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ABSTRACT

Mechanical injuries were examined after single-
tree selection harvesting in multi-storied stands of
Norway spruce. Randomised block studies were
used to compare the effect of two operating systems
and three harvest intensities upon the injury rate to
theresidualstand. The average injury rate for mecha-
nised shortwood harvesting was higher than for
motor-manual cutting and cable skidding. The larg-
est differences between these two systems were
found at high harvest intensities in densely stocked
stands. Anumber of variables were used to quantify
this interaction. The variable which best explained
the risk for injury in the individual stand was the
ratio between removed vertical crown projection
and horizontal crown-free projection before harvest.
The higher injury rate for mechanised harvesting is
attributed to the greater proportion of the stand
which is impacted by the handling of trees.

Keywords: sclection harvesting, Norway spriice, me-
chanicalinjuries, operating system, harvest
intensity.

INTRODUCTION

Thelandscapeis amediator of our societies” goals
and values. The forest landscape must, therefore,
also be managed to produce a variety of non-timber
goods such as flora, fauna, water, and aesthetic
experience. In some areas, this requires that even-
aged production forestry be supplemented with
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management practices aimed at a lower production
intensity and disturbance frequency. Uneven-aged
management of existing multi-storied stands may be
one such supplement. However, the use of this
silvicultural system also requires suitable operating
systems if its biological principles are to be success-
fully applied.

Norway spruce [Picea abies| is a climax species
which often dominates moister sites in the Nordic
countries. It is moderately shade tolerant and occa-
sionally forms multi-storied stands. Uneven-aged
management of these standsrequires an active main-
tenance of the stand structure through repeated
selective harvesting. Because Norway spruceis read-
ily infected by fungi such as Stereum sanguinolentum
and Heterobasidion annosum [5], it is important that
stand entries have a low injury rate. Studies in the
Nordic countries conclude that the amount of ad-
vance regeneration in these stands is often low and
may therefore be a limiting factor of their future
production [6]. Because of these considerations se-
lection harvesting must be done with operatingsys-
tems which minimise the risk of injury to both the
main stems and the advance regeneration of the
residual stand.

Clearcutting with the shortwood system is the
dominant logging practice in the Nordic countries.
The development of harvesting technology in the
Nordic countries has been aimed at these practices.
Harvesting in industrial forestry is now dominated
by one-grip harvesters and forwarding, while farm
forestry has maintained alarge component of motor-
manual cutting and cable skidding with agricultural
tractors. The same systems are used for the small
amounts of selection harvesting which is done. Pre-
vious studies of harvesting in two-storied
shelterwood stands have shown that injury rates
may vary between machine types [7], however the
variation between whole operating systems may be
more difficult to show [11]. Studies of damage after
selection harvesting [4] have shown thatinjury rates
may also vary with harvest intensity.

The goal of this study is to compare the risk of
injury to the residual stand during single-tree selec-
tionin multi-storied Norway spruce, with two oper-
ating systems under varying harvest intensities.
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METHODS

The goal of this study is fulfilled through two
separate experiments. The first experiment is de-
signed to quantify the influence of harvest intensity
upon the risk for injury. The second experiment is
designed to isolate the effect of different operating
systems, under otherwise identical conditions.

The injury rates are estimated by the percent of
trees damaged in the residual stand. The percent of
trees injured is calculated upon the basis of a post-
harvestsample. Each tree in the post-harvestsample
wasexamined formechanical damages of three types:
bole damages, crown damages, and lean. The dam-
ages were recorded if they were over a minimum
level. For bole damages the minimum level was set
at 15 cm? of bark or fibre puncture. For crown dam-
age, the minimum level was set at 15% of green
crown removal. Trees with damages exceeding ei-
ther of these levels, or having a lean in excess of 15
degrees from vertical, were defined as injured.

Allreplications were placed inmulti-storied spruce
stands. An example of the diameter distribution for
one of these is shown in Figure 1. The stands were
situated on Eu-Piceetum myrtilletosum (bilberry)
and Eu-Piceetum dryopteridetosum (small fern) sites
ataltitudes between 400 and 600 m. The stands were
distributed throughout Hedmark, Oppland,
Trondelag, and Buskerud counties inmid and south-
eastern Norway. The standing volume and basal
area in these stands varied from 131 to 396 m® per ha
and 22 to 45 m? per ha, respectively.
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Figure1l. The diameter distribution in a multi-
storied stand of Norway spruce. This ex-
ample is from the replication in Oppland
county.

In order forstands to be used in this study they had
to have terrain conditions which were judged as
suitable for ground-based harvesting systems. Ter-
rain conditions were defined according to the classi-
fication system of the Forest Operations Institute of
Sweden [1] where class 1 represents very easy condi-
tions and class 5 indicates very difficult conditions.
Acceptable terrain for this study was defined as
bearing capacity classes 1 to 3, surface evenness
classes 1 to 3, and ground slope classes 1 to 3.

There were two operating systems used: motor-
manual cutting followed by cable skidding, and a
one-grip harvester followed by forwarding. For the
motor-manual system, most trees were felled to-
wards the striproad, and in a herringbone pattern
consistent with the direction of skidding. The trees
were then delimbed and, in most cases, cut into two
logs. The reduced length made it easier to swing the
logs into the direction of transport after being
winched to the striproad. The remainder of the cross-
cutting was done at the landing. For the mecha-
nised system most trees were felled away from the
striproad. Occasionally, the harvesters drove into
larger stand openings in order to reach the trees
farthest away. The logs were crosscut into 3 to 6 m
lengths and stored in bunches at the edge of the
striproad.

Five logging teams participated in the studies of
motor-manual harvesting, while fourlogging teams
participated in the studies involving mechanised
harvesting. A single logging team of the required
type was used per replication. The motor-manual
cutting was done with 45 to 55 cm® chainsaws with 33
to 38 cm bars. The mechanised cutting was done
with 88 to 155 kW one-grip harvesters with 8.5 to 10
m reach. The cable skidding was done with 40 to 80
kW agricultural tractors (with forestry winches)and
cable skidders. The forwarding was done with 80 to
100 kW forwarders with 10to12 tonne load capacity.

Estimating the Influence of Harvest Intensity

The study of harvest intensity was designed as a
randomised block experiment with nine replica-
tions. Eachreplicationincluded three treatment units
of varying harvest intensities. Each treatment unit
was 36 m x 60 m, and had a striproad spacing of 24
m. The striproads were 3.5 to 4.0 m wide. Harvest
intensity was expressed in terms of the percent re-
moval of basal area, and all trees to be harvested
were marked before the cutting started. Three of the
replications were harvested withmotor-manual sys-
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temsand six replications were harvested withmecha-
nised systems. The harvesting was done under win-
ter conditions in the period of November to Febru-
ary.

A number of descriptive measures were collected
prior to harvest. This was so that different variables
could be tested as alternative indicators of the risk
for injury. First, a horizontal coordinate system was
established. Thenthe Xand Y coordinates of all trees
taller than 0.5 m, together with their diameter at
breast height, wererecorded. Forevery tenth tree the
height, live crown length, and crown diameter at its
widest point were also registered. Stand density,
basal area, and height over diameter curves were
calculated from these data, as well as tree volume
and crown projection.

Inprinciple, injury rates are expected to be propor-
tional to the probability for contact between the
moving elements of the harvesting operation [trees
or machines] and the residual stand. One way to
assess this probability for contact is to compare the
projected work area for the felled trees to the tree-
free area whichisavailable to do the work upon. This
ratio of these two may be approximated using the
removed vertical crown projection (RVCP inm? per
ha) and the horizontal crown-free projection before
harvest (HCFP in m? per ha).

Both vertical and horizontal crown projections
were calculated using GIS (Geographic Information
System)software. The calculation of vertical crown
projection is based upon the representation of the
crown, from the side, as a triangle. The horizontal
crown projectionis based upon the representation of
the crown, from above, as a circle (Figure 2). The
calculation of the horizontal crown-free projection
takes into accountthe overlapping of the circles. The
circle radius was assumed to be equal to the half the
crown diameter atits widest point, and the triangles’
height was assumed to be equal to the live crown
length. The principle for the calculation of projection
per ha is shown below.

RVCP = R(CL x CR)
for all harvested trees.

HCEFP = 10,000 m?/ha - R(r x CR?) - CO

where

CL = live crown length [m]

CR = crown radius at widest point [m]
CO = crown overlap [m?/ha]
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Figure 2. An example of crown projection before
and after selection harvesting in a multi-
storied spruce stand [seen from above].
The horizontal crown projectionisshown
asthe dark areaand the horizontal crown-
free projectionis shown as the white area.

The post-harvest sample was based upon four
rectangular sample plots per treatment unit (Figure
3). These were 4 m wide and 24 m long, and stretch
from striproad centre to striproad centre. All trees
taller than 3 m were included in this assessment.
Their diameter at breast height and distance from
nearest striproad were recorded.
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Figure 3. Experimental design for the study of har-
vestintensity. The three treatment units of
varying harvest intensity are bordered by
thick solid lines. The striproad centres are
shown by the thin dotted lines and the
post-harvest sample plots are shown by
the thin solid lines.

Estimating the Influence of Operating Systems

The study of operating systems was designed as a
randomised block experiment with four replica-
tions. Eachreplication contained two treatmentunits
of equal harvest intensity, one for each operating
system. The harvest intensity was 45% of basal area
and the trees to be removed were marked in ad-
vance. The harvesting was done under winter condi-
tions during the months of February and March.
Both treatment units within each replication were



harvested at the same time.

In this study the size of each treatment unit and its
striproad spacing were adjusted to the characteris-
tics of the operating system. The treatment units for
motor-manual cutting and cable skidding were 36 m
wide and 70m long. The striproad was located in the
middle, giving an effective striproad spacing of 36
m. The treatment units for mechanised cutting and
forwarding were 72 m wide and 70 m long, with the
striproads located at 24 m spacing. The striproads
for both systems were 3.5 to 4.0 m wide.

A number of measures were collected in a pre-
harvest sample. This sample was based upon six
systematically placed circular plots (7.98 m radius)
per replication. The number of trees (2 0.5 m high)
within each plot was recorded together with their
diameter at breast height. The height of every tenth
tree was also measured. Stand density, basal area,
height over diameter curves, and standing volume
were calculated from this data.

The post-harvest sample wasbased upon four-m-
wide rectangular sample plots stretching between
striproad centres (Figure 4). There were five of these
for the motor-manual system and 10 for the mecha-
nised system, per replication. All trees over 0.5m in
height were included in the post-harvest assess-
ment.

Figure 4. Experimental design for the study of op-
erating systems. The treatment unit [thick
solid line] for the motor-manual harvest-
ingis ontheleft, and treatment unit for the
mechanised harvesting is on the right.
The striproad centres are shown by the
thin dotted lines and the post-harvest sam-
ple plots are shown by the thin solid lines.

Statistical Analysis

The calculation of injury rate was based on the
occurrence of injured trees within the post-harvest
sample. A tree was judged as injured if the damages
per tree exceeded a pre-defined level. All trees were
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given an equal weight in the calculation of the injury
rate.

Statistical analysis was done with the SAS compu-
ter package (SAS Institute, Inc., USA). A number of
different procedures were used, including PROC
GLM and PROCREG [9]. Levels of statistical signifi-
cance are denoted with stars (* for p<0.05, ** for
p<0.01, and *** for p<0.001).

RESULTS

The Influence of Harvest Intensity

The average injury rate for the study of harvest
intensity was 11.4% (n=1160 trees). A GLM analysis
of variance found that the injury rate varied signifi-
cantly between replications (REP***), harvest treat-
ments (TR***), and tree size (SZ**).

Sixty-two percent of the injured trees had damage
to the bole. Thirty-six percent of the trees with bole
damagesalsohad crown damages. The average area
of bark or fibre damage was 79 and 105 cm? for small
(dbh - 10 cm) and large trees (dbh 7 10 cm), respec-
tively. Only 12% of the injured trees had damages
located on the root system.

Fifty-five percent of the injured trees had damage
to their crowns. The average green crown removal
for trees with damaged crowns was 54 and 37% for
small and large trees, respectively. Sixteen percent of
the injured trees had been pushed over during har-
vesting, and failed to return to a vertical position.
This group consisted of small trees only.

Because of the variation in harvest intensity, site
index, and forest conditions between replications,
the values for harvested volume and crown projec-
tion per ha varied considerably. The harvested vol-
ume had an average value of 116 m® per ha and
varied from 58 to 203 m® per ha. The removed verti-
cal crown projection [removed crown projection
when seen from the side] had an average value of
7011 m?perhaand varied from 4486 to 11,199 m? per
ha. The horizontal crown-free projection (crown-
free projection before removal, when seen from
above) had an average value of 3620 m? per ha and
varied from 2435 to 5537 m?. The average values of
percent removed basal area, removed volume (m?
per ha), and the ratio between removed vertical
crown projection and horizontal crown-free projec-
tion before harvest are shown in Table 1.



Table 1. Three alternative variables for quantifying
harvest intensity in multi-storied spruce
stands: percent removal of basal area [%
BA], removal volume perha[VOL], and the
ratio of removed vertical crown projection
to horizontal crown-free projection [RVCP/

HCFP].
Harvest intensity low med high
% BA 34 43 54
VOL 86 125 136
RVCP/HCFP 174 218 241

While the analysis of variance (n=27 treatment
units) showed that the injury rates varied signifi-
cantly with harvest treatment, the highest coefficient
of determination (R?) for a single independent vari-
able was achieved by the interaction of harvest in-
tensity and operating system (where OP=0 for mo-
tor-manual systems, and OP=1 for mechanised sys-
tems). Three alternative interaction variables were
tested. They included: percentremoval of basal area
(% BA x OP*), removal of volume (VOL x OP**), and
theratio of crown projections (RVCP/ HCFP x OP***).
These three could explain 22, 29, and 40% of the
observed variation in injury rate, respectively.

A regression model was made, based upon the
ratio of crown projections. In this model the inter-
cept was not significantly different from zero. Since
this is also a logical condition, the intercept was
restricted to zero in the analysis. This restriction did
not have any significant effect upon the model. It
does, however, result in an overestimation of the
coefficient of determination. The function is shown
below and the model is shown graphically in Figure
5.

injury rate = 2.686 [RVCP/HCFP]
+ 3.418 [RVCP/HCFP x OP]

R?=0.77, p<0.0001
The Influence of Operating Systems

In the study of operating systems the average
injury rates were 8.7 and 13.7% for motor-manual
and mechanised harvesting, respectively (n=1030
trees). According to a GLM analysis of variance, the
factors with the most significant influence upon the
injury rate were the distance from the striproad
(cutting zone, ZN****), and an interaction between
the cutting zone and operating system (ZN x OP***).
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The injury rates for each system and cutting zone
areshownin Figure 6. Formotor-manual and mecha-
nised harvesting, 20 and 48% of the residual trees,
respectively, were located in the cutting zones clos-
est to the striproad.
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Figure 5. The influence of harvest intensity upon
the injury rate after single-tree selection
harvesting in multi-storied spruce stands.
The harvest intensity is represented by
the ratio between the removed vertical
crown projection per ha (RVCP) and the
horizontal crown-free projection per ha
(HCEFP).
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Figure 6. Theinfluence ofthe operatingsystem upon
injury rates after single-tree selection har-
vesting in multi-storied spruce stands. The
varying distances from the striproad cen-
tre are indicated by the three cutting zones
(ZN) on the x-axis.
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The injury rate was again found to vary with tree
size (SZ**). The average injury rate was 13.0% for
small trees (dbh - 10 cm) and 7.5% for large trees
[dbhZ 10 cm]. Withrespecttospecificdamage types,
the largest difference ininjury rates between operat-
ing systems was for the crown damages. The occur-
rence of this particular type of damage was highest
for small trees (5Z**) and mechanised harvesting
(OP*).

The average severity of bole damage was higher
formechanised (165 cm? per tree) than motor-manual
harvesting (93 cm? per tree), however, this difference
was not found to be statistically significant. Damage
to the roots or root collar was found only after
mechanised harvesting. The average severity of
crown damages (portion of green crown volume
torn off) was also slightly higher for mechanised
(58%) than for motor-manual harvesting (45%). This
difference was not found to be statistically signifi-
cant. The distribution of crown damage severity is
shown in Figure 7.

DISCUSSION

The results show that the injury rate for single-tree
selectionin multi-storied spruce standsis influenced
by both operating systems and harvest intensity.
However, the single most significant variable is the
interaction between these two factors.
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Figure 7. The distribution of crown damage sever-
ity, for trees with injured crowns, after
selection harvesting in multi-storied
spruce stands. Crown damage severity is
expressed in terms of the portion of green
crown volume lost during harvesting.

These effects are quite important for the economic
result of uneven-aged management of Norway
spruce. Previous studies [5] show that the incidence
of decay in Norway spruceis very high, and that the
rate of spread is higher than for many other species.
The same studies found that both the rate of spread
and eventual growth reductions are correlated with
the size of bole damages. Studies of regeneration
mortality after harvesting show that both bole dam-
age and lean angle are relevant to survival [8], and
that a combination of these may be particularly
important [10]. Our present study also includes cri-
teriarelated to green crownremoval. Thisis because
of the common occurrence of this type of damage
while harvesting at low temperatures.

Logically, the risk for injury should be highest
where the probability for contact with the residual
stand is highest. This probability should increase
proportionally with the amount of movement or
handling in the stand. The results of this study
support this explanation. The amount of handling
was quantified in three ways: percent basal area,
cubic meters per ha, and the ratio between the re-
moved vertical crown projection and horizontal
crown-free projection. The percent removal of basal
area could only describe the relative increase in
handling per ha, and, it therefore explained the least
of the observed variation in injury rates. The re-
moval of cubic meters per ha indicated the absolute
level of handling, which includes the increase in
handling with harvest intensity. This variable could
therefore explain more of the variation. The best
statistical performance was attained by the crown
projection ratio, because this variable indicates not
only the absolute level of handling per ha, but de-
fines this in terms of the probability for contact
during handling under the specific stand conditions.

The fact that the crown projection ratio gave im-
proved statistical performance is also related to the
criteriaand definitions used in this study. Because of
the nature of uneven-aged management, the criteria
for damage were focused just as much upon the
crowns of the small trees as the bole of the main
stems. Thestructure of these stands, with a few large
trees with wide crowns and many smaller trees with
weak crowns, leaves the smallest trees exposed to
impact from the felling and handling of the largest
trees around them. While large trees may often be
felled upon or brushed by other large trees on their
descent through the upper canopy, the slightest
contact with the smaller trees at lower levels will
easily resultin the breakage of tops or thin branches,
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particularly when these are made brittle by cold
weather. The high number of small trees in these
stands, and the stringent damage limits used in this
study, gives this type of damage a strong influence
upon the average injury rate.

Within the observed data there exists a distribu-
tion of severity for each damage type. Because of
this, the level of the calculated injury rates will vary
with the chosen level of damage criteria. Therefore,
if there are differences in average damage severity
between the different operating systems, varying
the minimum damage criteria may also cause the
difference ininjury rates between operating systems
to vary. To which degree the difference can vary
depends upon the distribution of damage severity.

In general, the highest injury rates were found
closest to the striproad. This is because most han-
dling occurs in this area. However, there are two
basic differences between motor-manual and mecha-
nised harvesting whenit comes to tree handling. The
first is the amount of handling per tree which is
required during conversion and transport. The sec-
ond is the speed of handling during these activities.
These differences are likely causes for the observed
variation in injury rates and severity.

For motor-manual cutting, the tree is delimbed,
crosscut, and stored in the same position as it falls.
For mechanised cutting, since the tree is felled away
from the striproad, it may have to be dragged some
distance beforeitis close enough to the harvester for
processing. Temporary storage beside the striproad
requires the disturbance of yet a new area, in addi-
tion to those already impacted during felling and
processing. Therefore, there is a greater amount of
handling per tree during mechanised cutting and
this handlingis distributed throughout a larger pro-
portion of the stand. Furthermore, during motor-
manual cutting the trees are often felled into areas
which are already harvested. Falling into already
harvested areas may, in effect, give the motor-manual
forestry worker a larger margin of error than the
harvester operator. This, in turn, results in a lower
probability for contact in the impacted areas.

The transport sub-operation may have reduced
the difference in injury rates created during cutting.
Cable skidding after motor-manual cutting is often
considered to increase the projection of the handling
area. This is because of the necessity of changing the
logs” direction of travel between the stand and the
striproad. This may be part of the explanation for the

higher injury rates for cable skidding in the zone
closest to the striproad [Figure 6]. However, the
longer distance between striproads which this oper-
ating system allows results in a lower injury rate for
the stand as a whole. In addition, the ground forces
for cable skidding were apparently notlarge enough
to produce the type of root damages found after
forwarding.

The differences in damage severity between the
two operating systems may be attributed to the
differences inhow the trees are handled. Eventhough
the severity of crown and bole damages were not
found to differ significantly between operating sys-
tems, the factthatmechanised operations had higher
average values for both damage types is unlikely to
be a coincidence. This is because when contact be-
tween some part of the harvesting operation and the
residual stand is first made, one would expect that
the operating system with the highest momentum
during handling [mechanised] would result in the
greatestimpact force and largest damages. However
in some cases, for example crown damage which is
shown in Figure 7, a statistical treatment is not
straightforward. Thisis because the calculated aver-
ages fall between the predominance of small or very
large damages.

Concluding Remarks

In this study, the largest differences in injury rates
between operating systems were found at the sites
where the silvicultural prescription created the great-
est risk for injury. The greatest risk for injury was
found at high harvest intensities in densely stocked
stands, which left little room for the movement of
trees or machines. This aspect has been successfully
represented by a simple geometrical model based
upon the contact surface of trees in the stand. The
different injury rates for the two harvesting systems
is attributed primarily to the different proportion of
areas which are exposed to each system’s respective
activities.

In general, the results of this study have been
presented as aggregated averages for certain units or
zones. A better approach may be to delimit different
impact area for each operating system’s handling
pattern, and then estimate the injury rate specifically
foreacharea. Ifthese processes are analysed in more
detail, these questions may be answered by a purely
mathematical approach.

This study found that the least damage to the
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residual stand was provided by the system with the
lowest degree of mechanisation. However, in the
Nordic countries, itis the high degree of mechanisa-
tion which has keptharvesting costs atan acceptable
level and ensured profitability throughout a long
period of increasing labour costs [2]. The costs of
selection harvesting with different degrees of mecha-
nisation must therefore be included in the analysis
before any final recommendations are made.
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