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Introduction

The major soil parameters affecting plant productivity are structure,
rooting volume, dralnage, and fertiilty. Management activities which cause soll
deformation modify soll structure and thus affect productivity. The affects may
be either beneficial or detrimental and they can be very Important for plant
production. Tillage Is a kind of soll deformation practiced for Its beneflts.
However, most of the soll deformation experienced In wildland management [s
detrimental; it tends to diminish the productivity of forest, range, and

recreation lands.

Lateral dIsplacement, compaction, puddling, and consolidation are atl
different kinds of soll deformation. | wlll address all but consolldation,
which Is an englneering consideration most Important In dealing with foundations

for permanent structures.

There Is a large volume of |lterature on soll compaction. A bibllography
subcommittee of the soll compaéflon committee of the American Soclety of
Agricultural Engineers complled an annotated bibllography of 600 articles about
1958. Also, Lull (1959) authored a very good review of the |lterature on soll
compaction for wlldland management. Several reviews on soll compaction and
plant responses have been published more recently, generally of more limited
scope than Lull's review; for example, Vomocl| (1957), Rosenberg (1964), Barley
and Greacen (1967), Liddle (1975), Chancellor (1976), Canneil (1977), Greacen
and Sands (1980), Soane et al. (1981, 1982), Ruark et al. (1982), Byrnes et al.
(1982), and Froeh!lich (1984). | will add to Lull's review, explaining the maln
concepts and some of the consequences of soll deformation. The engineering
| iterature Is so extensive that only a few of the more pertinent articles are
Included In the bibllography. Much of the engineering |[terature has been
reviewed by GI!| and Yanden Berg (1967) and In the 9 chapters of Compaction of
Agricultural Solls edited by Barnes et al. (1971).

The following text contains some paragraphs which are more technical than
most of the manuscript, or are difficult to follow without a technical
background. Llnes are single-spaced In these paragraphs. They can be sklpped

without detracting from the rest of the manuscript.



Summary

A. Soll and Its deformation. Any unconsclldated materlal at the surface of
the earth |s conslidered to be soll, unless the materlal is artificlal or >350%
(welght) of the materlal Is coarser than 2 mm. Solls are not homogenous,
because randomly distributed particles In them are rearranged by natural forces
within solls. Soll structure, or particle arrangement, Is malntained by
coheslve forces between particles. External stresses (stress = force/area)
deform solls when the resulting forces are greater than the sum of coheslve,
adheslve, and frictional forces within solls. Soll water Is Important at |ower
contents due mainly to adhesion and at higher contents due mainly to the
redistribution of stresses. By reducing the forces between particles, water
reduces frictional forces and thus decreases soll strength. With less strength
a soll Is more easlly deformed. Soll conslstence Is a measurs of strength.
Noncoheslve solls are loose, although to englineers ™noncoheslive™ |s a broader
category of solls. Strong cohesive scils are hard when dry, flrm when moist, or
stiff ("plastic") when wet. Weak coheslive solls are soft when dry, friable when

molst, or nonplastic when wet.

B. Natural soll density and porosity. Solls are about half solid particles
and half pore space between the solld particies. Surface solls generally have
more porosity than subsoils. Densitles of the solid particles average about
2.65 Mg/ms, or about 1.37 Hg/m3 for organlc particles. The density of a
volume of soll Including both solld particles and Interparticie pore space Is
called bulk density. It ranges from 0.2 Mg/m3 or less for organic solls to
about 2.0 Mg/m3 In very dense subsclls or compacted +tl1l. Surface soll bulk
densities are commonly on the :order of 1.0 Mg/m3 and subsol| bulk densitles
are commonly sbout 1.2 to 1,5 Hg/ms. Coefficlents of varlation for both
surface and subsoil densitles are generally on the order of 10 to 15%, although

some [nvestigators have reported coefflclents greater than 20%.

C. Measurement of deformation. Compactlon, puddiing, mixing, and lateral

displacement are dIfferent forms of soll deformation. Sol!l strangth Is the
reslistance to deformation. Cone penetrometers are commonly used to assess soll

strength In the fleld. Compaction Is a decrease In volume. ‘It |s assessed mos+t
directiy by measuring the bulk density, which Is the welght per volume of soll.
It may be assessed Indlirectly by measuring soll permeabllity or Inflltration

rates.
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Methods of measuring soll bulk density:
Core - The most direct method, simple; but cores cannot be driven Into gravelly

solls nor Into solls with many roots.

Clod - Applicable to all except noncohesive sclls; clods are generally coated
with paraffin or saran for Immerslon In water to determine voiumes.

Irregular hole - applicable to all solls; excavated holes may be fliled with
sand or styrofoam beads to determine volumes.

Transmisslon of gamma radiation - appilcable to all except very gravelly solls
and organic solls, but soll water content must be determined +o convert molst

bulk density to dry bulk density.

D. Management inducad deformation. The area of soll dlisturbed ranges from
all In aerlal logging operations to 1008 In tilled seed orchards and In some
conversions of brushy rangeland to grass. Soll dlsturbance generally covers
about 20 to 50% of an area In clear-cut tractor logging and solls are noticeably
compacted In about half of the disturbed area. Undlsturbed bulk densities are
generally increased 10 to 80% In skid trails. Most of the Increase Is caused by
the first 3 to 6 round trips. Soll macroporosity and Inflitration rates are
markedly affected by less trips. Site preparation for planting may cause more
soll disturbance than harvesting operations, but compaction Is generally not too
great where small tractors operate over |ltter-covered soll. Animals exert as
much, or more, stress on solls than tractors; however, they compact solls less
deeply. Nevertheless, compaction by grazing animals may reducs Inflltration
enough to Increase runoff over the ground surface. Compaction by pecple Is
serlous In many campgrounds. Off-road vehicles and horses generally cause more

disturbance along trails and more sol! compaction than do hlkers.

E. Predicting Deformation. The susceptiblility of a soll fo displacement or
compactlion Increases as Its strength decreases. |f management operations are
about +o commence, predictions of compaction may be based on cone Indices
obtalined with a cone penetrometer or based on any other Index of soll strength.
Long-range predlctions of soll compaction must be based on soll propertles and
soll water content expected for the date that management operations are
scheduled to occur. The Important scil properties are texture (particle-size
distribution, PSO), particle shape, particle composition, the clay fraction and
I+s chemlcal environment, organic matter content, particle arrangement and
aggregation, and In some cases cementation. Particle-size dlstribution has

recelved the most attention, but It Is not nearly as important as organic matter
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content. Sandy loam, and possibly sandy clay loam, solls tend to have the
highest bulk densitles In undisturbed states. Bulk densitles are greatest for
poorly sorted, or well graded, materlals. The relative (percent) Increase In
bulk density upon compaction Is about the same for solls of any texture. Sandy
loams or sandy clay loams, are stil| the heaviest after compaction. Small
amounts of water Increase the strength of noncohesive solls. However, once the
caplliary pores are fllled, larger amounts of water decrease the strength of
solls. Solls are most susceptible to compaction at water contents near fleld
capaclity. - Since water Is practically Incompressible, saturated solls are not
susceptible to compaction. However, saturated solls are easlly puddled or

displaced, as In ruts.

F. Effects of Deformation. Lateral dlsplacement of soll can have dramatic
effects on productivity and the hydrologic regime, due to the removal of surface
soll wlth more organic matter and the exposure of denser subsol!. The effects
of soll compaction can be dramatic too, but they are generally less severe than

-lateral displacement. Root penetration decreases as soll strength Increases and

seration decrsases In compacted solls. The root - growth of most specles Is
completely stopped at buik densitles from about 1.4 Mg m-3 n clayey solls to
about 1.8 In sandy solls. Restricted root growth reduces top growth and yleld,
unless the solls are moist In the roof’zéne throughout the growing season and so
fertile that plenty of nutrients can be obtalned from 2 reltively small volume
of soll. The helght growth 6f young trees may be reduced by one-third.
Reductions In yleld or the volume of bole wood may be conslderably greater. In
the most compacted par+ (mean bulk density = 1,12 Mg m-s) of & plantation with
15 year old ponderosa pine trees on Alken loam, the voiume per tree was 21% less
than In the least compacted part (mean bulk densisty = 0.83 Mg m'3); however,
the total volume was 53¢ jess In the most compacted part due to less +trees In

additlion to less volume per tree.



G. Reduction of Compaction. The natural structure of disturbed solls may
be restored by shrink-swell due to drying and wetting, by frost actlon, and by
blotic activity. Recovery to undisturbed bulk densities may require only a few
years where the natural processes of amelloration are most actlve and compaction
Is not too deep to decades or centuries where the processes ars least actlive.
Recovery |s paticularly slow In nonclayey solls of warm climates, or even in
cold climates such as In the Slerra Nevada and Cascade Ranges where a thick
blanket of snow covers the ground throughout the winter. Recovery may be
hastened by tiilage, the addition of plant residues or other amendments, or a
comb ination of *+1llage and amendmenfs. Deep t1ilage prlor to planting trees In

compacted areas Is effective for Improving seed!ing survival and growth In many
solls. Discing however, Is least effective In the more compacted solls where the

benefits of tillage could be greatest, because It 1Is dIifficult for discs to

penetrate deeply Into compacted solls.



Richard Howard at different water contents (Fig. 5B). The soll mixtures

compacted at similar water contents exhiblt |lnear poroslty-pressure |oss
relationships at higher porosities, but a [inear relatlionship Is hardly evident
for soll compacted at dIfferent molsture contents. A nonlinear ‘total
porosity-pressure loss relationship does not  necessarily Invalldate
Stelnbrenner's hypothesis of |Inear macroporosity-pressure loss relatlonships

but could be due to nonllnear macroporosity-total porosity relationships.

The total porosity-pressure loss relationships are not nearly as good for
fleld compacted solls as they are for sleved mixtures. Natural solils have many
more complex pore spaces compared to all simple packing volds In the remolded
solls., The air permeameter cannot be used In noncoheslve solls nor In solls of
very low density unless they are cemented, because the 100 kPa pressure wllil

displace solls with |It+tle strength.
D. Management Induced Deformation
1. Areal extent of disturbance

The area over which solls are disturbed Iin land management varles from
practically 100% for annual crop land +to possibly less than 19 for some
extenslvely managed tImber land which [s harvested by helicopter or balloon
logging techniques. As the detrimental effects of dlsturbance on soils and
thelir producflvlfy become more unlversally apparent, there Is a trend toward
less disturbance. Conservation, or minimum, tlllage Increased from less than 3%
of the harvested cropland In the United States In 1965 to more than 16% before
1980 (Larson and Osborne, 1982). By 1978, about 20% of the corn and soybean
crops In Kentucky were no-tl!lled. Although the statlstics are not as dramatic
In forestry, theres Is a trend toward more planning of skid tralls In order to
minimize tractor trafflic In partial cutting and thinning tImber (Bradshaw, 1979,

and Froehlich et al., 1981), and more stands on only moderately steep slopes are

. being harvested by cable rather than by +tractor. IT Is more difflcult *to

demonstrate the detrimental effects of soll disturbance on timber than on annual
crop productlion; not necsssarlly because the effects on timber production are
any less than those on annual crop production, but due fo the problems Involved

In estimating the productivity of timber land.
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Tillage Is a planned disturbance. Disturbances by off-road vehicles (ORVs)
and grazing animals are generally unplanned, although the main trave! routes can
be controlied. Rutting and puddiing of wet solls, and lateral dIsplacement of
dry noncohesive solls, are sometimes greater problems than soll compaction by
ORVs. Although roads, landings, and sometimes even sklid tralls may be planned,
much of the disturbance In timber harvesting Is unplanned. Site conversions of
relatively unproductive plant communities to timber specles or forage plants may
Involve disturbances In the removal of undesirabie plants and preparation of

seed beds.

Stelnbrenner and Gessel (1955) found that In tractor logging of ciearcut
areas In western Washington 26% of the area was covered by skid-tralls.
Wooldridge (1960) found In north-central Washington that tractor logging
disturbed 29% and skylIne logging disturbed 11% of the ground surface. Tractor
logging disturbed the soll beneath the surface |Itter cover In 22§ of the area,
but soll disturbance occured In only 5% of the skyline logged area (Wooldridge,
1960). Skyllne cable logging disturbed less than 10§ and severely disturbed
less than 3% of the surface soll In an area of West Yirginia (Patrlc and Gorman,
1978). Dyrness (1967) found much more dlsturbance from skyllne logging In the
H.J. Andrews Experimental Forest, Oregon. Soll was dIsturbed In 40%f of the
high-lead logged area and soil dlsturbance was nearly as extensive In the
skylIne logged area. However, disturbance was generally deeper and consliderably
more severe In the high-lead logged area. Tractor logging In the same
ExperImental Forest dlsturbed 64% of the area and the area of compacted soil was
much greater than with high-lead logging (Dyrness, 1965). Garrison and Rummel |
(1951) found less soll exposure from horse logging than from elther +tfractor or
cable loggling. Hatchell et al. (1970) Investigated loggling disturbance In nine
areas on the Atlantic Coastal Plaln. They found 12 (3 to 23) percent of the
area ln.prlmary skld tralis, 20 (9 to 42) percent In secondary skld tralls, and

1.5 (0.3 to 5) percent In log decks.

Haupt (1960) estimated soi! dlisturbances durlng partlal cutting of ponderosa
pine stands In ldaho. He found that the aerial extent of dlisturbance was
dirsctly proportional +to the amount of timber harvested. The area disturbed

ranged from 5% to 18% In single tree seiection and to 13% In group selectlion.
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Froehllch et al. (1981) Investigated the effects of designated skid trall
systems. They found that skld tralils covered 209 of the area [n conventional
thinning, 11% with tralls 100 feet apart, 7% with tralls 150 feet apart, and 4%

with tralls 250 feet apart.

There are many more data on ground‘dlsfurbance In logging, but these are
enough to Indicate the wide dlversity of results obtalned with dlfferent -
equlpment, operators, and logging techniques In timber stands of different
composition In different types of terrain with different soils. Added to all
these varlabl;s are dlifferent methods of Investigating and reporting
disturbance. Most of the methods are visual and somewhat subjectlve. Buik
dens!ty measurements are more quantitative but generally tco time consuming for
the large numbers of samples required to obtalin statistically significant
results. The Steinbrenner alr permeameter Is useful for estimating both the
extent and severlty of soll disturbance and compaction. Readings are qulck and
quantlitative. However, large numbers of readings may be required to
dlfferentiate between undlsturbed and disturbed and compacted solls, due to tThe

large varlance of readings within an undisturbed area.

A.G. Sherrell, B. Wickman, and K. Lanspa used a Steinbrenner alr permeameter
to determine the extent of compactlion In 10 tractor and one skyline logged areas
of the Paciflc Southwest Reglon, Forest Servicse, USDA. They found that the soll
iIn 25 +o 48% of the tractor logged arsas was visibly disturbed and that 13 to
314 was compacted (Table 7). The criterion for compaction was an air
permeameter readlng greater than 11.6 ps! (80.0 kPa) or, If the mean background
reading In undisturbed spots was less than 5.2 psl (35.9 kPa), a reading greater
than one-half the background reading plus 9.0 psli (62.1 kPa).

In desert areas, where the solls are usually dry and thus have c&mparable
matric potentials, penetrometers are useful for estimating the areal extent of
compaction. Adams et al. (1982) ut!llzed a penetrometer to determine compaction
by Increases In soll strength on off-road vehicle tralls and In areas of [ntense

| lvestock use In the MoJave Desert, Callfornia.
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Any exposure of mineral soll wlll subject the bared surfeca.fo compaction by
ralndrop Impact. Tarchitzky et al. (1984) found that simulated rain Increased
the bulk density of a sandy soll from 1.42 to 1.74 Mg/m3 and that of a clayey
soll from 1.35 to 1.88 Mg/ms. Since the compacted crust Is generally less than
one to a maximum of a few mm thick, the adverse effects are due largely to
reduced Inflltration and also t© reduced exchange of air between soll and

atmospherse.

Table 7. - Areal extent of soll disturbance and compaction from loggling 11
timber sales In the Paclflc Southwest Reglon of the Forest Service. Most of the
solls were dry when the areas were logged —— only In one area were the solls

wet, and there they were frozen In the mornings.

Logging Silvlcultural Area
Method* Prescription Disturh *
— ] e
Skyl ine Overstory removal ) 22 3
Tractor Overstory removal 25 14
Tractor Overstory removal 44 21
Tractor & RTS Overstory removal (wet) 36 14
Tractor & RTS Commercial thinnlng 34 18
Tractor & RTS Intermedlate sanitation 43 22
Tractor & RTS Intermediate sanltation 33 13
End-1ining Overstory removal 28 19
FMC Overstory removai 48 15
Tractor Partial cut 43 26
Tractor Clear-cuyt 43 3

* Tractor refers to sklddIng by crawler tractors. RTS = rubber-tired skldder.
End-1Ining means that logs were winched to designated skid tralls In order to

Ilmit the area traversed by tractors.
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2. Timber management

a. Harvest

Wherever |lt+ter has been displaced In timber harvesting to expose bare soil
there Is most llkely some sol] disturbance and generally at least some soll
compaction. Organic |ltter cushlons the effects of timber harvesting. When
tractor trafflc or logs displace the |itter they Impact the soll directly. The
Impact Is obvious If soll has been dlsplaced, but compaction Is seldom apparent
visually. Compaction may be obviocus If a tractor track or wheel has simply
depressed the ground surface, but moving tractors and logs generally displace
some sol| laterally too. The displacement of soll Is usually greatest where
tracked tractors turn In wet or noncoheslve solls. The forward ends of moving
logs can gouge and displace conslderable soll. |If the forward ends are |ifted
off the ground, the logs may displace less soll but do more compacting.

There Is surprisingly little difference In compaction due to different kinds
of tractors used In logging. Froehlich et al. (1980) found that a rigld-track
tractor caused slightly more compaction than elther a flexible=track tractor or
a rubber-tired tractor and solls were compacted to greater depth by the
riglid-track +tractor. The greater ground pressure of the rubber-tired tractor
was mors than offset by the greater weight and vibration of the rligld=tfrack
tractor. Mean soll bulk dens!ties Increased 11 to 20% In the uppermost 20 cm of
soll, depending on the kind of soll, after 20 round trips empty and loaded with
a rigld=-track tractor. Mean water Infiltration rates were reduced to 2.75 em/hr
under rligid-track +tractor tracks and to 3.23 and 3.54 cm/hr under the
flexible~track and rubber-tired tractor tracks (Cafferata, 1982). Inflltration
rates were reduced less where the logs dragged, between tracks, than under the

tracks for all but the rigid=track tractor skidding.

Air permeameter readings are generally more sensitive to the compaction of
surface scils than are bulk densitles. Helms (1983) dellneated areas In 2
15-year old pilantation to separate stands In which most of the tfrees fell Into
one of two helght classes. Surface air permeameter Pl differences (-10.4%)
from the area of taller trees to the area of shorter trees were greater than
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mean soll bulk density differences (7.4%) In the uppermost 30 cm of surface soll
(Table 8). However, the varlability of air permeameter readings wlthin each
height class was greater, such that the dIfference In soll bulk denslties

between classes was more highly significant.

Table 8. - Mean soll bulk denslitles and air permeaméfer pressure losses (Pl) In
two height class areas of 15-year old pondercsa pine trees. The areas were
delineated by Heims (1983) In a plantation of the Forest HIIl Divlide,
Callfornia. There were 227 trees In the area representing taller trees and 196

In the area of shorter trees.

Pl, Alr
Bulk Denslty —Permeameter
4 Inch 8 Inch 12 inch Mean* Surface 4 Inch
g/cm3 ——kPa=——
Tree helght class
taller trees 0.894 0.917 0.934 0.915 33.5 25.9
shorter trees 0.966 0.987 0.995 0.983 30.0 22.3
Class d!fference ,
absolute 0.072 0.071 0.061 0.068 -3.5 -3.6
percent 8.1 7.6 6.5 7.4 -10.4 =13.9
Standard Deviatlion 0.010 0.011 0.010 0.010 0.9 0.9
Student + 6,93 6.17 §.10 6.77 -3,82  -3.78

* Mean of all 3 depths.

In North Carollna, Gent et al. (1983) found that tractor logging Increased
mean soll bulk densities from 1.00 to 1.20 Mgm/m3 In the surface 3 Inches (7.6

an) of soll. They found mean Increases from 1.04 to 1.43 Mg/m3 In the surface
and from 1.45 to 1.68 Mg/m3 at the 9-12 Inch (23-30.5 cm) depth beneath skid

tralls. Relatlve (percant) decreases of both macroporosity and hydraullic
conductlvity In the surface (3-Inch) layer were much greater than the relative
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Increases In soll bulk density. However, hydraulic conductivity did not
decrease in the 9 o 12-Inch layer and the decrease of macroporosity was

Insignificant. The relatively smal| change In macroporosity at depth may be
attributed to greater density and much less macroporosity In the 9 to 12-Inch

layer even before logging. WIth much less macropore spacs, a larger proportion
of the dens!ty Increase upon compaction at depth in skid trails was probably due
to decrsase In nonmacropore space, Or pore spaca which has |Ittle affect on

hydraul Ic conductlvity.

Primary skld tralls are much more densely compacted than minor tralls with
only one or two passes or round trips. Miles (1978) found that surface sol |
bulk denslty Increases exceeding 0.3 Mg/ms, or about 40% greater than
undisturbed surface scoil, were common on the Blodgett Experimental Forest,
California. He attributed relatively smal! amounts of compaction on minor skld
tralls to the presence of 6 to 8 cm of organic |ltter cover which was no longer
present after several round trips on primary skild tralis. Loggling over drier
solls produced less compaction than logging over wetter solls. As well as more
compaction on wetter solls, Moehring and Rawls (1970) found that deep rufflng
and puddling of wet, undrained solls In Arkansas affected subsequent tree growth
adversely. According to Froehlich et al. (1981), undisturbed soil bulk
densities sre generally Increased by 10 to 80% In skid tralls, depending on the
soll water status among other variables. Campbell et al. (1973) found, In
Georgla, that a rubber-tired skidder compacted Pledmont surface soils from a
mean of 1.30 Mg/m3 to 1.45 on secondary tralls (+wo or more trips), to 1.51 on
primary trails, and to 1.57 on log decks. Uphlll skldding causes more
compactlon than downhlll skldding (Sidle and Drlica, 1981).

Froehlich (1978) summarized more data on soll compaction In logging.
According to Lull (1959), tractors seldom compact solls below 30 cm depth,
although Parker and Jenny (1945) reported compaction to a depth of 60 cm in an
orchard. Steinbrenner (1955) showed that the effects of surfacs soll compaction
on macropors space, and particularly the Inflltration of water, ars much greater
+han +he effects on bulk denslty. He found that It took 4 tractor trips during
wet winter and 6 during dry summer logging to increasse the soil bulk density
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more than +two-thirds of the maxIimum Increase after more +trips, but the
Inflltration of water was decreased more than 950% after two winter trips and

nearly 90% after four summer trlps.
b. Site preparation

After a stand of timber Is clear-cut, the area Is prepared for seeding or
planting seedlings from a nursery. The minimum requirement for seeding Is
exposure of bare soil, because organic |itter (or "duff") Is not a favorable
environment for the germination of seeds and the establishment of tree
seedlIngs. I|f seeds are to be plénfed, rather than relying on natural
dispersion from seed trees, the area may be cultlvated.

The maln objective In preparing a site for planting seedlings Is to control
or eliminate competitive vegetation. It Is not necessary to expose bare soll,
although organic |Itter Is commoniy removed to facilitate planting. Converting a
site of less deslireable tree species or brush generally requires more drastic

means than preparing a clear-cut area for planting.

Some means of site preparation have |ittle Impact of soll. Cutting or
crushing brush and applying herbicides has |ittle effect on solls, unless It
Involves the operation of heavy equlpmehf over bare soll. Broadcast burning of
slash In a clear-cut area generaily has an Impact In proportion to the amount of
the "duff" layer that Is burned. The Impact on soll escalates when tractors are
used to remove stumps, doze brush, or plle slash. Stransky (1981) measured soll
bulk densities at 10 cm depth, the depth of maxImum compaction, after 3 site
treatments following clear-cutting of loblolly pine stands In eastern Texas.
Site preparation Included the cufflngvof hardwood stems greater than one Inch
(2.5 cm) In dlameter at breast height. Slash burning had no effect on soll bulk
densitles, which averaged 1.29 Mg/cms. Cutting with a Marden chopper and
burning Increased the mean soll bulk density to 1.33 Hg/ms; and cutting with a
KG blade, raking, and burning Increased the mean to 1.40 Mg/m3.
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In the past, several Inches of soll has been pushed from some areas Info
windrows with brush. This practice has generally been abandoned followlhg
observations of poor tree growth In the severely scalped areas. Now brush rakes
wvhich minimize the dIsplacement of soll are used to move brush and plle It.
Still, two liInches (5 cm) of soll [s commonly removed from some areas In

Callfornia during site preparation with fractors.

Small tractors cause less compaction than large tractors. Nevertheless,
large tractors are often used for site preparation, because they are more
readlly avallable from timber harvesting, or because It Is desired to remove

large stumps.

Two slite preparation practices which have marked effects on solls are
terracing In steeper terraln and bedding In flatter terrain. Bedding Is the
amassing of soll and organic debrls Into ridges 15 to 20 cm high and 1 to 2 m
wide. (Halnes et al., 1975). It Is most commonly practiced In the more poorly
dralned soils of the Atiantic Coastal Plain. Bedding was effective In
Inc-sasing the growth of loblolly pine seediings where disking of compacted,
pooriy dralined solls was not effectlve In a clearcut of the Santee Experimental

Forest, South Carollna (Hatchell, 1981).
3. Range management.

Cattle and horses apply more stress (force/area) to solls than most tractors
(Lull, 1959). However, due to less weight, they do not compact soils as deeply

as tractors. Alderfer and Robinson (1947) found In one study of pastures In

Pennsylvania that compaction by Ilvestock was mostly limited to the uppermost
Inch (2.5 em) of soll. They found In a more extensive study (Robinson and
Alderfer, 1952), however, that most of the compaction in 32 permanent pastures
was In the 1 1o 5 Inch (2.5 to 12.5 cm) depth range and the structure of the
more compacted sol! was platy. Johnson (1952) found In North Carolina that the
total soll porosity In woodlands was reduced most (56%) In the 2 to 4 Inch (5 to
10 cm) depth range by heavy grazing but that |ighter grazing reduced the total
soll porosity more In the 0 to 2 Inch (0 to 5 cm) than In the 2 to 4 Inch (5 +to
10 em) depth range. Flfteen years of grazing a tall grass prairie In central
Missourl Increased the bulk density in the uppermost 4 Inches (10 cm) of soll,
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but no deeper (Kucera, 1958). Keen and Cashen (1932) found that sheep compacted
sandy soll to 10 cm depth, with the greatest compaction, based on soll strength,
at the 3 to 4 cm depth. Edmond (1958) found that the bulk density of a Manawafa
sllt loam Increased with sfocklng denslty of sheep from 1.08 to 1.16 Hg/m at 0
to 1.5 cm, from 1.17 to 1.26 Mg/m at 1.5 to 3.0 cm, and from 1.20 to 1.28 Mg/m

at 4.5 to 6 cm depth. Chandler (1940) found a mean bulk density of 1.15 Mg/m

In heavily grazed second growth hardwood stands of central New York compared to
0.92 Hg/m3 in ungrazed stands, not grazed by cattle. This Is much |ess 2
dlfference than Alderfer and Roblnson (1947) found between heavily and [IlIghtly
grazed pastures In Pennsylvanla. Auten (1933) found, that grazing Increased the
bulk density In the surface 23 cm of solls in Ohio woodlands by 15%. McCarty -
and Mazurak (1976) found surface bulk density Increases from 1.02 Mg/m3 In
ungrazed plots to 1.14 Mg/m3 In deferred and rotationally grazed plots to 1.22
Hg/m3 In continuos!y grazed plots In eastern Nebraska. |

Surface sol! compaction affects the macropores more than It affects bulk
density and total porosity. Read (1957) sampled the surface 3 Inches (7.5 ecm)
of A horlzons In both protected and heavlly utillzed parts of 3 shelterbelts In
South Dakota. The relative Increase In mean bulk density with utilization by
| ivestock was 21%, from 1.01 to 1.22 Mg/m3. However, the relative decrease I[n

mean macropore space (pores >0.02 mm) was 46%, from 14.1 to 7.6%.

Sant (1966) found In Indla that heavy grazing had |ittle atfect on the
surface sol| caplllary porosity but decreased the macroporosity as much as 52%

depending of the season of useage.

Stelnbrenner (1951) Investigated 6 palrs of grazed and adjacent ungrazed
farm woodlots In southern Wisconsin. The grazed and ungrazed woodiots In each
palr had the same soils and slope gradlents and aspects. Stelnbrenner found an
absolute decrease In surface soll macropore (pores>0.66 mm) space mean of -9.9%,
from 26.1 to 16.2%, In ungrazed to grazed woodlots, but an absolute Increase In
micropore (pores<0.66 mm) space mean of 4.8%, from 41.3 to 46.1%, In ungrazed’
woodlots. The decreases In rates of transmlssion of alr and water from solls In
ungrazed to those In grazed woodiots was even more pronounced than the decrease

In macropore spacs.
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Brown and Schuster (1969) found that grazing on the Llano Estacado of Texas
Increased soll strength much more +han bulk density. Sofl bulk density In a
grazed area was 18% greater In the surfacs 10 cm and 13% greater at 15 t0 25 cm
depth than In an ungrazed ares, but the penetrometer reslstance was 6 times

greater.

Concern about the Impacts of grazing In the western United States has been
focused on Inflltration, runoff, and soll eroslon mors than on soll compaction.
Inflltration Is affected by grazing In ways other than through soil compaction
and reductlion of soll macroporosity. Grazing and trampling alter the vegetation
and |ltter covering the soll. Then reduced Interception of rainfall by plants
and ground surface |itter and soll crusting reduce infll+ration rates. Gifford
and Hawklns (1978) have reviewed the llterature about grazing Impacts on
Inflltration of water Into solls. Llacos (1962) found that grazing decreased
Inflltration and greatly Increased the runoff from anndal grassliand In
Callfornia. Meeuwlg (1965) found Inf!l+ration to be more closely related to

macroporosity In the surface s cm of soll +han to surface cover.

4, Recreation.

Solls In arid areas ars Impacted directly by ORVs and foot traffic.
However, In humid areas solls are protected by vegetation and its |litter
covering the ground surface. This cover of organic |itter must be dissipated or
displaced before there will be much Impact on the soll. Once the soll Is
exposed by loss of the organic |ltfer cover, 1+ Is much more suscsptible to
dlsplacement and compaction. The structure of exposed soll may deteriorate even
without further human Impact (Lun?, 1937). Soil displacement and compaction by
recreational actlivities sets the stage for further degradation by the erosive
stresses of wind, ralnfall, and gravlity. Soil compaction lIncreases runoff and

sol| dlsplacement, causing concentrations of water that make +he erosive forces

more effective.

a. Foot traffic and campgrounds. The effects of foot traffic are
negligible when solls are coverad with organic |itter. Therefore, the Impacts
of foot traffic on solls are generally conflned to plcnic sltes, tralls, and
campgrounds where traffic s concentrated In |imited areas. Yehicles contribute
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to soll disturbance and compaction In some campgrounds, and riding and pack
animals contribute to soll disturpance on some tralls. Maglll (1970) has

recommended barrlers to restrict vehicle traffic In campgrounds. Thls reduces

campground deterloration.

In 3 solls of 2 picnlc areas In Connectlcut, Lutz (1945) found much greater
bulk densities in used areas than In ynusaed areas. Bulk density differences In
the surface 4 Inches (10 cm), from used to unused areas on the 3 solls, wers
0.91 0 1.06, 1.06 to 1.30, and 1.01 to 1.37 Hg/ms. These are Increases of 16,

'23, and 36%. Compaction In the next 4 Inches (10 to 20 cm depth) was less but

stil!] substantial.

Other Investigators found comparﬁble surface soll bulk density Increases In
campgrounds of Colorado (Dotzenko et al., 1967, 46% average Increase), MIssour!
(Settergren and Cole, 1970, 21 to 28% increase), Michigan (Legg and Schnelder,
1977, 34% average increase), lowa (Dawson et al., 1978, 30% average Increase),
Ontario (Mont!l and Mack Intosh, 1979, 34% average [ncreass), and Oregon (Cole and
Fichtler, 1983, 8% Increase). Crawford and Liddle (1977) found an Increase In
mean bulk densities of 39%, up to 0.93 In heavily trampled areas near the bank
of the River Thames from 0.67 Mg/m3 In lightly trampled areas some dlstance from
the bank. Merriam and Smith (1974) found In northern Minnescta that most of the
user Impact and compaction occurred during the first two years a slite was
occupled by campers. Lliddle and Greig=Smith (1975) have suggested that the
Increases In bulk density and soll strength ares |ogarithmic, a suggestion
supported by their data for both vehicle and pedestrian traffic.

Several Investigators have used penetrometers as Indicators of compaction In
campgrounds. They found Increases In surface soll strength In New Hampshlire
(LaPage, 1962), In Michigan (Ward and Berg, 1973), |In Illinols (Young and
Glimore, 1976), In lowa (Dawson et al., 1979), In Ontarlo (James et al., 1979),
and In Montana (Cole and Fichtler, 1983). Mont! and MackIntosh found In Ontarlo
that Inflltration rates In campgrounds were reduced by factors of 20 +to 30

times,
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‘ Settergren and Cole (1970) found In Missour| campgrounds that an average of
‘3 Inches (7.5 cm) of surface scil was lost from used areas by compaction,
displacement, and eroslon. Théy found that roots wers concentrated In the upper
6 Inches (15 cm) of sol!l In unused areas but were sparse In the upper 6 Inches

(15 cm) of used area solils.

Liddle and Greig=-Smith (1975) compared the compaction of vehlcle and
Pedestrlian trafflc. The ground pressures were 1.8 kg/cm2 for pedestrians, 9.5
kg/cmz In car tracks on soft ground, and 15 kg/cm2 In car tracks on hard
ground. The mean surface soil bulk densities were 1.10 Mg/m3 In undisturbed
areas, 1.27 Hg/m3 In foot paths and plcnic areas, and 1.34 Hg/m3 In car fracks.
Chappel!l et al. (1971), also In England, stratified a country park Into areas of
(1) minimal use and grazing by sheep, (2) +trampiing but no visible soll
disturbance, and (3) trampling and vehicle rutting. They found mean soll bulk
densitlies In the 3 areas of 0.681, 0.827, and 1.018 Mg/m3 at the 0 to 2.5 cm
depth and 0.958, 1.020, and 0.996 Mg/m3 at the 2.5 to 5 cm depth. Compactlion
was almost entirely limited to the uppermost inch (2.5 cm) of soll. Bates
(1935) suggested eariler In England that puddiing and crust formation have more
effect on the vegetation of solls walked upon when wet than does soll

compaction.

Weaver and Dale (1978) compared the trampling effects of hlkers, horses, and
motorcycles on level ground and 15% slopes In Idahce fescue meadow with deep
nonstony sandy loams and In whlte-bark pine (P. alhlcaulls)/hucklieberry (¥.
Scoparium) stands with deep stony sandy loams. Trall width, depth, and bare
ground all Increased (logar!thmically by my Interpretation of the graphs) up to
practicalily 1000 passes, except that bare ground reached a maximum at less than
500 passes with horse and motorcycle traffic. Trall depths were greater In the
nonstony soll and were Increasingly deep for hikers, motorcycles, and horses.
Soil compaction Increased In the same order - hiker < motorcycle < horse traffic
- and was greater on 15§ siopes than on level ground. Upsicpe and downslope
traffic effects were compared In the meadow. Soll disturbance was greater for
hlkars and horses when travellng downsicpe and for motorcycles when travelling
upsiope. Trall width was greater for downslope trave! of hikers and for upslope

travel of horses.
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In add!tlon +o +the more Immedlate compaction by vehicle traffic and
trampling, the bulk densities of solls in campgrounds may Increase due o
gradual losses of organic matter. Willard ( 1971), for example; has reported
sol| organic matter losses. Several Investigators have reported reductions In
tree diameter growth rates In campgrounds. Slatter (1978) found a highly
significant negative correlation between surface soll bulk density and the

~maxImum height of vegetation along paths. In Michigan campgrounds, Legg and

Schnelder (1977) discovered partial recovery of surface soll porosity (reduction
of bulk density) over a winter.. The solls In the Mountalin Oak and Mescal
Campgrounds of the Angeles Natlonal Forest were so dlsturbed and compacted after
30 years of vehicle and foot traffic that plants could no longer be
reestablished In them. Hence, these two campgrounds were closed In 1967 for
rehabi|{tation.

Liddle (1975) has reviewed the effects of trampling on the vegetative cover
of campgrounds and tralls. The Intermountaln Forest and Range Experiment
Station of the Forest Service has published two annotated bibllographies
covering the Impacts of recreation: Stanley and Lime (1973) and Cole et al.

(1981).

b. Off-road vehicles. Off-road vehicle traffic Is generally more of an
environmental problem In arld areas than In humid areas. In humid areas that
are uncultlvated, trees or other dense vegetation !imits +the mobillity of
vehicles such that off-road vehicle traffic Is confined to relatively small
areas. However, the effects on solls In the smaller areas can be more extreme.
The lasting effects of landscape alteration durlng the Barstow to Las Vegas
motorcycle race on public land made iany cltizens aware of the potential for
environmental damage by off-road vehicles In arld regions. A plcture taken of
motorcyc!ists lined up to begin the Barstow to Las Yegas race appears on the
cover of a recsnt book about off-road vehlcle Impacts (Webb and Wilshire, 1982).
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