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ABSTRACT

A selection of the results from a comprehensive field
and laboratory study on the impact of mechanised har-
vesting operations on a forest soil in New Zealand are
presented. The season during which machine trafficking
took place (“dry” and “wet”), machine type, and number
of passes (from 1 to 30) were the input variables. Soil
response was measured with pedol ogical and geotechnical
field and laboratory testing procedures. 1t was determined
that although the soil wasin sometreatments heavily dis-
turbed, it was not compacted, given that the natural water
content was well above the laboratory determined opti-
mum water content for compaction. Practical implications
are discussed.

Keywords soil disturbance, compaction, density, wa-
ter content, cone penetration tests, Shelby
tubes, nuclear testing, Proctor moisture/den-
Sity test.

INTRODUCTION

The impacts of mechanised ground-based forest har-
vesting on soil physical properties, including compaction,
erosion, and, with time, loss of site productivity, have
beenwidely reported [8,25]. Generally, thelargest changes
in soil structure occur following only a small number of
machine passes [4, 7, 12], though overall soil response
varies with (a) soil conditions such as water and organic
matter content, and texture [8], (b) machinedesign [4,.22]
and (c) the intensity of the machine loads applied to the
ground surface [7,12].

The authors are, respectively, Research Scientist (Slvi-
culture), Plantations Branch, Division of Forest Re-
search and Development, Forestry Tasmania, Director of
Sudies (Forest Engineering), NZ School of Forestry, Uni-
versity of Canterbury, and Head, NZ School of Forestry,
University of Canterbury.
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Controlling the impacts of harvesting on site and soil
quality remains one of forest management’s greatest
challenges. Improvements in machine design and a
growing awareness of machine-soil-forest interactions, in-
cluding theidentification of soil physical constants above
which root and/or tree growth begin to be affected,
represent ways of limiting some of the adverse impacts
described above. More commonly, soil cultivation
treatments such as ripping, mounding, or discing provide
ameansof reversing any potential reductionin soil quality
and site productivity, though given the complexities of
soil and vegetation response, the results can be highly
variable[6, 10].

M echanisation of forest harvesting in New Zealand has
been considerable since the mid 1980s [19], and previous
studies have demonstrated that New Zealand is no
exception to the site and soil disturbance associated with
the use of heavy forest machinery [1, 2, 17, 18, 24]. Asa
result, Murphy et al. [18] suggested that considerable
productivity lossesmay have already resulted from poorly
managed harvesting operations.

Rayonier NZ Ltd. expressed aneed for decision support
when selecting harvesting machinery; and the timing of
harvesting operations relative to ground conditions. In
response, a study was undertaken in New Zealand's
Southland, a region where operations typically are
conducted under wet ground conditions. The study’s
hypothesis was that the rate and amount of soil
disturbance depend on the season of operation, the
machine type, and the number of passes made by the
machine.

This paper summarises a selection of the results of the
study, whichiscovered in much greater detail in aformal
report madeto Rayonier NZ Ltd. [27]. Notethat athorough
treatment of the soil density determination methods has
already been published in Wood et al. 2004a[26].

THESTUDY

The study constituted aclassical experiment with repli-
cates. Independent variables were:

- season (“dry” season — November 2001 —Trial 1; “wet”
season — June 2002 —Trial 2)

- machine(Timberjack 1710 forwarder, John Deere 648G-
I1 skidder, Caterpillar 525 skidder)

- number of passesby machine (0, 1, 3, 10, and 30 passes)

Theforwarder and two skidders used in the project are
shown in Figure 1. Nothing is to be taken as significant
about the choice of machines other than the fact that they
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Figurel. Machines used in the study: (a) Timberjack
1710forwarder, (b) John Deere 648G-11 skidder,
(c) Caterpiller 525 skidder.

were typical of the equipment used in the region and no
endorsementsor criticismsareimplied. Machine charac-
teristicsaregiveninTable 1.

Sitedescription

Thetest sitewaslocated in Taringatura Forest, approxi-
mately 50 km north of Invercargill, on New Zedand’s South
Island (Figure 2). It was arelatively flat areain rolling
hills, sitting at approximately 430 m above sealevel, witha
southerly aspect (Table 2). The site was established with
aplanting of Radiatapinein 1972 at aspacing of approxi-
mately 3 x 3 m. Pedologically, the soil at the sitewas de-
scribed as stony silt-loam in texture, typical of the broader
forest area(Tables 2 and 3).

Prior to harvest in September 2001, two parallel stripsof
ground, 170 x 20 mand 310 x 20 m, approximately 80 m
apart, werelaid out (Figure 3). Anareaconsidered typical
of the forest block’s soil and terrain was selected. Care
wastaken to avoid windthrown stems, drainsand streams.
The forest immediately surrounding the two strips was
first harvested mechanically, theremainingstripswere then
felled motor-manually and the stemslifted out mechanically
toensurenotrafficking of theground. Thetwo untrafficked
stripswere divided into 48 plots, each 10 m x 20 m (Fig-
ured).

Five of the 48 plotswere not used —three due to water-
logging and two due to accidental trafficking prior to the
trials. Asaresult, anumber of trafficking treatments had
to beomitted: Trial 1 —CAT 525 (30 passes, replicates 1
and 2), Tria 2 —John Deere 648G-I1 (30 passes, replicate 2)
and CAT 525 (30 passes, replicates 1 and 2).

METHODS

All thetrafficking for agiventrial wascarried out onthe
same day on randomly allocated plots. The direction of
travel along each plot varied: the forwarder was able to
move forwards and backwards, but the two skidders had
to passthrough the plot in one direction only. The equip-
ment was loaded during all passes. During the second
trial, the 30-pass treatment by the forwarder in one plot
was stopped after 17 passes when deep uneven rutting
rendered the machine unstable.

On completion of trafficking, avisual assessment was
made of the ground conditions along the trafficked areas
relativeto theun-trafficked areas of each plot. Disturbance
classes 1 through 4 were assigned according to the
designations in Table 4. In addition, to provide a
quantitative measure of ground disturbance associated
with each treatment, cross-sections of the ground surface



Table 1. Machine characteristics.
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Forwarder Skidders
Timberjack 1710B John Deere 648G-I1 Cat 525

total length (m) 1085 7.25* 5.55%*
width 34 325 31
operatingtare weight (kg) 19000 12500 13600
measured payload (kg)* 12700 4900 4300
tyre/track width (m)* 0.70 080 080
traction aids steel band tracks, steel chains, steel chains,

front and rear bogies front wheels front wheels

figures based on manufacturer’sliterature, except where stated:
*authors' assessment from scaling and standard taper equations,

**not including grapple
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Figure 2. Study sitelocation.

Table 2. Areasite description.

soil series Kawera
soil texture stony silt loam
New Zealand

soil classification AcidicAllophanic Brown
International soil

classification Humic Dystrudept
location (NZ Map Grid) 2140950, 5461700 (£ 50m)
elevation 430m
slope 5
aspect 180
annua rainfall 1000 mmvyr
drainage good, water tableat 2.0m
vegetation Pinus radiata stumps,

coprosma, bracken

parent material greywacke and loess
geological substrate greywacke
topsoil depth 02m
total rooting depth 0.7m
limiting horizon bedrock

pers. comm: T. Webb, Soil Scientist, Landcare Research
New Zealand (Unpublished data).
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Table 3. Sail profile description for Block 308, TaringaturaForest.

Horizon

LAH

Ah

AB

Bwl

Bw2

R

80cm

0-10cm

10-20cm

20-35cm

3556cm

56-100+cm

Description
dark reddish brown (5Y R3/2); abrupt wavy boundary

brown to dark brown (10Y R4/3) silt loam; strongly devel oped peds; many distinct
(10Y R5/4) and common distinct (10Y R3/3) mottles; few fineand many extremely
fine roots; no voids; indistinct smooth boundary

dark yellowish brown (10Y R4/4) silt loam; strongly devel oped peds; many
distinct (10Y R5/5) and common indistinct (10Y R4/3) mottles; few fineand many
extremely fine roots; no voids; indistinct wavy boundary

yellowish brown (10Y R5/8) silt loam; strongly devel oped peds; common ex-
tremely fine roots; no voids; diffuse smooth boundary

yellowish brown (10Y R5/8) silt loam; strongly devel oped peds; common ex-
tremely fine roots; no voids; abrupt wavy boundary

greywacke

pers. comm: T. Webb, Soil Scientist, Landcare Research New Zealand (Unpublished data).
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Machine / no. of passes

Machine 1 - Timberjack 1710

Machine 2 - John Deere 648G-l

Machine 3 - Cat 525
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Figure 3. Layout of study site (not to scale). heavetotal > 20 cm
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Figure4. (&) Test plot layout (not to scale), (b) rut depth
and disturbance index determination from
cross sections, hl = h2 (not to scale).

310m

Table 4. Ground disturbance severity.

Leve Description
1 litter / duff layer largely intact
% 30 2 litter / duff layer extensively torn and
o d! splaced, often mlxed_ Wlth organic soil layer
PP 3 displacement of organic soil layer, rut-to-
Pr—— heavetotal <20 cm
4 displacement of mineral soil layer, rut-to-




were measured at two locationsa ong each plot. For each
cross-section, the distance between the ground surface
and areference string linewasmeasured at 10 cmintervals
(Figure 4). The measurements for the disturbed ground
(widths BC and DE in Figure 4) were extracted, and the
standard deviation used as a measure of ground distur-
bance for each width. The average of the eight standard
deviations was then obtained for each treatment
(2 replicates x 2 cross sections per plot x 2 wheel paths
per cross section).

To examine soil physical propertiesduring Trials 1 and
2,0.75 m x 1.50 mtest patcheswithin each plot werelocated
so as to avoid obvious rocks and large roots (Figure 4).
The ground at each test patch was prepared by removing
any loose litter and logging debris to expose the upper
soil surface. Measurement of soil physical propertieswas
undertaken within two weeks of trafficking. Following
completion of each sail test, the area disturbed during
testing was marked on the ground with weather-proof paint
to avoid re-using the ground during subsequent soil
testing.

Subsequent to Trials 1 and 2, observationson the effects
of ripping to adepth of approximately 75 cmon soil physical
properties were made for a selection of the machine
treatments. Ripping took place in July 2002 using a
Komatsu 220L C tracked excavator equipped with aboom
amounted winged ripping tine of approximately 75 cm
length. Rip lines were orientated from north to south at
approximately 2 m spacing (Figure 4). The machine
treatments chosen for the ripping trial were the 1- and
10 passtreatments of the Timberjack 1710 forwarder and
John Deere 648G-I1 skidder applied under both dry (Trid 1)

Table 5. Soil properties measured and methods used.
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and wet (Trial 2) conditions.

M easurement of Soil Physical Properties

A summary of soil properties measured and the methods
employed is given in Table 5. Statisitical analyses were
limited to t-test comparisons (P = 0.05). Cone penetration
resistance and dry density datawere measured to provide
information on basic soil impacts, values were later
compared those cited in previous studies as limiting root
and tree growth (see Discussion). Additional factors
relating to soil quality as a growing medium such as
moisture content, organic matter content and particle size
distribution, werealso measured. Liquid and plasticlimits,
and soil compactibility were determined to provide further
information when interpreting soil response.

A full treatment of the methods used for penetration
resistance, density and water content determination,
including a discussion of the Shelby tube method and
comparison of all methods used, is provided in Wood et
al. (2004) [26], and will not be repeated at length here.

Cone penetration resistance was measured using a
recording portable unit with a detachable conical tip (30°
point angle, basal diameter 12.8 mm). During Trial 1, cone
penetration resistance was measured in the untrafficked
test patches (C, and C,, Figure 4) of eight randomly chosen
plots, and then in all the trafficked test patches (NE, SE,
SW and NW, Figure 4) of al 22 plots. During Trial 2, cone
penetration resistance was measured in the untrafficked
test patches of all 21 plots (C, only, Figure 4), and thenin
all thetrafficked test patches of each plot (NE, SE, SW and
NW, Figure 4). In each test patch, six penetrations were

Property Method Depthrangeand Pretrial  Trid1l Trid2  Reference
(increment), cm

organic matter loss on ignition 0-20(5) Y [13]
particlesizedistribution* hydrometer 0-20(5) Y [3
liquidlimit* Casagrande apparatus, fall cone 0-20(5) Y [3
plastic limit* 3mmthreads 0-20(5) Y [3
compactability* Proctor testing 0-20(5) Y [3
water content manual core sampler 0-20(5) Y

Shelby tube sampler 0-30(5) Y

Hydrosense soil water meter 0-12(12) Y Y
penetration resistance soil penetrometer 0-45(5) Y Y
density manual core sampler 0-20(5) Y Y

Shelby-tube sampler 0-30(5) Y

nuclear density gauge 0-20(10) Y

*pased on bulk soil samples collected fromthe 0-5 cm, 5-10 cm, 10-15 cm and 15-20 cm depthsfrom the untrafficked area

of asingle randomly chosen plot.
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made and combined to provide a mean value for each
depth increment.

After the site was ripped, cone penetration resistance
was measured at the untrafficked/unripped, untrafficked/
ripped, trafficked/ripped and trafficked/unripped test
patches of each plot (C, C,, NW and NE respectively,
Figure 4). Measurement was performed on the 1-passand
10-passtreatments of the Timberjack 1710 forwarder and
John Deere 648G-I1 skidder, applied originally under both
dry (Trid 1) andwet (Tria 2) conditions. In eachtest patch,
six penetrations were made and combined to provide a
mean value for each depth increment. Based on
observations during Trials 1 and 2 regarding the shallow
and stony nature of the soil, testing waslimited to adepth
of 30cm.

During Trial 1, gravimetric water content and dry density
were measured using amanual soil sampler. Soil samples
of known volumewere collected from the untrafficked test
patches (C,, Figure 4) of eight randomly chosen plotsat 0-
5cm, 5-10 cm, 10-15 cm and 15-20 cm. Laboratory
determination of water content and dry density for each
sample was based upon weighing and drying at 105°C
until aconstant mass was achieved. Water contents were
also obtained in thefield using atime domain reflectometry
(TDR) unit. During Tria 1,the TDR unit wasused inthe
untrafficked test patches (C, and C,, Figure 4), of eight
randomly chosen plots, and during Trial 2, in the
untrafficked test patches (C, only, Figure 4) of all 21 plots.
In each test patch, four samples were taken and then
averaged. Given the shallow and stony nature of the soil,
only the unit’s shorter (12 cm) probes could be used.

During Trial 2, water content and dry density were meas-
ured in selected untrafficked and trafficked test patches
using a Shelby tube sampler of known volume [26]. In
each of the 21 plots, tube sampleswere collected from the
untrafficked test patches (C, only, Figure 4) and trafficked
test patches (NE and SW only, Figure 4). In the labora-
tory, water content and dry density were calculated for
continuous 5 cm slices of the extracted soil. These data
were combined and presented for 10 cm depth increments
tofacilitate broad comparison with additional density val-
ues determined with a nuclear moisture-density gauge.
Nuclear testing was performed according to the manufac-
turer's recommended procedures [11] in the same
untrafficked and trafficked test patches sampled with the
Shelby tubes.

RESULTSAND COMMENTS

Thepre-trial values of the soil’sphysical propertiesare
givenin Table 6. Theinitial water contents and organic

Table 6. Pre-trial physical propertiesof soil (mean | standard deviation | number of samples).
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40]0.00|4

18|0.30|4
28|1.83|4
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2210244
2710824

30|1.50|4
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% Sand

%Silt

Texture, fraction < gravel sizes:

Organic content, %

30|252|4
43|2.87|4

% Clay

57

not plastic

56

not plastic

62
not plastic

122@32

67

not plastic

(kN/m®) @ OMC%*** 11.2@37

Liquid limit***

Plastic limit***

129@30

129@30

adry max

Standard compaction:

*pased upon soil samples collected with the manual sampler (Tria 1) and Shelby tubes (Trial 2) from the untrafficked test sites

** 0-12 cm depth increment only

*** g single test was performed in each case (OM C% - optimum water content).



contents reflected anticipated trends. The organic con-
tent was high, and decreased with depth. The water con-
tents were appropriate for the organic contents observed.
They decreased with depth, as organic content decreased,
and showed variability with the season, being wetter in
thewet season, with the variability decreasing with depth.
Texture was evidently independent of depth to 20 cm.
The silty nature of the soil resulted in the relatively high
liquid limits. The soil was non-plastic: no plastic limit
could be determined. Relatively low standard Proctor
maximum dry unit weightswere determined. The Proctor
unit weightsincreased with depth, as expected, given the
decreasing organic contents.

Ground disturbance by class for the three machines
during the two trials is shown in Figure 5. Disturbance
increased as the number of passes increased, and as ex-
pected, more disturbance was observed during the trial
conducted in wet conditions. The same trends were dis-
played in the graphs of ground disturbance index, Fig-
ure 6. The observed disturbance class of the soil began
to climb with between 3 and 10 passes. It was generally
one class higher in the wet season, al other things being
equal. Some distrust of the disturbance class approach
led to the devel opment of the disturbanceindex, the stand-
ard deviation of the rut depth measurements. Standard
deviation was selected asit removesthe effect of thearbi-
trary and differing heights of thereference string linefrom

(a) Trial 1 - dry season
o4
[u]
°

3
8
E W Timberjack
_‘5_ 2 EJohn Deere
% OCat
g1
=
2
90 ._I ._I
1 3 10 30

Number of passes

(b) Trial 2 - wet season
® 4
[0}
©
§ 3
g W Timberjack
_5_ 2 M John Deere
(2]
= Ocat
g1
=
2
O

1 3 10 30
Number of passes

Figure 5. Ground disturbance class observations.
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Figure 6. Ground disturbance index observations.

Ccross section to cross section. In the end, it bore out the
disturbance class observations, with, after 30 passes, the
index for trafficking during the wet season being nearly
four timestheindex for asingle pass.

All cone penetration data is shown for the dry season
tests (Trial 1) and the wet season tests (Trial 2) in Fig-
ures 7 and 8, respectively. Typical cone penetration data
collected after the site was ripped is shown in Figure 9.
Despite broad trends, differences in cone penetration re-
sistance data between all treatments were rarely signifi-
cant (t-test, P=0.05).

During the dry season (Trial 1), the penetration resist-
ance began from about 0.5to 1.0 MPaat the surface (Fig-
ure 7), where the soil was unconfined, increased linearly
to adepth of perhaps 20 cm, and then maintained a con-
stant value bel ow that depth, to adepth of 50 cm at which
testswereterminated. Therewasagreat deal of scatterin
the data below a depth of about 20 cm, caused by the
rocks and roots the cone encountered, with the recorded
penetration resistance ranging from about 2.0 to 2.5 M Pa,
with one exception. Down to a depth of about 20 cm,
withinthelinearly increasing range, theredid seemto bea
general trend of increasing penetration resistance with
increasing number of passes. However, that trend broke
down into scatter below a depth of about 20 cm.
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(a) Trial 1 - dry season, Timberjack (a) Trial 2 - wet season, Timberjack
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Figure 7. Penetration resistances, dry season.

Figure 8. Penetration resistances, wet season.



(a) Trial 1 - dry season, 10 passes, Timberjack
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Figure9. Typical penetration resistances before and
after ripping.

Similar observationsweremade for the resultsrecorded
during thewet season (Trial 2, Figure 8). The zero depth
penetration resistance was about half the dry season val-
ues due to the wetter soil, ranging from about 0.2 to
0.4 MPa. Againitincreased linearly with depth, to adepth
of about 20 cm. The penetration resistancewasrelatively
constant below that depth, varying from about 1.8 to
2.5 MPa, with a couple exceptions. Again, the data was
quite scattered below about 20 cm. In contrast to the dry
season results, there did not seem to be a consistent trend
of increasing penetration resistance for increasing number
of passes, at shallow depth of less than about 20 cm.

Thetrendswerefar more clearly delineated when pen-
etration resistance before and after ripping was observed,
and Figure 9istypical of all thedata. Clearly ripping de-
creased the penetration resistance markedly, for both the
trafficked and untrafficked pairs. The differences were
awaysgreater for achangefrom “not ripped” to “ripped”
than they werefor achangefrom “ not trafficked” to “traf-
ficked”.

The set of dry unit weight measurements obtained from
the Shelby tube sampling in Trial 2 isgivenin Figure 10.
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(a) Trial 2 - wet season, Timberjack
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Figure10. Dry unit weights from Shelby tube test data,
wet season.
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Dry unit weightswere approximately linear with depth, to
adepth of about 20 cm. Very closeto the surface, thedry
unit weightswere observed to range from approximately 5
to 7 kN/m? with one exception. No significant trend in
density with increasing numbers of passes, or machine
type, could be detected (t-test, P=0.05). Table 7 presents
the density results of nuclear and Shelby tube testing for
Trial 2. Inonly onecasewasthereasignificant difference
between the pre- and post-trafficking dry unit weights (t-
test, P=0.05).

DISCUSS ON

At first glance, the penetration and density test results
appear to be at odds with the disturbance class and index
observations, and also, the findings typical of previous
studies where considerable increases in soil density and/
or strength took place after only afew machine passes|4,
7, 12]. Inthe dry season, the penetration resistances did
show amild increase with increasing numbers of passes,
for al machines, but that rel ationship was not observedin
the high quality Shelby tube density test results. There
were no consistent trends of penetration or density with
machine type and weight.

However, there clearly was an increase in the distur-
bance and rutting as the number of passes increased, for
just a few passes, and that increase was exacerbated by
wet weather. How can density and/or penetration resist-
ance not go up —or not go up significantly with traffic, if
disturbance and rutting do so emphatically?

While the soil did not densify under traffic, and there-
fore did not offer greater penetration resistance, it did
move around dramatically under the action of thetyresor
tracks. A clueastowhy can befoundinthewater content
data, when compared to the Proctor compaction test re-
sults. Proctor testing gave optimum water contents for
compaction of from 37% to 30%, for depths from 0-5 cm
downto 15-20 cm (Table 6). The corresponding field wa-
ter contents, whether determined from the manual sampler
specimens, the Shelby tube samples or the TDR testing,
were al significantly above those values (Table 6, Fig-
ure 11). Thusthe soil was much wetter than the optimum
water content for compaction, rendering it much less
compactable (Figure 12). At the sametime, the high water
content reduced the shear strength considerably, in turn
reducing the bearing capacity offered to the tyres and
tracks. Asaconsequence, the soil shifted around consid-
erably under traffic, but did not become denser.

The message in the data is that large amounts of soil
disturbance are not necessarily accompanied by detrimen-
tal compaction, particularly if the soil is well above the

optimum water content for compaction as determined in
the Proctor compaction test. The action of harvesting
equipment would have little impact in the sense of
densification of the soil. Hence, although in this casethe
soil could be heavily disturbed, it would offer no more
resistance to root penetration after trafficking, asthe new
crop beginsto grow. Intermsof site productivity, thresh-
old values of soil resistance to penetration of 2.5 — 3.0
MPa[9,13,14, 21] and dry bulk density of 1.2—1.5g/cm?®
[5,.15,.16,.23,.28] have been demonstrated to affect root
and tree growth subject to species and soil type. In this
study, soil properties seldom approached these limiting
values.

It must be remembered, however, that large rutslead to
pooling of water, and the augmented tendency for erosion
and sediment transport. Tillage, such astheripping used
in this study, can not only beneficially loosen up the soil,
but also restore amore even surfacewhichislessproneto
erosion, and presents better planting conditions for the
next crop.

CONCLUSIONS

The conclusions that can be drawn from the study are
made within the following bounds:

- work took place on one large site in Southland, New
Zealand

- testing took place in two seasons, “dry” and “wet”

- three particular machines were used in the tests, one
forwarder and two skidders

- number of passes up to 30

In the study, cone penetration resistances were linear
with depth, to approximately 20 cm. Below that depth,
they were relatively constant with depth to the extent of
testing at about 50 cm, but there was a wide scatter in
values.

Penetration resistances increased somewhat with the
number of passes, when observed during the dry season.
During the wet season, that pattern was not evident. Pen-
etration resistance was independent of which of the three
machinesdid thetrafficking.

Tilling the soil by ripping it produced a significant de-
crease in cone penetration resistance.

Soil disturbance, as reflected by the disturbance class
or measured with the disturbance index (standard devia-
tion of rut depth measurements) increased markedly over
the first 10 or so passes. The level of disturbance was
strongly affected by which season thetrafficking wasdone
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Figure11. Water contentsfrom Proctor compaction testsinin situ manual sampling (Trial 1) and Shelby testing (Trial
2).
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in, with considerably greater disturbance observed in the
wet season.

It was observed that while the soil was remoulded and
moved a large amount by machine traffic, it was not
densified. Whilethelack of densification would be ben-
eficial tothegrowth of the next rotation, large amounts of
soil displacement could lead to puddling and running of
surface water, which in turn could lead to significant ero-
sion. Besides loosening the soil, ripping was seen to
leavethe soil in asmoother state, reducing the chances of
erosion.
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