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Abstract

The level of remaining slash on sites after industrial wood recovery depends 
on various parameters. There has been little information available on the impact of 
harvesting methods on the amount of remaining slash distributed over the site. The 
study aimed to measure the weight of remaining slash in different sites of Austra-
lian plantations harvested by cut-to-length (CTL) and whole tree (WTR) method. In 
some sites there was also additional biomass recovery from the harvesting residues. 
The study results showed that the remaining slash in sites cleared by CTL harvesting 
method (101.7 GMt/ha) was higher than sites clear felled by WTR (6.1 GMt/ha). 
Harvesting a proportion of remaining slash with biomass collection technologies 
resulted in lower weight of distributed slash on the sites harvested by CTL method. 
Based on the fraction test, the largest parts of the remaining slash was for stem wood 
and branches.

Key words: Remaining slash, harvesting method, biomass, fraction test, 
plantation

INTRODUCTION

The level of remaining slash on the sites after industrial wood recovery de-
pends on various parameters such as applied harvesting method, equipment, stand 
age, product type, silvicultural regime, species, site and stand quality. Schnenp et al. 
(2009) indicated that in the Northwest of USA, common reasons for removing debris 
from forest include reducing bark beetle hazard, preparing the site for tree planting, 
harvesting biomass for energy, and reducing fire risk. But leaves, needles and woody 
debris protect soil from excessive moisture loss, recycle nutrients for trees and other 
plants, add structure and organic matter to soil, reduce soil erosion, and provide food 
and habitat for a wide variety of wildlife. Schnepf et al. (2009) and Graham et al. 
(1994) recommended leaving a certain target tons per ha for warmer drier forest about 
7-35 green metric tons per hectare (GMt/ha) and 40-82 GMt/ha for the cooler moister 
forests. Evans (2011) indicated that the quantities of dead woody materials (including 
harvest residues) and the ecological relationships between wildlife and dead woody 
materials differ throughout the forest types of Southeast USA. For instance, southern 
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Appalachian hardwood forests tend to have more dead woody materials than southern 
pine forests. Kupier (2006) indicated that studies in many countries show that crown 
mass removal may endanger the sustainability of production capacity, depending on 
the site characteristics and amount and composition of removed biomass. However, 
field experiments usually incorporate uniform distribution of material after logging 
in control plots and complete removal of crown components from whole-tree log-
ging plots (Kupier, 2006). Negative ecological impacts can be reduced by appropri-
ate timing of operations, minimizing the nutrient removals from the forest sites and 
recycling of ash from the combustion installation. These methods will not completely 
compensate the nutrient loss, but will certainly reduce it. The removal of forest resi-
dues from poor sites should be avoided in all cases, because this would further reduce 
the nutrients availability in these already nutrient poor sites (Burgers, 2002; Hakkila, 
2002). Koelling et al. (2007) indicated that high level of biomass utilization may re-
duce soil fertility and uncontrolled biomass recovery may impact stand growth which 
results in reduction of long term site productivity.

In Finland, Nurmi (2007) studied the residue removal in a mature Norway 
spruce stands (Pinus abies) harvested by combination of harvester and forwarder. 
The author used 2×2 m sample plots on a 30×30 m grid. Under different working 
methods the uncovered slash (remaining slash after biomass recovery) ranged from 
19.4 to 49.9 GMt/ha. Steele et al. (2008) studied the post harvest residue collection 
by the slash bundler for southern pine species. For the first thinning, second thinning 
and clear cut the amount of recovered residues were 14.3, 11.7 and 26.9 GMt/ha re-
spectively. Stem wood had larger share (74-93% of bundle weight) than needles and 
residuals in the bundle fraction test. The remaining slash after residue recovery was 
not reported in this study. Cuchet et al. (2004) used 1×1m sample square plot dis-
tributed at 10 m intervals along transects. They reported the remaining slash varying 
from 12.3 GMt/ha (in Maritime pine stand) to 81.5 GMt/ha (for the spruce stands) 
after residue recovery by a slash-bundler in France. The initial amount of residues 
varied from 22.1 to 178.1 GMt/ha.  

Nettles (2001) performed a thorough review and summary of harvest resi-
due volumes produced by stand type. A research on southern pine plantations was 
performed by Beardsell (1983), which indicated that 44.7 oven-dry metric tons per 
hectare (ODMT/ha) was available following clear cutting. When hardwoods were 
present, postharvest residue volumes were significantly higher with 50 ODMT/ha 
for mixed species and 80.1 ODMT/ha for hardwood stands. For large-diameter bot-
tomland hardwood stands, harvest residue volumes again increased significantly 
to 150.0 ODMT/ha (Nettles, 2001; Beardsell, 1983). The residue volumes cited 
above were for clearcut timber stands. Clearcut postharvest residue volumes were 
compared to thinning harvest residue volumes for UK upland spruce plantations 
with 44.7 ODMT/ha yield volume for clearcut and 18.0 ODMT/ha yield volume 
for thinned stands (Nettles 2001). Watson et al. (1986) quantified the energy-wood 
biomass available on two 22-year-old slash pine plantations and a 45-year-old natu-
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ral stand of mixed slash and loblolly pine in Alabama. All stands were clearcut for 
pulpwood. Mean residue harvest volume for the two plantation pine stands was 75.4 
GMt/ha; for the natural mature stand the mean harvest volume was 61.5 GMt/ha. A 
West Virginia study computed postharvest residue available when definition of ac-
ceptable biomass required pieces to be at least 1219.2 mm long and of rather large 
average small-end (122 mm) and large-end (182.9 mm) diameters. Mean length 
of all pieces was 3.658 mm, resulting in a mean volume collection of 32.7 m3 per 
hectare (Beardsell, 1983). A 1976 study of a maple-birch northern hardwood stand 
indicated that harvest residues were of relatively large diameter, with 50% having 
diameters exceeding 76.2 mm; 25% of the volume was greater than the minimum 
size for 470 mm pulpwood grade; 15% made the 2,540-mm pulpwood size class 
(Mattson, Carpenter, 1976). 

Smethurst, Nambiar (1990) reported a weight of 52 GMt/ha for the remaining 
slash in a clearfelled Pinus radiata plantation by cut-to-length harvest method (CTL) 
(harvester and forwarder) in Mount Gambier (South Australia). They compared their 
finding with the range reported for other coniferous forests; 43 GMt/ha on a Pinus 
elliottii Englem.- Pinus palustris Mill. site in Florida (Morris, Pritchet 1982), 54.6 
GMt/ha on a high-productivity Douglas-fir site in Washington (Bigger, Cole 1983).  

Shammas et al. (2003) reported an estimated 64 GMt/ha for the harvesting 
residues after harvesting Eucalyptus globulus plantation by CTL method in south-
western Australia. O’Connell et al. (2003) indicated that in south-western Australia 
at Busselton, the soil is an infertile grey sand (Podzol), total aboveground biomass 
of first rotation crop (E. globulus) was low (98 GMt/ha after 9 years) and about 31 
GMt/ha of harvest residues was left on the soil surface after logging (CTL method). 
At Manjimup, the soils were more heavily textured red earths (Ferralsol) with rela-
tively high levels of plant-available nutrients. Total aboveground biomass of the first 
rotation plantation was high (275 GMt/ha after 9 years) and 81 GMt/ha of the harvest 
residues (including 30 GMt/ha coarse woody debris) was left on site after logging. 

This study aimed to estimate the weight of the harvesting residues per ha 
after harvesting operations to create knowledge on the quantity and quality of the 
remaining slash in Australian plantations which can be source of a further usage (for 
example as source of bioenergy) or can be left on the site for maintaining organic 
nutrients in the soils for the site sustainability purposes. The other objective was de-
termining the impact of harvesting method and biomass utilization upon the amount 
of the harvesting residues remained in the sites.

MATERIALS AND METHODS

Study area
Sixteen case study areas located in a range of plantations were assessed for 

remaining slash after measuring their harvesting system efficiency from June 2010 
to December 2011. The study areas were located in Tasmania - 4 sites, New South 
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Wales (NSW) - 2 sites, South Australia (SA) - 5 sites and Western Australia (WA) - 5 
sites. The harvesting methods included cut-to-length and whole tree to roadside with 
some sites having a secondary recovery of biomass for energy. CTL sites of the study 
considered included two-machine harvest systems (harvesters and forwarders); or 
three machine systems (feller-bunchers, processors and forwarders). WTR opera-
tions in the study included two options; a combination of feller-bunchers, grapple 
skidders and an in-field chipper or a combination of feller-bunchers, grapple skid-
ders and processors processing trees into logs at roadside. The characteristics of each 
study sites are presented in Table 1. 

Table 1. Range of the parameters recorded for each case study

Cut-to-length Whole tree to road side
Number of case studies 13 3

Species Eucalyptus globulus, Eucalyp-
tus nitens, Pinus radiata Eucalyptus globulus

Soil Brown, Clay loam, Sandy-clay Sandy-clay
Harvest product type Pulpwood, Sawlog Pulpwood, chips
Yield (GMt/ha) 135-517 151-160
Stand age (year) 10-31 13
DBH (cm) 18-53 18
Tree height (m) 17-37 17.5
SED (cm) 5-10 5

Study Method
The CRC for Forestry standard methodology for sampling remaining slash 

(Ghaffariyan et al., 2011a) was applied to measure the weight of the slash and to 
estimate the percentage of each component including needles/leaves, bark, branches, 
stem wood and cones. This method for left slash assessment is all based on a study 
area of 1ha and sample area is 0.5m×0.5m. After a brief investigation of the site two 
or three visually identifiable stratum were defined. A set of representative transects 
was done on the study site to provide about 50 sample points that will be visually 
assessed for which stratum the point represents producing both a map of the stratum 
points (marked on the ground so they can easily be found for detailed sampling) and 
to determine the proportion of each stratum. Based on the transects the number of 
points identified per stratum was entered in a spread sheet to determine the number 
of pre-samples required per stratum (total number of pre-samples will be 9-11).  Us-
ing the transect points the required pre-sample 0.5m×0.5m grid samples were ran-
domly done within each stratum (25% or 1 {whichever is greater} plot per stratum 
will collect the fractional detail). The plot samples were used to compute the number 
of samples per each stratum.  Absolute error will be adjusted so that number of re-
quired plots is about 20, if the error as a percentage of mean was less than 15% us-
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ing the transect points the additional 0.5m×0.5m grid samples were randomly done 
within each stratum ensuring pre-sample points were not repeated and sampling was 
complete (25% or 1 {whichever is greater} plot per stratum collected the fractional 
detail. The transects were re-walked using the new stratum categories with a method 
to randomly place the required 0.5m×0.5m sample plots within each stratum (i.e. 
each 5th stratum 1 do plot) ensuring not to repeat plots on pre-sample plot points and 
the sampling was complete (25% or 1 {whichever is greater} plot per stratum will 
collect the fractional detail). 

For the fraction test per each ha 5 samples were randomly selected in some of 
the study sites. The weight of leaves and twigs (needles), cones, barks, woods with 
diameter larger than 3 cm were recorded within each sample.

One-way analysis of variance (one-way ANOVA) was applied to see if there is 
a significant difference between amounts of remaining slash under different harvest-
ing methods. Student-Newman-Keuls test (SNK), a multiple range test, was used to 
identify if there was a significant difference between the productivity means of our 
study treatments (Zar, 1974). SNK method seems to be more powerful test than other 
methods such as least significant difference (LSD) or Duncan (Zar, 1974). For LSD 
method, in independent comparison within pairwise comparison of the treatments, 
for some of them the probability level (α) would be larger than determined prob-
ability. With larger number of treatments the error will be higher. Duncan and Tukey 
methods do not have this disadvantage of the LSD but the disadvantage of Tukey 
method is that it shows less significant differences as it applies largest range for the 
multiple range tests. However SNK method does not have such a disadvantages 
(Yazdi Samadi et al., 1998).

RESULTS

Measurement of distributed remaining slash on the sites
The results indicated that there is high variability in the amount of slash re-

maining after different harvest operations (Fig. 1). 
One of the main reasons for the variability was applying different harvest 

methods. Based on the analysis of variance using SNK test (Table 2, 3) there was sig-
nificant difference between the amount of remaining slash under different harvesting 
methods (CTL, Biomass recovery after CTL and WTR) at α=0.05. 

More slash was left on site following CTL harvesting than that left after WTR 
to road side (chipping or processing at the road side) (Fig. 2). Extracting whole 
trees to road side (for either processing into logs or chipping) resulted in a very low 
amount of remaining slash due to removal of the tree crown from the site to roadside. 
When the trees were processed into logs at the stump, the residues were left on the 
site which increased the amount of left slash distributed over the site. Recovering 
a proportion of remaining slash after CTL harvest as source of biomass resulted in 
lower amount of the distributed slash on the site (Fig. 2). 
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Fig. 1. Variability of remaining slash after conventional harvesting 

(and biomass recovery) in different case study areas

Table 2. Analysis of variance to differentiate remaining slash

Sum of 
squares df Mean square F Sig.

Between 
Groups 25 231.59 2 12 615.79 5.25 0.01

Within Groups 50 451.55 21 2402.45

Total 75 683.14 23

Table 3. Result of Student-Newman-Keuls test to differentiate remaining slash of harvesting methods

CTL=1, WTR=2, Biomass 
recovery after CTL: 3 N Subset for alpha = 0.05

1 2
2 3 6.10
3 8 60.33 60.33
1 13 101.73
Sig. 0.08 0.17

The total remaining slash in relation to species - Eucalypt (E. nitens and E. 
globulus) or Pine (P. radiata) within two harvest methods is shown in Fig. 3 which 
indicates small difference for two types of species harvested by same harvest method 
(CTL). There was no data collected for Pine stands harvested by the whole tree ex-
traction to road side method.
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Fig. 2. Remaining slash by harvesting method

Fig. 3. Remaining slash by species harvested by two harvest methods (CTL and WTR) 

From the analysis of variance using SNK test (Table 4) there was no signifi-
cant difference between remaining slash of two species harvested by CTL harvest 
method. But Eucalypt stands harvested by whole tree method had significant differ-
ence with Pine/Eucalypts harvested by CTL method (Table 4). 

Table 4. Result of Student-Newman-Keuls test to differentiate remaining slash for two species 

Pine-CTL method: 1, Eucalypt-
CTL method, Eucalypt-WT method N Subset for alpha = 0.05

1 2
3.00 3 6.10
1.00 8 98.75
2.00 5 106.51
Sig. 1.00 0.84
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In some of the clear-felled areas harvested by CTL method, a proportion 
of harvesting residues were collected by specialised purpose built machines in-
cluding Bruks mobile chipper (Ghaffariyan et al., 2011a) and Pinox slash-bundler 
(Ghaffariyan et al., 2011b); and by a conventional forwarder (Walsh et al., 2011) 
(Fig. 2). The percentages of biomass recovery are illustrated in Table 5. The high-
est biomass recovery was carried out by the Pinox slash-bundler which collected 
64.5% of Eucalypt residues. Application of forwarder within conventional CTL 
harvest resulted in lower residue recovery compare to slash-bundler or mobile 
chipper (Table 5). 

Table 5. Percentage of biomass recovery for the remaining slash 

Biomass tech-
nology Species Age (year)

Total remain-
ing slash after 
CTL harvest 
(GMt/ha)

Remaining 
slash after bio-
mass recovery 
(GMt/ha)

Biomass 
recovery 
(% of total 
remaining 
slash)

Pinox slash 
bundler

Eucalyptus 
nitens 15 196.5 70.4 64.5

Bruks mobile 
chipper Pinus radiata 31 42.6- 84.3 23.7- 55.3 15.2- 55.5

Conventional 
forwarder Pinus radiata 34 100.0- 151.0 79.0- 127.6 15.5- 21.0

Fraction test for distributed remaining slash on the sites 
The share of each component of the remaining slash was measured in five 

case study areas of Pinus radiata and one case study area of Eucalyptus globulus 
clear felled by CTL harvest method. Branches and stem wood formed the largest 
component of the slash for pine residues. For the eucalypt residues, leaves/twigs and 
branches had the larger fraction however, as there was only one case study, more data 
needs to be collected in future to get a better estimation (Table 6).

Table 6. Biomass fraction test for some case studies harvested by CTL method

Biomass fraction P. radiata
(6 case studies)

E. globulus
(1 case study)

Needles 18.4 N/A
Leaves/Twigs - 47.1
Bark 4.7 24.0
Branches 35.0 23.5
Cones 3.7 N/A
Stem wood 38.2 5.4
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DISCUSSION

The level of remaining slash in our case study areas located in Pine planta-
tions clear felled by CTL harvest method (Fig. 1, 2, 3) is within the range of reported 
amount of residues in coniferous forests by Cuchet et al. (2004) in France, Neetles 
(2001) and Beardsell (1983) in USA and the case study carried out in South Australia 
by Smethurst, Nambiar (1990).  The only exemption was the case study in Southern 
Tasmania pine plantation where 238.7 GMt/ha was reported for the remaining slash 
caused by CTL harvest method. The major reason for such a high level of slash 
might be linked with higher small end diameter when harvesting (10 cm), older (30 
years), higher yield and stand quality. Also collecting a proportion of the harvest-
ing residues by biomass harvesting technologies (slash-bundler, mobile chipper or 
forwarder) resulted in significant decrease in the amount of remaining slash (Fig. 2, 
Table 5) in our case studies.

The average level of remaining slash for Eucalypt stands harvested by CTL 
method was relatively higher than the reported amount of residues in South-western 
Australia (Shammas et al., 2003; O’Connell et al., 2003). This may be caused mainly 
due to higher yield and age in our case studies in Australia. 

Application of the whole tree extraction method resulted in very low amount 
of the distributed slash on the site (about 6.1 GMt/ha) as the tree crowns and branch-
es were skidded to the road side and the trees were processed at the landings. This 
method reduced the distributed slash on the site and produced high amount of piles 
concentrated on the road sides. According to Schnepf et al. (2009) and Graham et al. 
(1994), this low level of remaining slash may reduce soil fertility and site quality for 
the long term forestry/plantation management. 

The percentage of branches (35%) and stem wood (38.2%) was higher than 
bark, needles and cones based on the fraction test of remaining slash Pine planta-
tions based on six case studies in this project. However Nurmi (2007) indicated 
that the share of stem wood was about 74-93% of the bundles weight collected by 
slash-bundler in Norway spruce stands. This high percentage may be linked with 
more stem wood and large branches collected by slash-bundler. However in our 
case study the percentages were only based on remaining slash on the site not col-
lected ones.

 
CONCLUSIONS

The amount of remaining slash was very variable across different operational 
sites in the plantations. In this case study, the weight of remaining slash on the site 
was significantly depended on the harvesting method. Using a cut-to-length harvest-
ing method resulted in a higher amount of remaining slash than whole tree extraction 
on different sites. Branches and small stem wood formed the largest components of 
the residues after harvesting operations. However it is necessary to investigate the 
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maximum allowable residue recovery using biomass harvesting technologies to en-
sure site sustainability in the next rotations. 

The impact of other factors such as stand age, species, DBH, yield, product 
type, small end diameter when harvesting, site quality, soil condition and silvicul-
tural regimes requires additional research projects to verify the relationships. Also 
the impact of nutrient removal due to various harvesting methods and technologies 
needs to be closely studied in future.
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