [9] while slow mineralization rates of residues could retain nutrients till used by the
reestablished stand [10]. The soil degradation through compaction from machine traffic can also limit
root access to accumulated nutrients and biological communities that regulate decomposition rates of
overlying brash mats [11,12].

The fate of brash mat nutrients on skid trails is therefore not full export as when whole-trees are
removed, nor full retention as when stems are processed within the stand matrix, but rather somewhere
in between. Two studies suggest that nutrients within brash mats on freshly-formed skid trails are
potentially retained and cycled back into stand vegetation. Stutz et al. [13] reported that roughly 50%
of deposited phosphorus was lost from brash mats five years after thinning a silver fir (Abies alba L.)
stand, and the missing P was not found in the mineral soil, suggesting uptake of deposited P by stand
vegetation. Borchert et al. [14] found that cationic nutrients tended to accumulate in new brash mats
and the underlying soil three years after thinning a Norway spruce (Picea abies [L.] Karst.) stand.
Simultaneously, they found increased water uptake under the brash mat, implying potential uptake of
such nutrients by surrounding trees [14]. Yet both studies are not fully consistent in their conclusions
due to the different nutrients analyzed and because neither considered the continued accumulation of
slash and nutrients on permanent skid trails through multiple thinnings and mechanized disturbance.

The central questions to this study are as follows:

1. How much biomass and associated Ca, K, Mg, and P are deposited on permanent skid trails
through multiple thinnings?

2. What fraction of the deposited nutrients is retained on the skid trails?
3. What proportion of the remaining nutrients is found in the brash mat and mineral soil, and to

what extent are they available?
4. Would the accumulated nutrients change the nutrition state of trees adjacent to the skid trails?

As in Stutz et al. [13], we addressed Questions 1–3 by (i) estimating the nutrient redistribution onto
a permanent skid trail through reconstructed biomass removal from stumps classified by their state
of decay, and (ii) measuring total and plant-available nutrient stocks in the forest floor and mineral
soil of the skid trail and adjacent stand. For Question 4, we assessed the nutrient concentrations
within needles as a function of distance to the skid trail. We consequently expect to obtain a more
comprehensive view on the fate of nutrients in brash mats on permanent skid trails.

2. Materials and Methods

2.1. Study Site

Samples came from a 13.8 ha, 50-year-old, planted Norway spruce (Picea abies [L.] Karst.) stand on
a gentle (5–10%), northwest-facing hillslope 650 m a.s.l. in the Southwest Alpenvorland, Germany
(9°32′45′′ E, 48°10′12′′ N). Yearly temperature is on average 7.6 ◦C with 738 mm of mean annual
precipitation. The soil is a Haplic Luvisol (Siltic, Cutanic) (WRB 2014 [15]) with silty loam derived
from Riss moraine. Ground and stagnate water are not present and do not influence the soil. European
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beech (Fagus sylvatica L.), oak (Quercus sp.), and Douglas fir (Pseudotsuga menziesii (Mirb.) F.) are also
minimally present in the stand. The stand’s site index for spruce is 37–38 m at 100 years ([16,17], dGZ100).

The stand was first low thinned for release of selected stems (“Zukunftsbäume” in German)
in 1996 when permanent skid trails were marked every 20 m and were subsequently used during
thinnings in 2003–2004, 2007–2008, 2011, and 2015 (the time of sampling). All thinnings were fully
mechanized with dangle-head harvesters felling stems in the stand, lifting each stem to the skid trail,
and bucking, delimbing, and partial debarking stems directly above the established skid trails; and
crane forwarders subsequently removing processed stems (“Stem[Wood + Bark] + Branches + Foliage”
in Achat et al. [5]). The entire stand was limed with 3 Mg ha−1 of dolomite (>12% MgO) by helicopter
in 2003 in response to acidification, a standard practice of German forestry in some regions; pH values
in 2015 ranged from 3.86 to 4.91 in the top 100 cm. No P fertilization within the stand has occurred.

2.2. Field Design

In a similar manner to the field design in Stutz et al. [13], we selected one skid trail parallel to the
slope that was as homogeneous of the stand as possible—predominantly and evenly distributed spruce
with minimal boundary effects—and as representative of the thinning regime and residue dynamics as
possible—not orthogonally sloped with even coverage of brash mat debris and vegetation (mosses
and blackberry [Rubus sp.]). A 0.20 ha encatchment centered on the selected skid trail constituted the
sampling area (20 by 100 m), of which 22.5% consisted of the skid trail.

Four transects crossed the selected skid trail representing the variation in brash mat coverage,
with each transect extending ten meters from the center on both sides. To compare samples by the same
degree of disturbance, each transect was stratified into five categories adjusted after Schaeffer et al. [11]
and Stutz et al. [13] as depicted in Figure 1: “Center Bulge”, “Wheel Track”, “Side Bulge”, “Edge of
Stand”, and “Stand” (as control). As in both of the previous studies, the degree of disturbance was
assumed to be equivalent within each stratum on both sides of the skid trail.

Figure 1. Profile view of the model transect. Strata are defined by relative position to wheel tracks,
tree boundary, and distance to nearest skid trail. ‘X’s mark sampling points.

2.2.1. Biomass

As in Stutz et al. [13], thinned biomass and nutrients for the four thinnings before 2015
were estimated from an inventory of 193 stumps and direct sampling of 11, freshly felled spruces.
The modifications to account for the four thinnings are clarified here.

First, stumps were categorized into three classes based on degree of decomposition, and had their
diameter measured at 15 cm (Table 1). Crucially, their original diameter (d0) for Classes 2 and 3 at time
of thinning was reconstructed from their current diameter with Equation (1):

d0 =
dn

(1− p
100 )

n
3

(1)

where dn is diameter in 2015, n is the duration of decomposition (5.5 years for Class 2, 15 years for
Class 3), and p is the rate of volume loss—2.4% per year [18]. Second, height, stump diameter, and
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diameter at breast height (Dbh, 1.3 m) from 10 standing spruces as well as both the diameters at 0.15,
0.5, 1, 1.3, 3 m, and subsequently every 2 m, and the height of the 11 felled spruces were measured to
fit regression functions for Dbh and tree height from stump diameter; additional data for spruce in the
federal state of Baden-Württemberg were used to cover Dbh <25 cm. From the reconstructed stump
diameters, Dbh and height at time of thinning were calculated, and the volume and biomass of the
harvested trees were then calculated from additive compartment biomass functions [19].

Table 1. Stump decay classes with description, assumed thinnings, and number (n) of stumps per class.

Class Description Thinning Years n

Class 1 Sapwood solid, heartwood solid, minimal damage, bark intact 2015 30
Class 2 Sapwood soft, heartwood solid, visible damage, bark partly intact 2011, 2007–2008 64
Class 3 Sapwood soft, heartwood soft, heavy damage, bark missing 2003–2004, 1996 99

A range of biomass samples were taken from the 11 felled spruces to match nutrient concentrations
with the reconstructed thinned biomass as in Stutz et al. [13]. Briefly, the number of branches and base
diameters were recorded for every second whorl with a sample branch taken for laboratory analysis;
4–6 stem rounds every 4–5 m along the stem were taken as well. In total, five biomass compartments
were defined: (i) “stem wood”, (ii) “stem bark”, (iii) “branches > 10 mm” (wood and bark, both
green and brown), (iv) “branches ≤ 10 mm”, and (v) “needles”. These compartments were further
differentiated based on stem location, resulting in 15 mixed samples for laboratory analysis: stem wood
and bark from (i) “green crown” and (ii) “below green crown”; and branches (both size classes) and
needles from (iii) “upper crown” (top to stem diameter ≤ 5 cm), (iv) “green branches”, (v) “1st green
whorl”, and (vi) “brown branches” (no needle sample for this location).

Before the 2015 thinning, orthogonal distances from the middle of the skid trail to 51 live spruces
marked for felling as part of the thinning regime were measured by laser; 21 of the 51 were outside
our smaller encatchment. Immediately after each spruce was felled by a dangle-head harvester in
April 2015, the seventh whorl was removed from the crown. From the entire whorl along each main
branch, the first, third, and fifth needle generations were taken for laboratory analysis.

2.2.2. Forest Floor and Mineral Soil

A week before the thinning in 2015, forest floor material was sampled from three 900 cm2 plots per
stratum and transect cut with a saber saw (Bosch PSA 18 LI) as in Stutz et al. [13]; in total, 60 forest floor
plots were sampled. At least one plot came from each side of the skid trail with the third being assigned
randomly to one or the other (except for the center bulge). Sampling plots were placed at the center of
each stratum and assumed to be independent of the other strata (‘X’s in Figure 1). Exact location of
plots also attempted to capture representative litter and debris cover for each stratum. At the same
sampling points after forest floor material was removed, intact soil cores were taken to a depth of 20 cm
and divided into 0–5, 5–10, and 10–20 cm intervals; in total, 40 augured soil cores were removed and
partitioned into 120 intervals. The length of each interval was adjusted by −10–15% when dividing
the soil cores to account for the reduction in length caused by inserting the soil auger.

2.3. Laboratory Analyses

Laboratory procedures followed those outlined in Stutz et al. [13] with some minor adjustments
and additional measurements. The 15 mixed-biomass samples were homogeneous mixtures (3–5 kg
each in total) of the biomass fractions from each spruce (n = 11) dried at 40 ◦C, weighed, milled with
a garden shredder, and subsampled based on their original mass. Each generation of needles per
spruce (n = 153) was also dried at 40 ◦C and removed from their branches. The forest floor samples
(n = 60) were divided into branches > 10 mm, branches ≤ 10 mm, “Oi + Oe”, “Oa”, and “fine roots”
(<2 mm), and prepared in the same manner as the biomass samples, albeit individually.Each soil
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interval (n = 120) was also dried at 40 ◦C and separated by sieving into “fine earth” (<2 mm), “debris”,
and fine roots. Bulk mass and density of the forest floor and mineral soil samples were measured
through drying the whole fraction or aliquots thereof at 105 ◦C .

As in Stutz et al. [13], aliquots of every biomass sample, needle generation, forest floor fraction,
and soil interval were further milled to a fine powder, dried (60 ◦C for biomass fractions; 105 ◦C for
all others), and microwave-digested with 65% HNO3 and H2O2 for total Ca, K, Mg, P, Al, and Fe
concentrations [20]. Available cations (i.e., exchangeable cations) from mineral soil samples mixed by
strata within each transect (n = 60) were exchanged with NH4Cl ([21], A3.2.1.1), and available P from
each individual soil depth interval (n = 120) was extracted with 1% by mass citric acid ([21], A3.2.3.4).
Total carbon was also measured for forest floor fractions and fine earth by dry combustion at 1150 ◦C.
Analytic equipment is listed in the appendix.

2.4. Calculations

2.4.1. Biomass and Nutrient Redistribution

For each thinning, nutrient redistribution between removal, stand, and skid trail was modeled in
the same manner as in Stutz et al. [13]. Briefly described, merchantable and non-merchantable
assortments were defined by minimum–maximum lengths and minimum lopping diameter.
The merchantable assortment of stem wood and bark were assumed to be removed. The remaining
non-merchantable assortment (i.e., residues) was assumed to be deposited on the skid trail except
for stumps and 5% of crown residues such as broken crowns, chipped bark, and needles knocked off
during felling (i.e., no stem wood) that were left in the stand.

The nutrient quantities (g) of the harvested assortments were calculated from mean nutrient
concentrations (mg g−1) of the sampled biomass fractions and the proportion of the harvested
assortments constituted by each biomass fraction. The redistribution of nutrients was thus determined
from the proportions of harvested biomass that were removed, left in the stand, and deposited on the
skid trail. Calculated nutrient stocks (g m−2) were based on the surface area of the studied encatchment
(2000 m2) and skid trail (450 m2 with a mean width of 4.5 m)

2.4.2. Forest Floor and Mineral Soil

Forest floor nutrient stocks were calculated as concentration by area (CA(x), g m−2) from each
litter fraction with Equation (2) as modified from Stutz et al. [13]:

CA(x) = CM(x) · DA

[
g kg−1 · kg m−2

]
(2)

where CM(x) is the concentration by mass for x nutrient, and DA is each litter fraction’s dry mass
by area.

Likewise, soil nutrient stocks were standardized to concentration by area and depth (CA+D(x),
g m−2 cm−1) with Equation (3):

CA+D(x) = CM(x) · DB ·V
[

g kg−1 · kg m−3 · m3 m−2cm−1
]

(3)

where CM(x) is x nutrient concentration by mass, DB is mass by volume (i.e., bulk density), and V is
volume. Mineral Soil stocks were calculated to a depth of 20 cm (200 L or 0.2 m3). Standard error of
the mean (SE) for each nutrient stock represents the degree of variation and certainty.

2.4.3. Compaction and Roots

Physical soil compaction was measured through bulk densities of each soil interval (mass at
105 ◦C divided by the respective volume of the soil auger). The effect of compaction on soil nutrient
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dynamics was evaluated through fine root densities of each soil interval calculated in the same manner
as bulk density.

2.5. Statistics

Differences for nutrient stocks, nutrient availability, bulk mass/density, carbon stocks, and root
density between strata were tested for significance using Dunn’s multiple comparison test (“dunn.test”
package [22]). Relations between needle nutrient concentrations and distance from skid trail were
tested with linear mixed effects (LME) models with needle generation set as a random factor. Linear
regressions suggested correlations between nutrient stocks and other parameters; independent
observations, normal distributions, and equal variance necessary for linear models were assumed.
Statistics and calculations were done with R statistics ([23], ver. 3.3.2).

3. Results

3.1. Biomass and Nutrient Redistribution

Through four thinnings preceding 2015, 187.7 Mg ha−1 of biomass was harvested containing
472.0 kg ha−1 of Ca, 219.2 kg ha−1 of K, 56.4 kg ha−1 of Mg, and 81.7 kg ha−1 of P (Table 2). The majority
of harvested biomass and cationic nutrients was in stem wood and bark, whereas the majority of
harvested P was in branches and needles.

As such, an estimated 34.9–44.3% of harvested base cations and 60.8% of harvested P were
deposited on the skid trail in 16.1% of harvested biomass (Table 2). In comparison, 51.5–61.0% of
harvested base cations and 34.9% of harvested P were exported in 80.1% of harvested biomass (Table 2).
Since 22.5% of the studied encatchment constituted the skid trail, the resulting quantities of Ca, K,
Mg, and P added to skid trails in harvest residues would have been 73.3, 43.2, 10.3, and 11.3 g m−2,
respectively, in 13.4 kg m−2 of biomass (not including pre-harvest nutrient stocks; Table 2).

Table 2. Harvested biomass and nutrient stocks at the stand scale (modeled, kg ha−1); their respective
redistribution either through removal, left in stand, or deposition on skid trails; and resulting additional
meso-scale stocks in stand and skid trail not including pre-harvest stocks (4.5 m skid trail per 20 m of
forest; g m−2 · 10 = kg ha−1).

Fraction Harvested
(kg ha−1)

Proportion in Each Fraction (%) Redistribution (%) Stocks (g m−2)
Stem Bark Br. ≤7 cm Needles Removed Stand Skid Trail Stand Skid Trail

Biomass 187,430 74.6 8.4 10.3 6.7 80.1 3.8 16.1 0.9 a 13.4 a

Ca 472.0 25.1 38.1 16.7 20.1 61.0 4.1 34.9 2.4 73.3
K 219.2 32.5 20.9 19.5 27.1 51.5 4.2 44.3 1.2 43.2
Mg 56.4 30.6 26.3 20.2 22.9 55.0 4.0 40.9 0.3 10.3
P 81.7 12.3 23.7 28.9 35.1 34.9 4.3 60.8 0.2 11.3

a kg m−2 for biomass.

3.2. Total Nutrient Stocks

After the four thinnings and the associated deposition of harvest residues and nutrients, at most
35%, 32%, 65%, and 41% of added Ca, K, Mg, and P, respectively, remained on the skid trail within
forest floor stocks (Figure 2, top half). When subtracted from the quantities deposited as harvest
residues, 46.3, 29.6, 3.6, and 6.7 g m−2 of added Ca, K, Mg, and P, respectively, were missing from the
brash mat. Despite such reductions in nutrient stocks, forest floor Ca and P stocks of side bulge and
wheel track strata still differed significantly from stand stocks, while K and Mg stocks of the center bulge
stratum in the forest floor differed significantly from stand stocks (Figure 2, top half).

Mineral soil Ca, K, and P stocks in the wheel track stratum were likewise significantly higher than
those of the stand (Figure 2, bottom half). At most, skid trail Ca, K, Mg, and P stocks were respectively
84.0, 163, 104, and 10.2 g m−2 larger than the stand’s stocks. In each case, those differences were greater
than the balance in stocks missing from the overlying brash mat. Soil nutrient stocks also did not
follow any single pattern: Mg stocks in skid trail strata did not differ significantly from stand stocks,
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Ca and K only partially differed from stand stocks, and P stocks were noticeably concentrated in skid
trail strata with the exception of the center bulge.
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3.3. Available Nutrient Stocks

Correspondingly, available P stocks in most of the skid trail were significantly higher than those
of the stand (Figure 3). Signs of higher stocks of exchangeable base cations in the skid trail were also
present, but individually each stock did not differ significantly from those in the stand (Figure 3).
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with NH4Cl and citric acid-extractable P). Letters indicate significant differences in complete stocks
between strata (Dunn’s test, p < 0.05). Bars are one standard error of mean, complete stocks.

3.4. Forest Floor and Mineral Soil Properties

The absolute root density in the skid trail did not differ significantly from those of the stand
(Table 3). In a similar manner, bulk mass of each forest floor fraction on the skid trail did not differ
significantly from those of the stand resulting from high heterogeneity in brash mat coverage (Dunn’s
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test, p > 0.1; Figure 4, upper left). However, the two lower soil depth intervals were slightly compacted
compared to the stand (Figure 4, bottom left). The skid trail strata also had more C in the Oa fraction
compared to the stand (Figure 4, upper right) while soil carbon stocks in contrast declined across the
skid trail (Figure 4, bottom right).

Table 3. Mean fine root density by strata including one standard error of the mean (±SE). Letters
indicate significant differences between strata (Dunn’s test, p < 0.05).

Fraction Fine Root Density ± SE (Forest Floor g m−2; Mineral Soil mg cm−3)

Stand Edge Bulge Wheel Center

Forest floor 47 ± 25 52 ± 9 40 ± 7 41 ± 14 39 ± 14
0–5 cm 0.50 ± 0.13 0.67 ± 0.11 0.61 ± 0.12 0.53 ± 0.12 0.54 ± 0.14

5–10 cm 0.29 ± 0.14 ab 0.40 ± 0.13 ab 0.16 ± 0.08 a 0.17 ± 0.09 a 0.55 ± 0.18 b

10–20 cm 0.23 ± 0.09 0.14 ± 0.06 0.13 ± 0.06 0.25 ± 0.13 0.19 ± 0.06
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Figure 4. Forest floor and mineral soil bulk mass/density and carbon stocks by fraction and stratum in
2015. The entire biomass after deposition (deposited stock plus mean stand stock) is listed in the upper
left. Letters indicate significant differences between strata for the individual fraction or depth (Dunn’s
test, p < 0.05). Bars are one standard error of means.

In the mineral soil, total nutrient densities by volume had inconsistent linear regressions with
bulk and C densities (Table 4): total base cations were positively correlated with bulk density and
negatively correlated with C density, while total P did not correlate at all with bulk density and
positively correlated with C density. In contrast, available mineral soil nutrients stocks were all weakly
and negatively correlated with bulk density, and all positively correlated with C density (Table 4).
Additionally, total P correlated positively with total Ca (density by volume, P = 0.26 + 0.06 · Ca,
adj. r2 = 0.111, p < 0.001), but not with K, Mg, Al, or Fe (p > 0.05). When soil C was included along
with total Ca, the model’s r2 improved substantially (density by volume, P = 0.03+ 4.01 ·C + 0.10 ·Ca,
adj. r2 = 0.684, p < 0.001); there was no significant interaction between the two regressors.
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Table 4. Linear regressions between total and available nutrient densities by volume (y) and both bulk
and C density by volume (x) for the mineral soil.

Fraction (y) Bulk Density (x; g cm−3) Carbon Density (x; g cm−3)

Formula Adj. r2 p Value Formula Adj. r2 p Value

Total stock (y; g cm−3)
Ca y = 0.36 + 1.74x 0.720 <0.001 y = 2.58− 10.87x 0.123 <0.001
K y = −1.08 + 7.49x 0.916 <0.001 y = 9.44− 80.48x 0.486 <0.001

Mg y = −1.40 + 5.19x 0.896 <0.001 y = 6.03− 60.68x 0.566 <0.001
P - - >0.05 y = 0.30 + 2.87x 0.331 <0.001

Available stock (y; g cm−3)
Ca y = 2.14− 1.22x 0.090 <0.05 y = −0.05 + 29.48x 0.273 <0.001
K y = 0.28− 0.13x 0.113 <0.01 y = 0.04 + 3.40x 0.403 <0.001

Mg y = 0.25− 0.13x 0.105 <0.01 y = 0.02 + 3.07x 0.290 <0.001
P y = 0.08− 0.02x 0.037 <0.05 y = 0.02 + 0.94x 0.331 <0.001

3.5. Needle Nutrient Concentrations

Despite accumulated total and partially available Ca, K, Mg, and P on and in the skid trail
along with even rooting, nutrient concentrations within first, third, and fifth generation needles were
not significantly higher when closer to the skid trail (LME models, p > 0.1; Figure 5, third and fifth
generations not plotted). Additionally, Ca and Mg nutrition were “sufficient” or “excessive” while
K and P nutrition were “unsymptomatically deficient” for Central European forests according to
Göttlein [24].

Figure 5. Nutrient concentration in first generation needles in relation to distance from skid trail (2015).
Shading refers to nutrition status as classified by Göttlein [24].

4. Discussion

In summary, from the total harvested biomass 50–60% of base cations and 35% of P were
exported from the forest while 35–45% of base cations and 60% of P were deposited on the skid
trail (Figure 6). Of those inputs, 32–65% remained in partially decomposed harvest residues on the
skid trail. The remaining 35–68% were accounted for in the total nutrient stocks of the skid trail’s
mineral soil to a depth of 20 cm, thus implying that base cations and P were transported into mineral
soil most likely through leaching given the luvic nature of the soil.
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Figure 6. The majority of base cations were exported in harvested stem wood and bark while the majority
of P was deposited on the skid trail in branches and needles. Of deposited nutrients, majorities of Ca, K,
and P were transported into mineral soil. With Norway spruce’s rooting structure, minimal compaction,
and no significant relations between needle nutrient concentrations and distance to skid trail, uptake of
nutrients throughout the stand was possible yet unsubstantiated.

These results consequently indicate that nutrients on the skid trail were, in most cases, not taken
up by adjacent or skid trail vegetation. This contradicts Stutz et al. [13] and partially Borchert et al. [14].
It should be noted that our estimation of biomass and nutrient redistribution includes multiple sources
of error ranging from the use of 2015 biomass samples to calculate past nutrient loads in thinned
biomass to the 5% of residues assumed to be left in the stand. Yet for each nutrient, skid trail stocks
from the forest floor and mineral soil in total exceeded the estimated quantities redistributed to the
skid trail through the four thinnings. This would result from either an underestimation on our part
or, more likely, additional accumulation of nutrients within skid trail brash mats and underlying
soil by decomposing organisms, especially through the decay of fine and coarse woody debris [25].
Still, two possible explanations for the stand not recycling accumulated nutrients back into biomass
are as follows:

1. Accumulated nutrients were not needed due to sufficient nutrition.
2. Accumulated nutrients were not available either physically or chemically.

The continued presence of accumulated nutrients on and in the skid trail could be due to
an abundance of nutrients and consequently sufficient stand nutrition (Explanation 1). That needle Ca
and Mg concentrations were either “sufficient” or “excessive” according to Göttlein [24]—most likely
due to liming in 2003—in part supports this explanation. Yet the “unsymptomatically deficient” needle
K and P concentrations [24] indicate that K and P would be needed by the surrounding stand, meaning
this explanation is partially incorrect. This is additionally confounding given that the quantities of
nutrients deposited on the skid trail if scaled to the stand level—733, 432, 103, and 113 kg ha−1 of Ca,
K, Mg, and P, respectively—are comparable to quantities applied as fertilizer in other studies and other
stands [26,27].

Fertilization does not always result in nutrient uptake and increased productivity if the added
nutrients are not physically or chemically accessible (Explanation 2). Physical inaccessibility is
a distinct possibility due to the potential of soil compaction to degrade rooting and aeration through
machine traffic on skid trails, especially when done under sensitive conditions [12]. Likewise, chemical
immobilization of P within acidic forest soils would restrict its availability.

However, compaction in the skid trail was minimal as indicated by few to no significant differences
in soil bulk densities between the stand and skid trail strata. In fact, the skid trail quickly recovered
from compaction, as evident from skid trail fine root densities not being significantly less than those of
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the stand. The rooting structure of spruce—shallow and widespread with potential grafting between
individuals—would also facilitate the redistribution of accumulated nutrients throughout the entire
forest (Figure 6), which would result in limited or no correlation between needle nutrient concentration
and distance from the skid trail. Chemical inaccessibility was also not evident due to increased citric
acid-extractable P stocks in the side bulge and wheel track strata. This is in accordance with another study
where more citric acid-extractable P was found in skid trail wheel tracks compared to surrounding
stands 5–30 years after last thinning [28].

Despite K and P being available according to standard measures of compaction, rooting,
and chemical availability, they still remained in the skid trail. This implies that other processes
must have restricted the availability of both nutrients, especially P. Two joint dynamics are explained
below, which constitute new hypotheses to be tested.

First, P that accumulated in the skid trail’s soil would have been washed out of the overlying brash
mat in both inorganic and organic forms released by microbial decomposition. Both forms are highly
susceptible to mineral immobilization—organic phosphates more so than inorganic [29,30]—primarily
with Fe and Al hydroxides in acidic soils [31]. Yet the lack of significant regressions between total P
and either Fe or Al would imply that those species of metal hydroxyl phosphates did not exist despite
the soil’s acidity. Instead, amorphous inorganic and organic Ca phosphates would have been the most
likely species given the significant regression between total P, C, and Ca. The existence of amorphous
Ca phosphates in an acidic soil is unusual yet possible, especially with organic phytic acids when
Ca is available [32,33] and in excess as would have been the result of liming in 2003; hydroxylapatite
formed from weathered calcite in the lime and orthophosphate would have also been possible [34].
Once precipitated, Ca phosphates are typically inaccessible to plants until released by carboxylic acids,
of which oxalic and citric acids are the most effective [35]. Yet such carboxylic acids would have been
acutely susceptible to microbial uptake and mineralization [35,36], especially when conditions—i.e.,
higher pH and more nutrients due to liming—would have stimulated microbial growth in the forest
floor [37]. That roughly 70% of added biomass was lost over twenty years despite the low background
level of litter decomposition would imply that such organic acids could not access accumulated Ca
phosphates.

A second dynamic would compound such inaccessibility of P: frequent thinning (every 4–7 years)
and liming would disrupt the reestablishment of P recycling systems. In nutrient poor sites such as
this stand, recycling systems involving organic P retained within the forest floor are hypothesized
to be crucial to adequate forest P nutrition [38], often involving mycorrhiza through greater litter
occupation and P mobilization [39]. Yet ectomycorrhiza, the type associated with Norway spruce,
greatly diminish in abundance following soil disturbances [40]. Also, as ectomycorrhiza stands have
more labile organic P accessible with phosphatases in comparison to arbuscular mycorrhiza stands [41],
complexation of both organic and inorganic Ca phosphates in the skid trail and surrounding stand
would have restricted the usable supply of P [29]. Additionally, liming with Ca would have induced P
to leach from the forest floor into mineral soil [37]—especially on Luvisols—either as non-complexed,
dissolved phosphate or already as Ca phosphate, which would have decoupled P recycling systems
within the forest floor.

Still, base cations and P deposited on the skid trail were retained in the stand rather than exported
in harvested biomass just as in Stutz et al. [13] and Borchert et al. [14]. Those stocks, especially
for P, may be currently unavailable due to unbalanced nutrient loads and continued thinning, but
most likely for only as long as such imbalances and disturbances continue. Soil aeration and bulk
density of skid trails can recover within decades after last use [42] with subsequent rebalancing of
citric-acid extractable orthophosphate and organic P [28]. Tight recycling systems of P within the
forest floor can also reestablish and sustain forest productivity. With a mean annual growth increment
of 15.4 m3 ha−1 year−1 estimated by the local forestry office [16], the stand has been growing at
a sufficient rate for the region and species. Different harvesting conditions though, especially on wetter
or more finely textured soils, would likely restrict soil regeneration by physically impeding root and
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mycorrhizal regrowth for longer periods of time. Further research and monitoring would be needed to
confirm our hypothetical explanation and test whether forest nutrient cycles under similar conditions
will eventually reincorporate nutrients deposited on skid trails. For instance, experiments with either
elemental or isotopic tracers could mark the path of accumulated nutrients from the brash mat into
soil and possibly into the surrounding stand.

5. Conclusions

Through four thinnings of a 50-year-old Norway spruce stand on a Luvisol, the majority of
base cations and one-third of P in harvested biomass were exported. The remaining base cations
and two-thirds of P were deposited on the skid trail. Nineteen years after the first thinning, one- to
two-thirds of the added nutrients remained in partially decomposed harvest residues on the skid trail
with the alternate portions being accounted for in total soil stocks to a depth of 20 cm. Significantly
more soil P was also plant available in the skid trail than in the surrounding stand despite minimal
compaction and adequate rooting. Needle Ca and Mg nutrition was adequate, but not for K and P.

In conclusion, these results indicate that harvest residue nutrients can accumulate in skid trails in
plant-available forms according to standard analytic methods, yet remain unused. Excess Ca from
liming would have increased mineralization of harvest residues, bonded with released P, and induced
P to leach into underlying mineral soil, thus disconnecting P recycling systems. Frequent thinning
would have also disrupted ectomycorrhizal networks necessary for nutrient uptake by Norway spruce.
Accumulated nutrients could eventually be available once the stand and skid trail are allowed to
recover. Consequently, foresters should adapt liming, thinning frequency, and residue management to
levels that can be sustained by site-specific nutrient cycles.
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Abbreviations

The following abbreviations are used in this manuscript:

dGZ100 Greman measure for mean total growth after 100 years
(“durchsnittlicher Gesamtzuwachs im Alter 100”)

Br. >10 Branches > 10 mm in diameter
Br. ≤10 Branches ≤ 10 mm in diameter
LME models Linear mixed effects models

Appendix A. Equipment

Equipment for laboratory analyses: total and plant available nutrient concentrations, Spectro Ciros
CCD ICP Side-on Plasma Optical Emission Spectrometer (Kleve, Germany); total carbon, Elementar
Vario EL Cube (Langenselbold, Germany).
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