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Salvage logging operations often occur after large disturbances and usually leave behind a substantial quantity of residues,
which is fundamental for maintaining soil fertility and facilitating ecosystem dynamics. This study aims to estimate the
amount of logging residues following salvage operations categorized by two wood harvesting systems: Cut-To-Length
(CTL) and Full-Tree System (FT). Logging residues in the harvested areas were sampled using linear transects and the data
collected were divided into classes based on diameter. The quantity of residues was estimated using the Brown method
for Fine Wood Debris (FWD) and the Van Wagner method for Coarse Wood Debris (CWD). Furthermore, the carbon and
nutrient content associated with logging residues were also determined, considering their interaction with the soil organic
layer. Overall, a higher quantity of FWD was detected in the sites cleared with the FT system and a higher quantity of CWD
in the sites logged with the CTL system. Differences could be observed for all three years and systems considered, but
only the third year reported statistically significant results (p<0.01). The soil and residue chemical analysis for carbon and
nutrient contents revealed a high amount of carbon stored in a potential layer of 10 cm of soil (up to 85 Mg-C-ha?), while

only up to 15 Mg:C-ha* for the woody material.
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INTRODUCTION

In the past few decades, extreme climatic events, such
as wildfires and windstorms, have increased their incidence
in Europe (European Environment Agency 2019, Seidl et al.
2017) with an annual average of 0.52 disturbance patches
per square kilometres of forest area (Senf and Seidl 2020).
This situation made European forests more vulnerable and
prone to extensive damage, with fires occurring mainly in
the Mediterranean region (Verkerk et al. 2018) and storms in
Northern and Central-Eastern Europe (Forzieri et al. 2019).
In recent years, however, storms have become a relevant is-
sue even in Southern Europe (Cavaleri et al. 2019, Forzieri et
al. 2019, Pilli et al. 2021).

Forests are characterized by high multifunctionality,
delivering multiple ecosystem services (Brockerhoff et al.
2017), especially in mountain areas where they provide not
only timber production but also land protection, water sup-
ply and recreation (Hayha et al. 2015). Furthermore, forest

stands can capture and store carbon, with half of the global
organic carbon in terrestrial ecosystems being stored in for-
est soils (Mayer et al. 2020). Moreover, European forests in
the last decade have sequestered each year more than 155
Mt of carbon (Forest Europe 2020). In this way, carbon gets
stocked in trees and surrounding soil, where it builds up nu-
trients (Bauer et al. 2000). However, this important function
is put at risk by climate change and the increasing incidence
of extreme events (Lindner et al. 2010). To preserve this
storage function and to mitigate climate change-induced
events, alternative strategies are proposed and adapted to
local needs and requirements (Irauschek et al. 2017, Kramer
et al. 2014, Mina et al. 2017, Pilli et al. 2021, Priewasser et
al. 2013, Wohlgemuth et al. 2017).

Consequently, due to the increased incidence and mag-
nitude of extreme events, the increase of damaged forest
areas leads to an increase in salvage logging operations.
Salvage logging is defined as extracting damaged timber
from a disturbed forest area to minimize the economic loss
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of forest stands (Lindenmayer 2006). These operations are
complex and pose an elevated risk of accidents. When dam-
ages occur in small and easily accessible areas close to forest
roads, traditional semi-mechanized configuration systems,
generally based on motor-manual processing and extraction
by tractor and winch or by forest skidders (Borz et al. 2013,
2014, Iranparast Bodaghi et al. 2018), represent a valid ap-
proach despite elevated risk of accidents for the operators
(Sanginés de Carcer et al. 2021). In the case of large and
damaged areas, the operations are generally performed by
fully or highly mechanized configurations in order to i) foster
an immediate removal of damaged trees, ii) maintain high
efficiency in terms of productivity and iii) reduce logging
and transportation costs (Heinimann et al. 2006, Iranparast
Bodaghi et al. 2018), ensuring a higher safety level at the
same time (Kymaldinen et al. 2021, Sanginés de Carcer et
al. 2021).

Salvage logging operations usually have high envi-
ronmental impacts in comparison to ordinary operations,
threatening ecosystem biodiversity (Thorn et al. 2018),
disrupting services provided by the forests (Leverkus et al.
2018), amplifying the risks of impact on damaged forest ar-
eas in terms of soil exposure and risk of erosion (Prats et al.
2021, Robichaud et al. 2020), risk of soil degradation, with
the loss of nutrients and carbon and therefore loss of fertil-
ity (Valipour et al. 2021), as well the risk of biodiversity loss
(Thorn et al. 2018).

Salvage logging also affects the biomass left after the
operations, such as branches, tops and stumps, hereafter re-
ferred to as “residues”. The quantity and quality of residues
left (fine or coarse woody debris) depend on the harvesting
methods adopted (Huber et al. 2017, Tamminen et al. 2012):
in salvage logging operations both Cut-To-Length (CTL) and
Full-Tree (FT) extraction systems can be adopted (Figure 1a
and Figure 1b).

In salvage logging operations, when the terrain is gentle,
CTL is often associated with fully mechanized systems, with

combined use of a harvester and a forwarder. Adopting the
fully mechanized CTL system increases the level of safety in
salvage logging operations with consequent reduction of the
risk of accidents for the operators (Cadei et al. 2020, Sangi-
nés de Carcer et al. 2021). In the case of fully mechanized
CTL, the tree is processed at the stump site by the harvester
machine and consequently most of the logging residues are
left on the ground homogeneously distributed or piled in
heaps (Nurminen et al. 2006).

When the terrain gets steeper, cable yarding is the pre-
ferred system, viable also considering salvage logging condi-
tions (Spinelli et al. 2022), favouring a higher mechanization
level and efficient processing of the full tree at roadside by
using excavator-based processor head or by using a proces-
sor mounted on a cable tower yarder (Mologni et al. 2016).
In this case, the entire tree is extracted with the branches
and the top, delimbed and cut by the processor head, thus
accumulating most of the logging residues at the roadside,
in the same area in which the trees are processed. There-
fore, the full-mechanized CTL system and the FT systems
represent two opposite ways of logging in terms of residue
generation and removal from the forest.

Specifically for the two machine configurations, cable
yarding is considered to have smaller impact than ground-
based mechanized system (Mologni et al. 2016, Stanturf
1990). In fact, cable yarding extraction has lower impact on
soil compared to ground-based systems (e.g., harvester and
forwarder or tractor and winch system) (Krag et al. 1986, Laf-
fan et al. 2001, Miller and Sirois 1986) and lower costs at
the same time (Heinimann et al. 2006). However, in terms
of residues left in the forest (e.g., branches, top and stump),
conventional FT harvesting has a greater amount of nutri-
ents removed from harvest sites than in CTL harvesting due
to the extraction of nutrient-rich branches and foliage (Hu-
ber et al. 2017).

Forest residues and deadwood are major sources of nu-
trients and carbon (Janowiak and Webster 2010, Palviainen

a)

b)

Figure 1. Effect of the application of different harvesting systems and machine configuration for salvage logging operations in south-
ern Alps after the Vaia storm in 2018 based on (a) a CTL system with fully mechanized harvesting system with the integration of
harvester and forwarder machines, and (b) based on a FT system with semi-mechanized felling, cable yarder extraction and tree

processing at roadside.
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et al. 2010). Variations in quantity and quality of residues
affect soil fertility (Mayer et al. 2020), putting at risk site re-
generation and future growth of forests (Bace et al. 2012,
Bauer et al. 2000, Motta et al. 2006, Zielonka and Niklasson
2001). Furthermore, forest biodiversity can also be affected
by disturbance regimes such forest fires and bark beetle out-
breaks (Carlson et al. 2017, Mattson et al. 2019, Sullivan et
al. 2021). Moreover, they create uncertainty in carbon stock
quantification since fine residues are usually ignored in the
estimations (Maas et al. 2020). Also, there is an increasing
interest in the retrieval of this material for bioenergy pro-
duction (Bessaad et al. 2021).

The aim of this study is thus to verify and quantify the
effect on logging residues’ quantity due to the adoption of
different harvesting system and configuration in salvage log-
ging operations, and consequently estimate the difference
in terms of carbon and nutrient potential of residual avail-
ability for in situ nutrient and carbon cycle. Moreover, we
also want to investigate the timing of operations and how
this affects the residues’ quantity.

MATERIALS AND METHODS

Study Area
The mountain forests considered (S. Martino di Castrozza,
Paneveggio e Cadino) are located in the province of Trento in

3 Province of Trento

Case study forests

B San Martino di Castrozza (A)
[ Paneveggio (B)

[ Cadino (C)
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Figure 2. Study areas’ locations.
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north-eastern Italy and belong to the Autonomous Province of
Trento (Figure 2). The forests consist of a typical spruce moun-
tain forest, mainly composed of Norway spruce (Picea abies
(L.) H. Karst) and larch (Larix decidua Mill.), with an average
altitude between 1,550-1,670 m a.s.l., and an average growing
stock of 425 m®-ha™. These areas were all impacted by the Vaia
storm at the end of October 2018.

Two sites having similar characteristics were selected from
each forest stand: large and cleared forest areas, with the pos-
sibility to find forest machine tracks and comparable forest
types. The sites from Cadino have east and north-west aspect,
while all the other four sites face south or south-east. The
sites have been all subjected to salvage logging in the period
of 2019-2021 following the Vaia storm, with the use of both
harvesting CTL systems, with harvester and forwarder (HF),
and harvesting FT systems, using cable yarder (CY). The field
sampling over the area was performed in the summer of 2021.
Table 1 summarizes the main data related to the selected study
sites.

The choice of the study areas is key for understanding this
study approach: the similar conditions of the forests and the
selected sites (i.e., in terms of forest type, growing stock, and
aspect) are the main assumptions to shift the analysis from the
geographical to the temporal scale. Each site will then repre-
sent the year in which it was harvested with respect to the sys-
tem and configuration adopted during salvage logging opera-
tions to better evaluate the timing effect on residue quantities.

0 100 200 m
-_—
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Table 1. Summary of data related to the study sites selected. “Salvage logging” refers to the year of operation and the system adopted
(HF - harvester-forwarder, CY - cable yarder); in brackets the years after the Vaia storm are reported.

S. Martino di Castrozza Paneveggio Cadino
Average altitude 1,570 1,670 1,650 1,550 1,660 1,640
Aspect SE S S SE E NW
Surface (ha) 14.48 19.92 24.28 18.38 16.88 20.12
Damaged surface (%) 92.5 27.5 69.7 63.5 96.3 19.1
Growing stock (m3-ha?) 456.13 321.15 442.51 517.97 399.58 414.33
Salvage logging CY 2019 (1) CY 2021 (3) HF 2019 (1) CY 2020 (2) HF 2020 (2) HF 2021 (3)
Site coordinates (EPSG 714443 E 715537 E 711231 E 710260 E 684821 E 684824 E
32632 coordinate) 5127902 N 5127363 N 5132502 N 5131493 N 5122355 N 5122355 N

Field Sampling and Target Material

The selected study sites have been investigated first us-
ing aerial photos to compare the situation before and after
the Vaia storm. What is more, a canopy height model (CHM)
was obtained to assess the size and distribution of the trees
in the sites, therefore providing an initial understanding
about the potential location of residues on site (Figure 3).
The tree density and growing stock were lower in HF 2020
and CY 2021 than in the other sites, whereas the tallest
trees, of more than 30 m, were found in HF 2021 and CY
2020. Lower stand density, with a higher gap fraction in the
canopy cover, might suggest the presence of a higher crown
ratio, and therefore the presence of more branches. In con-
trast, the presence of tall trees might indicate the presence
of thinner material on site.

Field sampling of logging residues was performed by
adopting a line intersect sampling (LIS) method, which esti-
mates weights and volumes of down woody material (Brown

1974, Woodall and Monleon 2008) over completely clear-
felled areas. The main assumptions when using this sam-
pling technique are the random orientation of the woody
debris under the linear transect, lying horizontally, having
a circular shape, and a normal distribution within diameter
classes. For this study, the sampling method (Figure 4) was
initially adapted from Rizzolo (2016) , registering the diam-
eter of each woody debris under a 20 m line and classifying
them in time lag classes (Table 2). This division refers to the
time required for a fuel particle to change its moisture con-
tent accordingly to the equilibrium moisture content but can
be easily adapted to other applications: material finer than
76 mm in diameter belongs to fine woody debris (FWD) and
larger material to coarse woody debris (CWD). The length
has also been recorded for CWD larger than 203 mm.

Each sampling is composed of three parallel transects,
the central one located where the forest machines (in the
case of HF) or the cable line (in the case of CY) was passing

Canopy Height Model (CHM)

9 Center of transects 0 50 100 150 200 m

1 <=6.00 I 12.00 - 22.00 == > 30.00 [ e —

{59 6.00 - 12.00 = 22.00 - 30.00

Figure 3. Canopy Height Model (CHM) of the considered sites with the centre of the transects.
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and the other two on each side. The central one has been
modified into a series of four sub-transects orthogonal to
the extraction line to better account for the variability of
residues and the harvesting system effect. The distance be-
tween the central transect and the lateral ones is 10 m for
HF and 15 m for CY. Three samplings have been selected for
each of the extraction lines, with a ground distance of 50 m
between them, when possible. Moreover, to minimize road
influence, the starting points were placed at least 20 m from
the roadside for both HF and CY sites.

Residue Mass Estimation and Statistical Analysis

The residue quantity estimation (Mg-ha!) was per-
formed for both categories of residues: for FWD classes, the
Brown’s formula was used (Brown 1974), described in Equa-
tion 1. For bigger elements, CWD in this case, for Class D, a
simplified version of Brown’s formula was applied, shown in
Equation 2. For Class E elements, instead, the estimator was
computed using Van Wagner formula (Van Wagner, 1968),
expressed by Equation 3.

. 1234 ‘n-d*-SG-c-a
FWD =

o ) Kgecay - 10,000 (1)

. 1234 ‘n-d?-SG - ¢

awp =\ =5 | kaecay 110,000 (2)
. w2 Y d?
Yewpe) = 8L (3)

Where: 1.234 is a conversion constant derived from the litera-
ture; n is the number of elements for each class; is the aver-
age squared diameter for the class; SG is the specific gravity
for the wood species considered; c is the corrected slope; a
is the correction coefficient for the position of the elements,
equal to 1.13 for FWD and equal to 1 for CWD; L is the length
of the sampling line(s); kdecay is the decay coefficient as de-
scribed by Woodall et al. (Woodall and Monleon 2008); 10,000
are the square meters in 1 ha. Due to the characteristics of the
wood, as timber and debris were preserved over the previ-
ous two years by snow without major discoloration and with
intact wood texture, an average SG of 0.44 was selected, with
a density (pw) of 0.44 g-cm? (oven dried). Similarly, the decay

a)

\
>

o®

of the material was considered as class 1 (Petrillo et al. 2016).
The corrected slope was calculated as described in Equation 4.

SIope%)Z
€= 1+( 100 (4)

Additionally, the average value of residue mass was
divided to analyse the spatial distribution between the log-
ging trails (i.e., the central transect) and the surrounding
areas (i.e., the lateral transects), as shown in Figure 4.

To better analyse the results, a normality test was
performed using the Shapiro-Wilk test, as well as a visual
assessment of the data distribution since the number of
elements for each class-harvesting system-year was small.
The result of the normality assessment was a non-normal
distribution. In order to validate the residue estimations
resulting from the same year, but performed with a differ-
ent harvesting system, a statistical analysis was performed
by comparing the estimators, in order to obtain any signifi-
cant differences using the two-tailed Mann-Whitney U-test
(p<0.01).

Chemical Analysis of Soil and Residues

For each forest site, samples of soil and residues have
also been collected for chemical analysis. Due to the large
variability in forest soils, for each site, soil samples were col-
lected randomly on eight separate locations with a total of
800 g and pooled before the analysis. Then, the soil den-
sity was derived from the total organic carbon available, as
showed in Equation 5 where p is the soil density (Mg-m)
and TOC% is the concentration in the percentage of organic
C (Hollis and Woods 1989), in order to compute the carbon
stock (SOC), applied from Papais et al. (2014) and reported
in Equation 6.

p =—0.00745-TOC% + 0.593 (5)
k
SOCsoi =Z [TOC% -p-T-(1—6)-10] (6)
n=1
Where: SOC is expressed in Mg-ha™; T is the height of the soil
horizon; § is the coarse fraction in the soil horizon expressed

as % of material greater than 2 mm. For this study, SOC was
calculated for a scenario on soil of a potential depth of 10 cm.

b)

. \'6‘(\
AT
*
\_‘ 5‘(\

A

i

‘ Center of transects

Figure 4. Transect organization and localization referred to (a) harvester-forwarder sites (HF) and (b) cable yarder sites (CY).
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Table 2. Time lag class distribution, with diameter (D) thresholds, and category for forest residues (FWD - fine woody debris, CWD -

coarse woody debris) (Brown 1974, Rizzolo 2016).

D min

D max

Class () (), Category
A 0 6
B 6 25 FWD
C 25 76
D 76 203
CWD
E >203

For the chemical analysis of the residues, a sample for
each diameter class was randomly collected on each site
from the extraction lines and the areas on the side. After
that, the samples from each forest and harvesting systems
were regrouped, mixed and grinded, obtaining four sam-
ples, one for each diameter class. For CWD, the D and E class
have been combined due to the similarity of the material.
Specifically for this last sample, a quantification of the car-
bon stock was conducted since a lower decay rate character-
izes it, therefore with potentially a higher carbon input for
the soil. The adopted method was the same as by Petrillo et
al. (2016), displayed in Equation 7.

V- TOC%; - p
SOCewp = ZW (7)
13

Where i refers to each decay class considered; V is the vol-
ume per hectare; and pw is the wood density (g-cm™).

RESULTS

Residues’ Quantity According to Harvesting Systems
The estimated mass per hectare for HF sites is reported
in Table 3. For the time period considered it emerges that,
despite class A with similar values, the tendency for the
contents in the other classes is to decrease with time. The
higher estimated average value remains for the residues in

class C. For the coarser classes, the estimated mass showed
higher values increasing throughout the years, with increas-
ing standard deviation, and therefore variability as well. A
similar trend emerges by looking at the median values (Table
4).

The mass per hectare estimation for CY sites is reported
in Table 5. Compared to HF, for the cable yarder sites the
emerging trend is different: for each year, the highest quan-
tity belongs to class D, except for 2020 that is class C. Con-
sidering a broader spectrum, CWD values for CY increase
through the years in the considered period. The coarser
material (class E) registered the highest values of standard
deviation, indicating larger variability among the sampled
material. A similar trend is highlighted by the median values
reported in Table 6.

The residues’ spatial distribution is shown in Figure 5a
and 5b, for HF sites and CY sites, respectively. For HF sites,
greater variability within residues can be observed in classes
with bigger dimensions. For each year and class of FWD (A, B
and C), more material is found in the central transects rather
than the lateral ones. The same can be said for class D, but
the tendency overturns for the coarse material of class E,
where there is more material on the lateral transects. For
the CY sites there is much more variability in terms of es-
timators’ values and material distribution, which generally
increases through the years both for central and lateral tran-
sects.

Table 3. Average mass value (Mg-ha™) for residues (FWD - fine woody debris, CWD - coarse woody debris) in harvester-forwarder (HF)
sites divided for each class. Standard deviation is also reported in brackets.

FWD cwD
Average mass value ST
E A B € D E (Mg-ha)
(Mg-ha?) (Mg-ha) (Mg-ha) (Mg-hat) (Mg-ha)
HF 2019 1.79 (1.25) 9.77 (4.06) 19.33 (10.80) 13.01 (9.86) 9.59 (17.84) 53.49
HF 2020 2.49 (0.94) 10.04 (4.32) 14.74 (14.97) 8.61(10.48) 14.24 (20.20) 50.12
HF 2021 1.93 (0.98) 7.68 (3.56) 10.64 (3.26) 9.66 (6.27) 22.43(28.99) 52.34

Table 4. Median mass values (Mg-ha?) for residues (FWD - fine woody debris, CWD - coarse woody debris) in harvester-forwarder

(HF) sites divided for each class.

FWD cwWD
Median value A B c b E
(Mg-ha™) (Mg-ha™) (Mg-ha™) (Mg-ha™) (Mg-ha™)
HF 2019 1.56 10.04 19.18 14.02 0.00
HF 2020 2.44 11.28 9.48 9.07 6.28
HF 2021 2.05 6.92 11.30 9.17 13.73
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Table 5. Average mass value (Mg-ha?) for residues (FWD - fine woody debris, CWD - coarse woody debris) in cable yarder (CY) sites
divided for each class. Standard deviation is also reported in brackets.

FWD CWD
Average mass Sum
value A B C D E (Mg-ha)
(Mg-ha?) (Mg-ha?) (Mg-ha?) (Mg-ha?) (Mg-ha?)
CY 2019 2.74 (1.21) 7.19 (2.60) 13.45 (10.45) 15.16 (7.57) 4.60 (9.57) 43.14
CY 2020 2.97 (1.38) 10.72 (5.18) 14.01 (5.39) 11.72 (9.34) 12.51(16.14) 51.93
CY 2021 6.69 (3.55) 15.73 (7.07) 16.37 (8.43) 21.68 (13.99) 9.61 (14.04) 70.08

Table 6. Median mass value (Mg-ha) for residues (FWD - fine woody debris, CWD - coarse woody debris) in cable yarder (CY) sites

divided for each class.

FWD CWD
Median value A 5 C 5 E
(Mg-ha?) (Mg-ha) (Mg-ha?) (Mg-ha?) (Mg-ha)
CY 2019 1.94 7.06 8.09 15.95 0.00
CY 2020 2.79 8.73 14.00 9.29 0.00
CY 2021 6.04 14.85 14.05 20.01 8.98

Differences Between Residue Mass Estimators

Table 7 summarises the p-value computed with the
test divided by year of operation and classes. Overall, for
the quantities of the first and the second year (2019 and
2020, respectively), there are no significant differences that
can be appreciated among the two harvesting systems.
The values for the third year (2021), on the other hand, dis-
play a different outcome: the p-value computed for 3 out of
5 estimators resulted with the highest level of significance
(p<0.01), highlighting the differences between the harvest-
ing systems.

Chemical Analysis of Soil and Residues

The results of the chemical analysis are present-
ed in Table 8 for both soil and residues. As for the
soil, San Martino presented a higher moisture con-
tent compared to the other two. For both total ni-
trogen and total carbon, there is a decreasing trend
with the decreasing moisture content of the sample.
This is also reflected in the organic fraction and with less
degree for the inorganic one.

The differences in the soil chemical composition are
shown in Table 9. In particular, related to the Cadino forest,
with the exception of P, all the other elements concentration
are lower compared to other forests. Moreover, although
the differences between Paneveggio and San Martino are
not evident, and despite the closer geographic location,
there is a higher concentration of Ca, Mg and Mn in the first
one, and higher concentration of N, C, Fe, Kand P in the sec-
ond one. For the carbon stock, with a hypothetical organic
horizon of 10 cm, the forests of Cadino showed the lower
value (45 Mg-ha™) and San Martino the highest (85 Mg-ha).

The same analysis was repeated on the residues and
reported in Table 10. The general tendency for all the ele-
ments is to maintain a higher concentration on the finer resi-
dues, decreasing with the increasing size of material.

A potential SOC was computed for the CWD classes as
aggregated information, as a possible contribution of organ-
ic carbon that can be absorbed in the soil once the material
is decomposed (Table 11). The potential SOC for the 2019
and 2020 sites have similar values, with a higher value for
both 2021 sites.

Table 7. A summary of the p-values calculated with the two-tailed Mann-Whitney U-test between cable yarder (CY) and harvester-
forwarder (HF) sites for each year of operation. The time in years from the Vaia storm is reported in brackets.

FWD CwD
A B C D E
2019 (1) 0.0260 0.9213 0.9533 0.2131 0.6038
2020(2) 0.2981 0.4648 0.1657 0.1420 0.6268
2021 (3) 0.0013* 0.0040* 0.0560 0.0067* 0.9370

Notes: “*” highlights the significant level considered. FWD -fine woody debris; CWD — coarse woody debris.
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Figure 5. A comparison between average mass estimators for a) harvester-forwarder (HF) sites and b) cable yarder (CY) sites. The

figure shows lateral areas (side) and extraction line (central) with the standard deviation reported in values as bars but represented
only on the positive side.

Table 8. Dry matter (d.m.), nitrogen and carbon content resulted from the chemical analysis.

Analysed Denomination Total dry matter Total nitrogen Total carbon Total organic carbon  Total inorganic carbon
sample (%) (% d.m.) (% d.m.) (% d.m.) (% d.m.)
San Martino di C. 52.72 0.94 18.70 18.59 0.11
Soil Paneveggio 64.46 0.74 12.75 12.63 0.11
Cadino 60.93 0.52 8.65 8.58 0.07
A 87.41 1.09 56.18 55.98 0.21
B 84.44 0.40 53.46 53.31 0.14
Residues
C 87.22 0.39 53.24 53.08 0.16
D/E 88.06 0.43 51.98 51.85 0.12

Table 9. A summary of the chemical analysis for the three forests soils.

Element Unit San Martino di C. Paneveggio Cadino
N gkgtd.m. 9.41 7.35 5.20
C organic g-kgtd.m. 185.86 126.34 85.80
Ca mg-kg* d.m. 2,054.58 3,577.62 1,299.39
Fe mg-kg* d.m. 22,152.22 20,637.05 15,272.03
K mg-kg?t d.m. 4,794.01 4,677.20 3,349.72
Mg mg-kgt d.m. 3,821.68 4,294.74 1,991.27
Mn mg-kg* d.m. 267.18 455.77 201.66
P mg-kg* d.m. 576.63 395.21 384.75
Carbon stock Mg-ha! 85 63 45
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Table 10. Average nutrient values for each residue diameter class across the three forests.

Element Unit A B C D/E
N g-kgtd.m. 10.86 4.05 3.92 4.30
C organic g-kgtd.m. 559.76 533.15 530.75 518.51
Ca mg-kg* d.m. 6,566.98 3,197.47 3,525.09 1,227.86
Fe mg-kg?* d.m. 300.73 81.71 24.21 46.23
K mg-kg? d.m. 1,306.38 332.58 512.07 365.57
Mg mg-kg*d.m. 616.37 325.67 207.80 123.72
Mn mg-kg* d.m. 310.38 163.82 128.02 64.28
P mg-kg?* d.m. 666.34 108.56 84.60 50.9

Table 11. Potential SOC stocked in coarse woody debris (CWD)
quantity for each salvage logging site, cable yarder (CY) and
harvester-forwarder (HF).

Salvage CWD (D/E) socC
logging site (Mg-ha?) (Mg-hat)
HF 2019 23.80 11
HF 2020 22.85 10
HF 2021 32.09 15
CY 2019 21.08 10
CY 2020 24.23 11
CY 2021 31.29 14
DISCUSSION

Residues’ Quantity According to Harvesting Systems

Overall, throughout the years, the amount of material
for HF sites is similar, whereas for CY sites it is increasing.
There is an increasing trend for the coarser material (class
E) for both harvesting systems. The total quantity of resi-
dues is greater in the first year after the storm (2019) for
HF sites than for CY. This information can therefore be con-
sidered similar to that from conventional clear-cuts (non-
salvage logging conditions), where the CTL system releases
more residues than FT (Hytonen and Moilanen 2014). In
the following two years, the residue amounts computed
for CY sites are greater than for HF, showing some marked
differences. However, from the statistical point of view, no
significant differences can be found between the first two
years regarding the adopted systems. Moreover, significant
differences emerged for the salvage logging operations oc-
curring three years after the windthrow event. Based on the
hypothesis stated, those difference should be reconducted
to the choice of harvesting system and machine configura-
tion. However, considering the results and site conditions,
the influence of other factors, like the change in moisture
content of the wood, should not be excluded, which may
result in possible degradation (Petrillo et al. 2016) and in-
creasing susceptibility to breakage, or the selection process
of retrieving the material performed by the operators.

The fully mechanized machine configuration has a direct
influence on the first two classes (A and B), which can be at-
tributed to the transit of the forest machines (harvester and
forwarder) when compared to the cable yarder full tree ex-
traction. The passage over the logging residues causes mix-
ing of the soil that eventually incorporates finer dead wood

https://www.seefor.eu

material, with subsequent compaction, preventing it from
being correctly counted in the survey. Moreover, in HF sites,
the material is processed in front of the vehicle, concentrat-
ing the logging residues on the trail, especially branches
and tops producing a brush mat to reduce soil deformation
and risk of erosion (Borchert et al. 2012). In contrast, the
coarser material like stumps or bigger logs are deposited on
the side of the same trails. This trend is particularly visible
for classes B, C and D in Figure 5a. This distribution is due
to the machine processes, as this type of material is usually
found in higher concentrations in the working area of the
machine, where the central transect is located. In the case of
a harvester, residual material is in the front of the machine,
whereas for stumps and coarser material (class D/E mate-
rial) are usually left outside the working area.

For CY sites, on the other hand, the difference between
side trails and the centre is not yet so marked (Figure 5b).
The absence of a clear trend in terms of residue concen-
trations between lateral and central transects can be justi-
fied by the use of the FT system, where the entire tree is
extracted from the forest and the majority of residues are
then found at the roadside. However, the increase in the
third year (2021) can be attributed to dragging in the phases
of concentration and the removal of the material to cause
the loss of branches and twigs. This is particularly visible in
Tables 5 and 6 for finer material (A and B classes). Here the
emerging differences can be reconducted to the change in
the material moisture content, degradation and decomposi-
tion, especially the logs already in contact with the ground.
The desiccation and subsequent loss of elasticity of the
branches can lead to increasing biomass on the forest floor.
These observations, without the possibility of adequately
mapping the spatial distribution of residues, suffer from un-
certainties, and a remote sensing approach could improve
this information (Udali et al. 2022).

Growing stock, tree height and spatial distribution, to-
gether with the high gap fraction, might have some influ-
ence as well: the bigger quantity of CWD, for example, can
be linked with the tree height present since usually the tall-
est trees also possess high diameter. This can be perceived,
to some extent, for both HF and CY.

Other differences, for example for CWD, are presumed
to be caused by the selection process in the sorting and
extraction operations, and are thus related to the system-
configuration choice. These operations are performed in
the salvage logging site by the forwarder operators (CTL) —
therefore leaving more material on the ground — and by the
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ground crew (FT) — when extracting the whole tree or part
of it from the forest to roadside. The effects can be observed
for the considered category of residues in Table 3 and Table
5 with the highest values in third year (2021) after the storm.

Chemical Analysis of Soil and Residues

In particular, the values computed for SOC align with those
presented for Alpine forests by Gachhadar et al. (2022). More-
over, they also reported an average value of 94.95 Mg-ha™,
which resulted in higher values than those obtained with al-
most 85 Mg-ha from the forest in San Martino. Overall, this
is valuable information considering that the soil depth in the
Alpine forests is not remarkably high and the average altitude
of the study sites (1,550-1,650 m a.s.l.). Although not easily
detectable, in HF sites the mixing of soil horizons with residues
might reduce nutrient losses and leaching (especially N), but
also can lead to an increment in erosive processes (Merino et
al. 1998). This also finds correspondence in the study by Huber
et al. (2017), where FT cable yarding harvesting increased ni-
trogen removal compared to CTL-harvesting systems.

Considering the CWD material, the values observed are in
line with the ones reported in previous studies in the Europe-
an context, ranging between 50 and 120 m*-ha* (Gutowski et
al. 2005). The estimators are also comparable with the results
obtained by Petrillo et al. (2016) in similar areas in the Prov-
ince of Trento. First of all, the chemical analysis revealed high-
er concentrations for all the elements considered for the sites,
including carbon. This information could be relevant consider-
ing the salvage logging operations running in the areas prior
the survey versus the undisturbed conditions of the areas
surveyed. Moreover, the SOC for CWD material computed by
Petrillo et al. (2016) ranged between 3 and 17 Mg-ha, with an
average value of south-facing sites of 8.25 Mg-ha™, lower than
the one obtained for the south-facing sites considered in this
study (11 Mg-ha?).

Practical Outcomes

The effects of salvage logging operations on logging resi-

dues were assessed over a short time span (3 years) after the

storm event. Combining the observations reported above and
others from the literature, some practical considerations can
be made.

i. Conditions. The scenario in which these operations
have been conducted is of non-conventional condi-
tions since high severity disturbance affected the
stands. Salvage logging has taken place with the main
intent to reduce the economic loss, but also to reduce
the risk for the subsequent event, such as fires or bark
beetle outbreak (Leverkus et al. 2021). In these areas
traditional logging operations are normally performed
using single tree selection or cut-block, and with less
impacting systems (Lindenmayer and Noss 2006), pre-
ferring motor-manual operations and extraction using
either tractor and winch or cable yarders.

i. Harvesting systems (1). In more standard conditions,
CTL systems should leave more residues on site than
FT (Hytonen and Moilanen 2014), and this can be as-
sessed by looking at the first year’s residue quanti-
ties (2019) presented in this study. However, when it
comes to salvage logging, this relation might not al-
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ways be proved true. Both CTL and FT systems can be
adopted through different degrees of mechanization,
therefore having a variable impact.

i. Harvesting system (2). The general recommendation
is to adopt highly mechanized systems using CTL sys-
tems (Sanginés de Carcer et al. 2021). This to ensure
primarily the operator safety and to quickly recover
the damaged timber. In this case, ground-based sys-
tems, such as the harvester-forwarder configuration,
might be considered the optimum in the short term
to maintain higher productivity and to reduce an eco-
nomic loss (Udali et al. 2021). Also, ground-based sys-
tem can mix up the residues within the soil horizons,
and this can reduce nutrient loss. However, their pas-
sage and deep ruts can enhance nutrient leaching (es-
pecially N) and erosive processes (Merino et al. 1998).

iv. Timing of operations. The need to perform salvage

logging operations immediately after the disturbance

event is mainly needed to ensure the safety of infra-
structure and to recover the economic value of tim-
ber. However, the planning of operations should also
consider future impacts on site fertility: the extensive
removal of residues, for example, affects tree growth
and wood density (Roy et al. 2022). Both harvesting
systems can be considered appropriate options to
avoid nutrients losses, with the possibility to imple-
ment FT into a partial extraction of the full tree with
the release of the treetop and the branches, leaving
behind most of the needles and, potentially, the ma-
jority of nutrients. Furthermore, a lighter carriage can
develop less tension on the mainline and reduce the
overall forces on the system, making it safer for the
operators. Adopting FT systems from the second year

(i.e., after trees have lost their needles) can be con-

sidered a solution, as shown in this study, along with

leaving behind a certain volume of finer residues (Nils-

son et al. 2018).

Effects of residues. The release of residues should be

weighted on a different number of elements, all site-

specific. In the Alpine environment many ecosystem
services granted by the forest do not have a direct
market value (Hayha et al. 2015). However, they can
also be provided by the presence of residues. For ex-
ample, logging residues can increase the presence of
favourable microsites for regeneration, enhancing site
characteristics by lowering high diurnal temperature
and maintaining higher soil moisture (Marangon et
al. 2022). Their presence, especially CWD, reduces
the risk for gravitational hazards playing an active role
against rockfalls (Costa et al. 2021). Moreover, the re-
tention of residues also helps reduce the risk of ero-
sion, especially on skid trails (Mazri et al. 2020).

i

=

CONCLUSIONS

The study aimed to verify the presence of differences in
terms of logging residue type and quantity according to the
harvesting system adopted in the case of a salvage logging
operations. A second focus was put on assessing the effects on
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nutrients and possible impacts on carbon stocks for both soil
and residues. Moreover, the effect of the timing of operations
was also considered in relation to residue quantities. Overall,
significant differences have emerged in terms of residues left
on site due to the harvesting systems (cut-to-length versus
full-tree systems) and the configuration adopted (ground-
based versus aerial-based) in later years with respect to
the storm event. However, the sole system-configuration
combination was not able to explain all the variability
between years and sites in the approach considered. Based on
this study’s outcomes, further investigations should address
the residues’ spatial distribution after logging operations at
greater resolution considering the entire area of operations
and the possible effects on nutrients and carbon distribution
in the salvaged logging areas.
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