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HEALING RATE OF LOGGING WOUNDS
ON BROADLEAF TREES IN HYRCANIAN FOREST
WITH SOME TECHNOLOGICAL IMPLICATIONS

The wound healing rate (WHR) was investigated in 234 wounded trees in Iranian
forests and was found to range from 6.4 to 24.0 mm-yr'. Tree species, slope
aspect, elevation, wound age, and wound type had significant effects on the WHR.
The mean of the WHR in the Fraxinus excelsior (24 mm-yr™), Alnus subcordata
(18.9 mm-yr') and in the Fagus orientalis (17.9 mm-yr') were significantly
higher than in the Acer insigne (15.7 mm-yr'), Acer cappadocicum
(14.6 mm-yr'), Carpinus betulus (13.7 mm-yr'), and Tilia begonifolia
(6.4 mm-yr!). In addition, the mean of the WHR on northern slopes (17.5 mm-yr™)
was significantly higher than on southern slopes. Moreover, the parameters that
positively influenced tree growth showed a similar effect on the wound healing
rate. The WHRs of 5-, 10- and 15-year-old wounds were 19.3, 16.9 and
10 mm-yr!, respectively. The WHR increased the higher the wound from ground
level. The WHR for horizontal wounds (18.4 mm-yr™') was significantly higher
than for vertical wounds. The highest WHR was estimated in a stand with
a canopy closure of 60-80%. The WHR decreased according to increasing wound
width. Wounds affect future income, lowering the number of trees that potentially
provide a higher quality of saw and veneer logs.
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Introduction

Forest managers are concerned about the potential damage to residual trees from
thinning operations and/or selective cutting [Vossbrink and Horn 2004; Picchio
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et al. 2012; Tavankar et al. 2015a]. Timber harvesting techniques and worker
training are factors that significantly affect damage to residual trees [Han and
Kellogg 2000; Sist and Nguyen-Thé 2002; Eroglu et al. 2009; Behjou and
Mollabashi 2012, Bembenek et al. 2013a, Bembenek et al. 2013b]. Injuries
occur during forest operations such as final felling (selective cutting) or
thinning, mostly during the cutting, felling, extraction and collecting of timber
along trails. They are caused by the mechanical impact of forest machines on the
stem or root system or on other trunks. In selective cutting particularly, the
removal of trees often requires movement around standing trees to reach the skid
trail, and surrounding trees are frequently knocked. Residual stand damage is an
unavoidable risk of selective cutting, but the level of damage should be
minimized in order to assure future product quality [Tavankar et al. 2013].
Selective harvest methods may adversely impact the quality of the residual trees
and increase the potential for future disease and insect infestations. Tree
wounding is the most common type of logging damage, representing more than
90% of the total damage [Tavankar et al. 2013; Marchi et al. 2014].

Roads or strip roads in the forest are useful for limiting diffuse damage to
the soil, but they may lead to the modification of neighbouring tree conditions,
enhancing irregular ring growth or irregular crown shape. However, in
a 34-year-old spruce stand, Bembenek et al. [2013¢] observed no significant
impact on the pith eccentricity, taper and ovality of trees growing along strip
roads five years after their opening. Nevertheless, they observed signs of tree
shape modification due to incremental growth in the middle of the trunk.
Damage may be caused to the soil by compression, to the roots and stems by the
repeated passage of machines or by skidding the trunks [Edlund et al. 2013;
Kleibl et al. 2014; Cambi et al. 2015]. Crown injuries, stem breakage and
uprooting are mainly due to felling [Picchio et al. 2011; Behjou and Mollabashi
2012; Tavankar et al. 2013]. Hecht et al. [2015] found that the wounds at crown
level on Beech showed a significantly slower closure rate and a greater area of
discolouration than skidding wounds at butt level. Damage on the bole may be
on the outer stem surface, exposing the living inner tissue of the bark, or may
occur more deeply in the cambial tissues or the xylem, producing wounds that
develop into scars. During exposure to outside influence, pathogenic attacks are
more likely. Logging wounds may decrease the quality of residual trees and
increase stand mortality through insect and disease infestation [Han and Kellogg
2000]. The frequency of wounded trees and the intensity of the wounds during
logging operations can have a detrimental impact on stand growth. Branch
breakage and severe wounds to stems reduce tree vigour and produce favorable
conditions for disease and tree mortality, factors which trigger the accumulation
of wood debris and standing dead trees. However, to a certain degree, they
contribute to the biodiversity in forest ecosystems [Tavankar et al. 2014].
Wounding can cause stem deformities and significant losses in final crop volume
and value [Meadows 1993; Lo Monaco et al. 2015]. Logging wounds on residual
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trees often become an opportunity for fungal or other biological attacks
[Vasiliauskas 2001], especially in wounds that are near ground level or root
wounds [Bettinger and Kellogg 1993; Camp 2002]. Wound closure (healing) on
forest trees may be a very important factor, restricting the colonization of
wound-invading fungi [Vasiliauskas 2001].

Wound closure not only prevents further infection, but may also stop
subsequent fungal development in already infected wounds [Vasiliauskas 2001].
The wound healing rate is related to tree species and wound severity [Picchio et
al. 2011]. Normally, the required time for the healing of logging wounds in fast-
-growing tree species is lower than slow-growing tree species [Vasiliauskas and
Stenlid 2007]. The ability of trees to heal logging wounds not only depends on
the time which has elapsed from wound occurrence, but also on site conditions,
tree species, tree age, and wound characteristics [ Vasiliauskas 2001; Tavankar et
al. 2015b]. Wound characteristics, such as the size, location, and intensity, are
the main factors influencing wound healing rate and the future quality of the
damaged trees [Meadows 1993; Vasiliauskas 1994; Han et al. 2000; Ezzati and
Najafi 2010]. Even in the case of rapid healing, it is not possible to re-establish
the xylem continuity and it is not easy to predict the extent of discolouration,
which is frequent, for example, in beech wood [Hecht et al. 2015].

The objectives of this study were: 1) to investigate the healing rate of
logging wounds in different tree species, 2) to investigate the effect of
geographic conditions (slope aspect and elevation) on wound healing rate, and 3)
to investigate the effect of wound characteristics (width, position and type) on
wound healing rate in the Hyrcanian forests of Iran, highlighting the defects that
may affect timber quality in the future.

Materials and methods

Study area

This study was conducted in the Hyrcanian forests of Iran (fig. 1). These forests,
also known as the Caspian forests, are located in the north of Iran, along the
south coast of the Caspian Sea, and cover 1.8 million hectares. The Hyrcanian
forests are natural broadleaf forests and are the only commercial forests in Iran
[FAO 2005]. These forests encompass various forest types, including 80 woody
species [Marvie Mohadjer 2006], and are the most valuable forests in Iran.
These forests are considered one of the most basic resources for wood
production and they have an important role in supplying wood to related
industries.

The silvicultural method applied is single-tree selection cutting. Logging
operations in the Hyrcanian forests are generally performed using a ground-
-based skidding system. Chainsaws and cable skidders are two of the main
logging machines for harvesting wood. The activities of tree felling and log
skidding in these forests have the potential to damage the residual standing trees.
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, Caspian Sea

Fig.1. Study area in the Hyrcanian forests

The study area was located in Nav watershed forest area between 37° 38' 34"
to 37°42' 21" N and 48° 48' 44" to 48° 52' 30" E. The elevation in the study area
ranged from 350 to 1,650 m a.s.l. The mean annual precipitation in this area is
approximately 1050 mm, while the mean annual temperature is 9.1°C. The
original vegetation of this area is an uneven-aged mixed forest. The soil type is
forest brown, and the texture varies between sandy clay loam to clay loam.

Data collection and analysis

In the summer of 2015, 234 injured trees from different tree species, with one
wound on their boles, were randomly selected. On each wounded tree the
following parameters were recorded: diameter at breast height (1.30 m DBH),
and tree diameter at the centre of the wound height (DWH), measured in cm
using a dendrometric calliper; wound age (WA), determined according to
logging year in the study area, based on logging plans; cause of damage (i.e.
felling or bunched extraction); position (wound height (WH) from ground level),
determined using a tape measuring the vertical distance between the wound
centre and the ground; primary wound width was detected at the beginning of
the damage (PWW) and secondary wound width in the year, 2015, (SWW)
measured using a ruler (with an accuracy of 1 mm).
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PWW was recorded in six classes: < 10, 10-20, 20-30, 30-40, 40-50 and > 50
cm. The type was recorded as either horizontal or vertical.

For each wounded tree selected, the following geographic conditions were
recorded: slope aspect (northern or southern) determined using a compass,
elevation above sea level determined using an altimeter, divided into three
classes: low elevation (<800 m), middle elevation (800-1200), and high
elevation (> 1200 m); canopy closure (crown closure), as a representation of the
amount of sky obscured by the canopy, divided into four classes: < 40, 40-60,
60-80 and > 80 percent.

The wound healing rate (WHR) for each wound was calculated using
equation (1):

WHR:PWW—SWW )
WA
Where, WHR is wound healing rate (mm-yr-'), PWW and SWW are primary and
secondary wound width (mm), and WA the age of the wound (yr), respectively.

After checking for normality (Kolmogorov-Smirnov test) and homogeneity
of variance (Levene test), the following tests were used to compare the averages
of the WHR and the relationship between the wound healing rate (WHR) and the
independent variables using SPSS 19 (IBM, NY, USA): ANOVA and Duncan
tests were used to analyze the effect of the tree species, wound age, wound type,
wound width classes, elevation classes, canopy closure classes, and slope aspect
on the WHR. The relationship between the wound healing rate (WHR) and
wound position was analysed using a correlation test and regression.

Results

The ANOVA tests showed that tree species, slope aspect, elevation, wound age,
and wound type had a significant effect on the wound healing rate WHR (tab. 1).

The wound healing rate (WHR) ranged from 6.4 to 24.0 mm-yr'!, with
amean of 15.6 mm-yr! in the observed species (tab. 1). The highest value of
WHR was estimated in Fraxinus excelsior L. (24 mm-yr!), and the lowest in
Tilia begonifolia Stev. (6.4 mm-yr"). The wound healing mean ratio in Alnus
subcordata C. A. Mey. (18.9 mm-yr!) and in Fagus orientalis Lipsky
(17.9 mm-yr'!) was significantly higher than the mean of the WHR in the Acer
insigne Boiss. and Buhse (15.7 mm-yr'), Acer cappadocicum Gled.
(14.6 mm-yr'"), and Carpinus betulus L. (13.7 mm-yr™").

The mean of the WHR in species with a northern aspect (17.5 mm-yr') was
significantly higher than the mean of the WHR in those with a southern aspect
(12.4 mm-yr™).
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Table 1. Factors affecting wound healing rate and results of ANOVA and Duncan

tests
Wound
Wound Healing Rate  Confidence at
Factor (n) Mean value 95% F P-Value
+SD (mm-yr!)
(mm-yr™)
Tree species 32.8 <0.001
Fagus orientalis L. 55 17.9+52° 16.5-19.3
Carpinus betulus L. 42 13.7 £ 3.4° 12.7-14.8
Acer insigne Boiss and 35 15.5+£4.3° 14.0-17.0
Buhse
Acer cappadocicum Gled. 33 14.6 +2.9¢ 13.6 - 15.6
Alnus subcordata C.A.Mey. 32 189+5.7° 16.8 —20.9
Tilia begonifolia Stev. 24 6.4+3.7¢ 5.0-8.1
Fraxinus excelsior L. 13 24.0+3.1° 22.1-258
Slope aspect 7.2 <0.001
Northern 148 17.5+£5.5° 16.6 —18.4
Southern 86 124+£4.9° 11.4-135
Elevation 393 <0.001
<800 54 19.7+£5.7° 18.2-21.3
800 — 1200 127 15.8+4.7° 14.9-16.6
> 1200 53 11.1+£5.2¢ 9.6-12.5
Wound age 47.6 <0.001
5 74 19.3£5.3° 18.1-20.5
10 112 16.9+£5.2° 159-17.9
15 48 10.0 £5.2° 84-114
Wound Type 6.8 <0.001
Horizontal 136 18.4 +5.3* 17.5-19.3
Vertical 98 11.6£4.7° 10.7-12.5
All wounds 234 15.6+5.8 149-164 - -

The WHR decreased as elevation increased, therefore the mean of the WHR
in the < 800, 800-1200 and > 1200 m a.s.l. was 19.7, 15.8 and 11.1 mm-yr!,
respectively.

The results indicated that the WHR was higher in the primary stage after
wound occurrence, therefore the mean of the WHR in the wounds aged 5, 10 and
15 years was 19.3, 16.9 and 10 mm-yr'!, respectively (figs. 2, 3, 4).

The mean of the WHR in the horizontal wounds (18.4 mm-yr') was
significantly higher than the mean of the WHR in the vertical wounds
(11.6 mm-yr').
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Fig. 2. Closed wounds 5 years after wound occurrence in cer cappadocicum (a),
and Fagus orientalis (b and c)

a b c

1333333333

Fig. 3. Open wounds 10 years ate wound occurrence in Alnu
Fraxinus excelsior (b), and Carpinus betulus (c)

orientalis (b), and Alnus subcordata (c)
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The regression analysis showed that the wound healing rate (WHR)
increased according to wound height from ground level (fig. 5 and equation (2)).

WHE (mm vr!)

{1 S 100 150 2(H}

Wound position (cm)

Fig. 5. Relationship between wound healing rate (WHR) and wound position

WHR =4.82 - Ln (WP) — 1.66 2)
R?Adjusted = 0.408; SE = 4.51
F=161.3; P-Value < 0.001

Where WHR is wound healing rate (mm-yr™"), and WP is wound position (cm).

In addition, the results of the ANOVA test showed that the primary wound
width had a significant effect on the WHR (fig. 6). The mean of the WHR
decreased with increasing primary wound width: the larger the wound, the lower
the healing rate.

The results of the ANOVA test also showed that the stand canopy closure
had a significant effect on the WHR (fig. 7). The highest value of the WHR was
estimated in the stand with a canopy closure of 60-80% (18.2 £5.4 mm-yr'!). The
lowest value was estimated in the stand with a canopy closure of < 40% (10.2

£3.0 mm-yr').
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Fig. 6. Wound healing rate (WHR) in wound width classes
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Fig. 7. Wound healing rate (WHR) in canopy closure percentage

Discussion

The results demonstrated that tree growth rate was the driving force behind the
wound healing rate (WHR). In addition, the results indicated that the WHR
depended on the tree species, confirming other research results [Vasiliauskas
1998; Picchio et al., 2011]. The WHR was recorded at approximately
2-4 mm-yr'! in Picea abies [Vasiliauskas 1994), 20 mm-yr'' in Acer saccharum
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[Skilling 1958], 13-15 mm-yr! in Eucalyptus spp. [White and Kile 1994], and
10 mm-yr! in Quercus rubor [Vasiliauskas 1998]. In this study, the WHR in the
Fraxinus excelsior and Alnus subcordata was higher than the other tree species
analysed. This may be due to the fast growth of these species [Vasiliauskas and
Stenlid 2007]. The WHR in the Fraxinus excelsior was estimated at 24 mm-yr-!,
while the WHR in Fraxinus americana L. was reported at 12 mm-yr' [Neely
1970]. Moreover, the WHR in the Fagus orientalis was estimated at
17.9 mm-yr!, which was similar to Alnus subcordata, with rapid closure
behaviour. The WHR in Fagus sylvatica was recorded as 6-10 mm-yr!' [Neely
1970] and 2.7-4.1 mm-yr"! [Hecht et al. 2015], values markedly lower than those
found in the Nav Forest. Dujesiefken et al. [2005] observed that European Beech
closed wounds later than white and red oaks, due to the faster growth of oaks.

The results showed that the WHR in trees on northern aspect slopes was
higher than on southern aspect slopes. This may be due to the higher rate of tree
growth on the northern slopes in the Hyrcanian forests than on the southern
slopes. The amount of air moisture and the number of fast growing tree species
(such as Alnus subcordata, Fraxinus excelsior and Fagus orientalis) on the
northern slopes in the Hyrcanian forests was higher than on the southern slopes
[Marvie Mohadjer 2006]. Attarod et al. [2007] reported a growth rate of 9.55
m>-ha”! on northern slopes and 9.16 m*-ha™! on southern slopes in Shafarod in
the Hyrcanian forests — this data was estimated in sylve, an unusual but
conventional unit to measure the volume of forest stock through a tariff system.

In addition, tree density, stand volume and canopy closure on northern slopes
are higher than on southern slopes [Marvie Mohadjer 2006].

The results showed that the WHR increased according to increased wound
height from ground level. This may be due to the intensity of logging since the
number of wounds decreases the higher they are from ground level. Although the
vigour or growth rate of trees affects the WHR, the severity (extension and
depth) of the wound is another focal point. Usually damage to the stump or in
the lower part of the trunk, generally caused by the skidder during extraction, is
more severe than that at a greater height, which is generally caused by felling
operations [Tavankar et al. 2017].

Smith et al. [1994] studied the closure of logging wounds after 10 years in an
Appalachian forest and reported that many small wounds, < 322 cm? in size,
closed 5-10 years after logging. Vasiliauskas [1994] suggested a 25-50 year
healing period for a 10 cm wide wound in Norway spruce. Welch et al. [1997]
indicated a 15 year period for the complete healing of < 60 cm? wounds in Sitka
spruce. Vasaitis et al. [2012] reported that, on average, it took 3.6, 5.5, 10.4, 12.7
and 14.7 years, respectively, to occlude wounds ranging in size from 1 to 5 cm
wide in Picea abies stems.

Selective logging needs a more careful planning of roads, skid trails, and
winching corridors. Pre-harvest planning and the marking of winching paths
before logging operations begin can reduce damage to the stand in these forests.
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Nikooy et al. [2010] reported that the skilled operation of a skidder can decrease
the level of damage. Picchio et al. [2012] studied improved winching techniques
designed to decrease stand damage in the forests of central Italy. They reported
that the use of a snatch block decreased by one-quarter the frequency of
wounded trees from 50% to 36%. Therefore, the training of forest workers and
adequate technologies may be effective in reducing logging damage on
aresidual stand. Late damage effects may be recognizable some time later and
injuries may appear on a stem which was hit years previously [Picchio et al.
2011].

The features of wounded areas are both structurally and aesthetically much
less desirable. Trees react actively to wounds due to the live parenchyma cells of
phloem and sapwood forming a mass of traumatic tissue [Armstrong et al. 1981;
Tsoumis 1991], called callus or wound wood. The mark of the injury remains on
the bark for a long time testifying to the trauma suffered (fig. 2). New tissues
formed at the wound edge can be easily recognized by ridges on the bark (fig. 3
and 4). After injury, the xylem tissues are exposed to the air and they are likely
to be subject to moisture loss. They may be easily prone to biological attacks
[Annesi et al. 2015; Szewczyk 2015], mostly when the healing time extends for
years. The vessels may be subjected to embolism which deactivates the transport
functions. Rapid healing ensures the restoration of the original defences.
Nevertheless, air access to the healing wound and metabolic activity can produce
discolouration. Secondary metabolites have a role both in wound healing and in
discouraging pathogenic access in the compromised tissue [Eyles et al. 2003,
Kiser 2011]. Even gum deposits are induced by a defence phenomenon due to
wounding [Chungu et al. 2007]. On beech, higher amounts of total phenols,
flavonoids and proanthocyanidins were found in the zone with
a compartmentalization function than in sound sapwood. These extractives seem
to protect the wood from fungi [Vek et al 2013]. However, the colour of the
wood can be modified. The length of discolouration in oak was significantly
connected with the period of exposure [Dujesietken et al. 2005]. During healing,
bark can be included in the wood, originating as bark pockets or stone pockets,
a defect difficult to detect many years later if the wound was produced in
a young tree. New wood covers the wounded area, but the disjunction between
the old and the new tissue continues to exist, producing a discontinuity such as
aring shake. In addition to discontinuity in the wood, sometimes irregular stem
forms, local grain deviations [Gjerdrum and Bernabei 2009] and colour
variations, not necessarily pathological, can be observed. Bark inclusions reduce
the mechanical strength and the aesthetic of artifacts, therefore, they are not
accepted in timber for packaging and for flooring.

In sapwood, the vessels of an injured tree may be partially or completely
occluded with tyloses [Bigio et al. 2010]. In sapwood, tyloses lead to lower
permeability, which restricts the loss of moisture and embolism; in living trees
these are positive elements aimed at ensuring the functionality of woody tissues
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and the tree’s life. In contrast, the low permeability of timber sapwood is
anegative factor, because it makes drying difficult and adversely affects the
penetration of preservative substances.

Visual grading is the process of classifying lumber using rules that establish
the dimension and quantifies the effect of each defect in the timber, according to
the quality required for a particular use. Standards have been developed for
grading structural use saw lumber and veneer lumber, or lumber for an unknown
final use. Grading is the process of classifying timber for a particular use
according to the quality. For sale purposes, each trunk is classified according to
the dimensions and the presence, size and distribution of specific characteristics
or defects [Knoke et al. 2006]. In a general qualitative classification, the worst
defect downgrades the log to a lower class. European standards assess some
features for grade lumber, and among these, discolouration, insect attack and
wood ring discontinuity are deemed unacceptable for the best class. Cassens
[2004] states that no surface indicators of interior defects are permissible in
a quality veneer tree or log. The wood quality standard in Iran does not allow
any damage, discolouration, defect or decay for first class wood.

Some defects, which cause a decrease in grading, can be removed during the
delimbing at landing. The position of scars influences volume loss. According to
local practices, the volume of the products obtainable by sawing the trunk is
considered, rather than the effective volume. As a result defects can be
accounted as deduction factors of the log volume or size [Han et al. 2000].

Superficial and limited injuries can be eliminated in early processing,
resulting mainly in a reduction of the manufacturing yield. Highly damaged
trees, both in depth and in the longitudinal direction, supply logs which may be
unsuitable for any type of processing. These may be used exclusively for
firewood [Maesano et al. 2014].

Karaszewski et al. [2013] observed that in beech stands logs of the highest
class were only 3% of the crop by volume. Alderman et al. [2004] argued that
the highest quality hardwood trees that produce saw logs are less than 1%, and
among these, the best-quality logs for veneer can achieve prices from 1.5 to 6
times the best graded saw logs.

Wound damage subtracts value from the future harvest and raises concern
for forest health. It affects future income, lowering the number of trees that
potentially provide higher quality saw and veneer logs.

Conclusions

Tree species, slope aspect, altitude, wound age, and wound position had
a significant effect on the wound healing rate. These parameters, which
influence tree growth positively, determined similar effects on the wound
healing rate. Timber from the Iranian forest is an important resource and the
growing interest in it is due to the increasing demand for quality hardwood
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timber for sawing and for the production of veneer or derived composites
[Behjou 2012; Bayatkashkoli et al. 2016]. An assessment of the effects of forest
management activities on trees and on wood quality is carried out through the
evaluation of tree growth, which is considered a proxy for the quality of the
wood [Cutter et al. 2004]. However, tree diameter, height, and other
dendrometric parameters do not significantly affect timber quality [Brunetti et al.
2000; Riesco Munoz et al. 2013]. Quality attributes, among which wounds
already healed must surely be included, are not adequately considered - they are
contemplated at the time of processing or sale, when it is too late. The forest
manager should be familiar with the grading standards for the quality of timber
produced by the different tree species of the forest.

Limiting logging damage to residual trees must remain a major objective in
the selective management of forests [Tavankar et al. 2015a]. Logging workers
must be convinced, through adequate training, that most damage to residual trees
is unnecessary and avoidable.
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