Soil Compaction: Effects on Seedling Growth.
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Abstract-The degree to which a conpacted soil affects
seedling survival or growth varies according to soil texture,

organic matter, noisture content,

tree species, and degree of

conpaction. Soil conpaction generally restricts root growth and
can inhibit shoot growh. I n nurseries, conpaction nay be rare
above the 15- cmdepth because nursery soils are cultivated each year;
however, bel ow 15 cmconpaction is relatively common, and is especially
noti ceabl e when drainage is inpeded for |ong periods. The nachi nery used to

nanage the crop, the ability to control
the alternatives for tillage are all
managenent affecting soil conpaction.

I NTRODUCTI ON

This report is the result of a need, expressed by
Nursery Technol ogy CGooperative (Qegon Sate University)
nmenbers, in particular seedling users, for a literature
search on the effects of soil conpaction on seedling
grow h. However, conpactionis also of concern to nursery
personnel : in an CBU Nursery Survey, conpaction was considered a
probl emby 62 percent of the nurseries surveyed and, relative to
all other soil-related problens, was ranked first or second
in inportance by 24 percent of respondents (Vérkentin
1984). A though soil conpaction in agricultural crops has been
extensi vel y studi ed (Rosenberg 1964; Geacen and Sands 1980),
little information has been published regarding the probl em of
conpaction of forest nursery soils. It is the purpose of this
report to reviewthe effects of conpaction on soil and
seedl ing grow h.

COVPACTI ON DESCRI BED

Sinply stated, soil conpaction is a decrease in
volune for a given nass of soil (MK bben 1971) as a result of
an applied | oad, pressure, or vibration. It produces
rearrangenent of soil aggregates and particles, and changes in
soil properties (typically, increased bulk density or soil
strength, or decreased porosity). Because conpaction status of
a soil influences air, water, and tenperature rel ationshi ps,
it can affect all stages of crop production (MK bben
1971). The energy required to
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irrigation and fertilization, and

inportant aspects of nursery soil

conpact soil cones froma variety of sources including
rainfall, irrigation spray, foot traffic by aninmals and
peopl e, plant roots, and wei ght of the vegetation and soil; a
significant conpacting force is produced by the nmachi nery
used to nanage and harvest the crop (G eacen and Sands
1980). Wiatever the cause, soil conpaction may be char-
acterized via several neans, including bulk density,
soi |l strength, permeability, and visual observations.

Bul k Density

Bul k density (usually expressed in grams per cubic
centineter) is found by determning the dry wei ght of soil
occupyi ng a known volume (solids plus pore spaces).?
Bul k-density nmeasurenents are conmonly used because of
their relative ease of sanpling, insensitivity to
noi sture, and known rel ationships with tree growth (MNabb
1981). The bulk density of nost nursery soils is approxinatel y
1.3 g/cn?, ranging from0.9 g/cn? in sands to 1.6 g/cn?
in clay |oanms (Day 1984).

Cenerally, four nethods are used to nmeasure bulk
density: core, excavation, clod, and radiation. In the core
nethod, soil cores are collected in a sanpler of known
volune. This relatively sinple procedure does not require
conpl ex equi prent and | eaves the natural soil structure of
the extracted core intact so it can be used for other
neasurenents (Adans 1983; Fint and Childs 1984). However, the
procedure is tine consumng, results can be difficult to
obtain in the field, and the presence of large rocks and
root fragnents can bias the sanple (Hint and Childs 1984). In the
excavation nethod, the mass of soil excavated froma hol e

SParticle density, another expression for
describing soil weight, is the dry weight of soil per solid
(excl udi ng pore space) vol une.



is divided by the volume of the hole (neasured by
filling the hole with material of known density or

vol ume, such as water or sand). Like the core nethod,
the excavation nethod is relatively sinple and i s suitable
for soils having |larger coarse fragnents. |ts di sadvant ages
include the tinme | ag between field sanpling and results,
accuracy in determning the volune of the excavated hol e, and
di sturbance of the soil sanple such that it cannot be used to
assess other soil properties (Blake 1965; Adans 1983).
In the clod nethod, clods are renoved, weighed, coated with
a water-repellent nmaterial (such as paraffin), and then
imersed in water to determne clod volune. This si nple proce-
dure is useful for hard soils; additionally, the clods can be
preserved for other neasurements as | ong as the test is
done carefully, to maintain clod structure. However, this
nethod is tinme consumng; and potential bias exists because of
the tendency to sel ect sanpl es which are firmenough and of
adequat e size (Freitag 1971) and because the neasurenent can

excl ude the pore spaces between cl ods (Adans 1983; Flint and
Chil ds 1984).

Whereas the core, excavation, and cl od nethods
disturb the soil, nuclear density probes can nondestructively
sanpl e for bulk density. The ability of radioactivity to
penetrate the soil reflects the density of soil particles; as
soil density increases, the ability to penetrate decreases
(Freitag 1971; Adans and Froehlich 1981). The advantages of this
nethod are that many neasurenents can be taken rapidly in the
field, soil disturbance is kept to a mininum and the sane
sanpl ing site can be neasured nore than once. Additionally,
since changes in water content cause changes in density,
nucl ear probes can be used to assess seasonal changes in
water content. The di sadvantages include the need for expensive
equi pnent, calibration curves to convert counts of radiation to
bul k density, and m ni m zi ng hunan exposure to radi ation.
However, recent inprovenents in radiation technol ogy nake this
a worthwhile nmethod for |and managers to consider as an
alternative to or in conbination with conventional
t echni ques.

Al though soil bulk density is the nost frequently
used measurenent to assess conpaction, it is only an
indirect neasure of how change in soil physical property
affects root growth (MNabb 1981) and gives little information
on pore-size distribution or particle arrangenent (Freitag
1971). Soil strength (nechanical resistance) and aeration, two
significant factors limting growh in conpacted soils
and whose effects are often difficult to separate
(Wérkentin 1984), are the main physical properties affected
by increases in bulk density.

Soi |l Strength

Soil strength refers to the nechanical resistance
of soil to an applied force. Shear tests (neasuring the
torque required to shear the soil along the surface) and
penetration tests (nmeasuring the wei ght required to push a tip,
plate, or footing of some type into the soil to a certain
dept h) can assess soil strength with sinple procedures; |arge
areas can be neasured quickly, and because soil is only
mninal ly disturbed, several neasurements can be taken near
the same sanpling point

(Freitag 1971; Adans 1983). A though both shear and
penetration tests seemequal |y suitable for assessing soil
conpaction (Freitag 1971), it is inportant in both cases to

st andar di ze procedures and equi pnent so that results can be
reproduced. Soil properties such as npoisture or texture
(Adanms 1983; Warkentin 1984), shape of the
penetrating or shearing el ement, and rate at which el enents
are advanced into the soil all can affect results
(Freitag 1971).

Soil strength typically increases when a soil is
conpacted, and strength tests have been significantly rel ated
with bulk density neasurenents. Gfford et al. (1977) found
soil -core bulk density to be significantly correlated wth
pocket penetroneter resistance and proving ring penetroneter
resi stance. Penetroneter resistance nay be a better indicator
than soil bulk density of seedling performance in
conpacted soils (Zisa et al. 1980). Several studies
have shown that resistance to a netal probe correl ates
vwel |l with soil resistance to root penetration (Goderham and
Fi sher 1975; Sands et al. 1979; Zisa et al. 1980).

Permeabi ity

Because conpaction alters soil porosity, it can
be assessed by the ability of aliquid or air to pass
through the pore spaces. An increase in bulk density
general ly lowers macroporosity (the nunber of nacropores, or
noncapi | l ary pores through whi ch water and gas usually
flows rapidly) and reduces perneability (Howard and S nger
1981).

In liquid permeability tests, a known anpunt of
fluid (e.g., water) is applied to a soil core or
surface and its infiltration rate assessed. However, liquid
perneability neasurenents are not easily nade and can be tine
consuning. A though a strong | aboratory rel ationshi p has been
shown between fluid conductivity and conpaction vari abl es,
insufficient field testing increases the difficulty in
assessi ng the operational useful ness and accuracy of such a
test (Freitag 1971).

In air perneability tests, a known pressure of
gas is applied to the soil surface and the backpressure
neasured (in pounds per square inch, or kilopascals). Ar
perneability tests are relatively quick and easy and only
mninmally disturb the soil. However, because the test apparatus
nust be seal ed against air | osses, the contact zone between
soil and test instrument nust be sufficiently |eakproof.
Moreover, the opti numcondition for such tests is a perfectly
dry soil (e.g., dry sand) because the presence of water in
pore spaces conplicates the eval uation of test results: a soil
with different water-retention abilities can be expected to
produce different air perneaneter neasurenents (Freitag
1971; Gfford et al. 1977). Wnfortunately, the opti mumdry
condition is not usually attained in practice, so the
resul ting val ues nust be appropriately calibrated (Freitag
1971; Adans 1983).

Vi sual Observations
O all techniques for assessing soil conpaction,

vi sual observations may be the nost rapid and | east expensi ve.
Vi sual evidence includes reduced



dr ai nage because of reduced soil perneability,
difficulty in penetrating the soil surface (e.g., wth
a shovel ) especially when dry, soil structure changes (e.g.,
a conpacted soil when dry will be brittle and often

| ayered, a nonconpacted soil crunbly and granul ar), and
good initial germnation foll owed by stunted plant

devel opnent |ater on (Freitag 1971; Adans and Froehlich
1981). However, visual observation is difficult to use in
nonitoring | ess than severe conpaction levels and, of all
techni ques, is the nost subjective and | east quantitative
(Adanms 1983).

RELATI ONSHI PS BETWEEN
SO L FACTORS AND COWPACTI ON

A conpacted soil reflects conditions of
increasing bulk density and soil strength, and
decreasing porosity and infiltration. Mst of the | oss in
porosity is in the nmacropores, where air and water
novenent is nornal ly the |east restricted (Geacen and Sands
1980; Adans and Froehlich 1981; Vdrkentin 1984). However, the
degree to which conpaction affects soil properties will be
influenced by texture, organic matter, and soil
noi sture.

Texture

Texture refers to the relative proportions of
sand, silt, and clay in a particular soil. Gainsize distribution
and conposition affect the resistance of soil to conpaction.
Soils with a narrow range of grain sizes resist conpaction
reasonably wel |, but soils with a wide range of grain
sizes are nore susceptibl e because the smaller grains nove into
the pore spaces between the | arger grains, thereby increasing the
packi ng of soil particles (Lull 1959; Bodnan and Constantin 1965;
Vrkentin 1971; Froehlich 1974).

Organic Matter

Soi| resistance to conpaction is significantly influenced
by organic matter content (Geacen and Sands 1980). Q ganic
natter stabilizes aggregates and alters aggregate strength
(Verkentin 1984).

Benefits of organic matter have been observed in
both laboratory and field tests. Estimates of bul k density
(0.54 to 0.63 g/cn?) in the surface
20 cmof soil of an old plank road were found to be low
because of high organic matter content (Power 1974). Sands et
al. (1979) reported that the degree of soil conpaction
changed with differences in organic nmatter content
under a given constant applied |oad, bulk density
general |y decreasing with increasing organic matter
content under unsaturated conditions. Yet extrenely high
level s of organic natter nay render soils susceptible to
di sturbance because of their |low soil strength
(Froehlich and McNabb 1983).

Soi | Moisture

The nost significant factor influencing soil
conpaction is noisture level during the conpaction process
(Vérkentin 1984). In general, resistance to conpaction is
| arge when soils are dry because little lubrication (for

particle rearrangenent) is

provided by thin water filns (Lull 1959). As noisture content
increases, lubrication increases and soil becones easier
to conpact. For exanple, Eavis (1972) found that penetroneter
resi stance decreased as noisture content (at the tine of
conpaction) of a sandy | oamincreased. In an unsaturated
sandy soil, bulk density increased as applied | oad (range 60
to 360 kPa) increased (Sands et al. 1979); at the
lightest load, it was - 1.3 g/cm”, at the heaviest 1.4
g/cni. But in a saturated soil, even slight applied

| oads (60 kPa) resulted in bulk densities > 1.5 g/cn.

However, bulk density due to conpaction does not
continue to increase as water content increases. | nstead, a
wat er content is reached at which the maxi mum nunber
of smaller particles are forced between the coarser grains
and the renaining spaces filled with water (Lull 1959;
Hatchel |l et al. 1970). Beyond the water content at which
naxi rumbul k density is attai ned, conpaction decreases and the
potential for soil puddling (destruction of soil structure)
increases (Lull 1959; Sdle and Drlica 1981; VWérkentin 1984);
upon drying, such soils can be left highly conpact ed.

The influence of water content on conpaction is
al so affected by soil texture. For exanple, in |aboratory
tests, sandy clays may be conpacted to 1.7 to 2.1 g/cni at
only 8 to 15-percent noisture, clays to 1.5 to 1.7
g/cn? at 20- to 30percent noisture (Froehlich 1973).
Snilarly, Bodnan and Qonstantin (1965) showed that as clay
content increased, the percent water content at whi ch maxi num
bul k density was attai ned al so increased. Wrnaars and
Eavis (1972) found that penetroneter resistance in fine sands
decreased as noi sture content increased, but that in
coarse sands was relatively unaffected by npoisture
content. No significant difference in penetroneter resistance at
a constant bulk density (1.45 g/cn?) was found for a sandy soil
over noi sture contents ranging from2 to 12 percent
(Sands et al. 1979). It is inportant to enphasize that the
previously nentioned results all were fromlaboratory tests and
that, irrespective of the degree of sensitivity to noisture
and/or texture, a soil may be susceptible to significant
conpaction over a w de range of noisture contents in the field
(Froehlich and McNabb 1983).

EFFECTS OF COMPACTI ON ON POROSI TY AND DRAI NAGE
Porosity

Regardl ess of the mechanism the net effect of
soil conpaction will be reduced air porosity (Gable
1971). Total porosity is defined as the ratio of pore-
space volune to total volune (Harris 1971). O perhaps greater
significance than the decrease in total porosity is the change in
poresi ze distribution. Mdst of the loss in porosity
will be in the nacropores, and the proportion of
mcropores wll increase (Harris 1971, Geacen and Sands 1980;
Adans 1983; \érkentin 1984). Foil and Ral ston (1967) showed t hat
increasing bulk density from | aboratory conpaction on a
| oam sand (1.07 to 1.33 g/cn?), loam (1.06 to 1.38
g/ cnK), and



clay (1.31 to 1.49 g/cn?) corresponded to approximtely
64- to 69-percent reductions in nmacroporosity. Under
field conditions, vehicular-induced conpacti on which

i ncreased bul k density from0.90 to 1.20 g/cn? reduced
macropore vol une by 50 percent for a range of forest soils
(Hatchell et al. 1970). Canpbell et al. (1973) found a
28- to 72-percent decrease in nacroporosity in |ogged areas
conpared to undi sturbed plots, depending onthe degree of

di st ur bance.

Dr ai nage

The degree to which conpaction affects drai nage
or infiltration of water is related to the changes in
soi | structure brought about by the conpactive effort.
Because conpaction general ly reduces the proportion of
nacropores and increases the proportion of mcropores, water
novenent becomes restricted and drai nage can be
i npeded.

Significant rel ationshi ps have been found anong
increasing bulk density, decreasing infiltration, and
decreasing porosity (Lull 1959). Decreased infiltration
rates in conpacted soils have been reported after |ogging
(St einbrenner 1955; Seinbrenner and Gessel 1955b; Perry 1964;
Hatchell et al. 1970) and as effects of human and ani nal
traffic (Lull 1959). Reduced infiltration and inpeded
drai nage can | ead to surface runoff--excess rain may cause
wat er | oggi ng and associ ated aeration problens in the rooting
zone (Afford et al. 1977; Geacen and Sands 1980; S dle 1980).
In addition, conpacted soils have | ow tenperatures in spring
(41l 1971) and, because of reduced drainage, remai n wet and
do not warm as fast as nonconpacted (i.e., well-
drai ned) soils.

EFFECTS OF COVPACTI ON ON SEEDLI NGS

The abundance of literature addressing plant
responses to changing soil conditions resulting from conpaction
has not always | ed to the same conclusions (Lull 1959; Rosenberg
1964; Trouse 1971; Geacen and Sands 1980). The contradi ctory
effects reported are probably due to the conplexity of
interactions anong soil strength, aeration, noisture, nutrient
supply, and species. In their reviewof soil conpaction, G eacen
and Sands (1980) indi cated that of 142 studies they surveyed
bet ween 1970 and 1977, 82 percent showed reduced crop yield due
to conpaction, approxinately 8 percent increased yield, 6
percent both reduction and increase, and 4 percent no effect. O
these studies, only 18 percent dealt with tree species, but
reduced growth due to conpacti on has been reported for
several econonically inportant tree species including Pinus
radiata, Pinus elliottii, Pnus taeda, PF nus ponderosa, Pinus
nigra, Picea abies, and Pseudot suga nenziesii.

Seedl i ng Survival

Ef fects of conpaction on seed germ nation or
seedl ing survival have varied. For Pinus taeda seed
sown on a |l oany sand, |oam and clay, conpaction
treatnents did not significantly affect germnation (Foil and
Ral ston 1967); however, survival percent ages were uniformy
reduced on conpacted soils, the

| ovest generally on clay. Likew se, Hatchell (1970) found
that over a variety of soil types, a 16percent average
increase in bulk density (1.26 to 1.46 g/cnt) due to
conpaction treatnents corresponded to a 24-percent
decrease in P. taeda seedling establishnent; on a clay

| oam though, conpaction had little effect. For Pinus
rigida, Pinus
nigra, and Picea abies, Zisa et al. (1980) reported

that seedling establishnent was generally > 75 percent on a
sandy | oam regardl ess of conpaction intensity (1.2,
1.4, 1.6, and 1.8 g/cm3); on a silt loam only soil
conpacted to 1.8 g/cn? significantly reduced seedling
est abl i shrent .

The previously cited results were from greenhouse
or shade house experinents. Yet several reports of
seedling establishnent in areas disturbed or conpacted due to
logging present sinmlar findings. Steinbrenner and Gessel
(1955a) report reduced coniferous seedling establishnent for
natural ly regenerated skid roads conpared to cutover
tractor-1ogged areas. Duffy and MeQ urkin (1974) anal yzed
several soil characteristics on both failed and successful
P. taeda plantations to determne characteristics useful
for site classification. Bulk density was the nost inportant:
plantation failure was predicted on sites where bul k density
exceeded 1. 45 g/cn?. There are, however, several
instances in which soil conpaction due to skidding or
| oggi ng has had no effect on conifer survival fromthe
first or second (Youngberg 1959; Canpbel | et al. 1973) through
the fourth (Hatchell 1981) growi ng season after planting.

Root Gow h

Root growth is generally restricted as soils
becone nore conpact. For exanple, Heilnan (1981) found that
length of prinary root penetration of Pseudotsuga
nenzi esii seedlings decreased 71 to 87 percent as bulk
density increased from1.38 to 1.76 g/cnt (fig. 1) and
that 27- to 30-percent pore space* prevented rooting
of seedlings 35 to 45 days fromgerm nation in | oam
and sandy |oam Hatchell (1970) showed that for Pinus
taeda seedlings growing in a range of soil types,
shoot to root ratio (dry weights) after the first grow ng
season was negatively related to macroporosity, suggesting
that the proportion of roots increased as air space
i ncreased.

The degree to which conpaction affects root growth
depends on species (Mnore et al. 1969; Snger 1981,
Hal verson and Z sa 1982), soil type (Hatchell 1970; Singer
1981), and nmgni tude of conpactive effort, as well as on
environnmental factors (table 1). Hal verson and Z sa (1982),
anong ot hers, found that of several growth variables
neasured, root penetration depth (of three conifer species) was
the nost responsive to conpactive effort. Further, whereas
effects of conpaction onroot dry weights have varied
(Foil and Ral ston 1967; Hatchell 1970; S nger 1981; Twor koski
et al. 1983), reductions in root penetration > 50 percent are
repeatedly noted (table 1). Gonpaction is also likely to alter
root distribution in soil. Decreases

4 Percent pore space = 100 - (bul k
density/particle density) x 100.
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Figure 1.--Length (averaged over three soil types)
of primary root penetration of Pseudotsuga
nmenziesii in soils conpacted to three bulk
densities (adapted from Heil man 1981). Means not
followed by the same letter are significantly
different at p < 0.05.

in. branchi ng (Pseudot suga nenziesii, Tsuga hetero-

phyll a--Pearse 1958), and total root nunber and

fine roots (Pinus ponderosa. Pseudotsuga nenziesii--
Singer 1981) have been observed for species in com
pacted soil, although lateral roots (Pinus taeda- Foil
and Ral ston 1967) and fine roots (Fagus spp.- Hldebrand
1983) have, in sone cases, proliferated for trees growing in
conpacted soils.

In a fine-textured, poorly drained, conpacted
soil, oxygen deficit can limt root growh; but-in a coarse-
textured, well-drained conpacted soil, or when seedling
growh is not linmted by |ack of water or reduced aeration
(Sands and Bowen 1978), reduced root growh or penetration can
be related to differences in soil strength (Heilnan 1981).

CGten, however, the factors responsible for poor root growth
in conpacted soils interact and are difficult to
separate. Hatchell (1970) concluded t hat reduced root
growth of Pinus taeda in conpacted soils could result from
| ow oxygen supply to roots and high resistance to penetration.
Eavis (1972) studied the interaction of nechanical

i npedance, aeration, and noisture availability for pea
growh in a sandy |oam soil. Under drier conditions,
reduced root growh was due prinarily to nechanical resistance
if bulk density was high but to noisture stress if bulk
density was |ow. Under wetter conditions, reduced root
growth could be due to poor aeration and resistance to
penetration in conpacted soil but primarily to poor
aeration in | oose, wet soil.

Shoot Growth

As with root growth, the effect of conpaction on
shoot growt h cannot al ways be predicted due to the conpl ex
interactions among soil physical characteristics and species.
If air, water, and nutrients are in sufficient supply and if
root length is adequate to neet shoot requirenents, poor
root devel oprent in conpacted soils can still support good
shoot growh (Hatchell 1970; Geacen and Sands 1980). In sone
cases, conpaction can increase the di ffusion of ions (e.g.
phosphorus) and inprove nutrient uptake; however, under
other circunstances, conpaction can be detrinental to
nutrient status and reduce the nineralization of nutrients
fromsoil organic matter (Kenper et al. 1971; Geacen
and Sands 1980). Both large (Forristall and Gessel 1955; Mnore et
al. 1969) and snall (Zisaet al. 1980) effects of
conpaction on shoot growth have been observed in
conifers.

Young (< 2 years) seedling shoot growth varies in
response to conpaction in |aboratory experinments (table 2).
Bul k-densi ty increases of 7 to 20 percent have corresponded
to reductions of 16 to 56 percent and 11 to 38 percent
in shoot dry weight and total height, respectively (Mnore
et al. 1969; Hatchell 1970; Sands and Bowen 1978). But there are
al so i nstances in which increasing conpaction has not
af fected shoot dry wei ght, shoot growth, or total
height (Mnore et al. 1969; Heilnman 1981; Snger 1981;
Tworkoski et al. 1983) or even led to i ncreased shoot growth
or shoot dry weight (Trujillo 1976; S nger 1981). These
i nconsi stenci es show that conpaction effects on young seedl i ngs
depend on the interaction of species, age, soil
texture, conpaction severity, and other soil physi cal
characteristics.

Nearly all field studies relating tree
response to conpaction have pertained to growth after |oggi ng
(table 3). In general, tree growth in conpacted zones has
declined relative to control or undisturbed areas. Estinated
reductions in height growmh or total height have ranged
from6 to over 50 percent (table 3). Over a variety of
tree species, soil types, and field |ocations, Froehlich
and MNabb (1983) found a generally linear relationship between
increased soil density and reduced seedl i ng hei ght growth.

THE COWPACTI ON PROBLEM | N TREE NURSERI ES

Despite the concern for soil -related probl ens, very
littl e research has been done on conpaction problens in forest-
tree nurseries. Lowerts and Sone (1982) studied the effect of an
existing conmpacted soil layer on nursery growth of
Li qui danbar styraciflua. After one grow ng season,
seedlings were tallest in nursery plots where bul k densities
were < 1.7 g/cn? in the surface 39 cmof soil.
Furthernore, a significant negative correlation was found
bet ween seedling height and bul k density at the 26- (r = -
0.66), 39- (r = -0.86), and 52- (r = -0.65) cmdepths.
Mnko (1975) reported of a conpacted nursery subsoil (bulk
density - 1.5 g/cn? at the 20- to 40-cm depth) which
i npeded Pinus radiata tap root penetration. Yet the
density (1.2 to 1.4 g/cm in the top 18 cm of soil) of
the




Table 1.--Effect on roots as bulk density increased, over a variety of species and soil types, from
selected laboratory studies.

Species Bulk density Effect on roots as
Reference [approximate age] Soil type values bulk density increased
——— (g/em3) ——
Heilman Pseudotsuga menziesii  Loam, 1.38-1.57 54% reduction, length of primary
(1981) [35 to 45 days] sandy loam root penetration
1.38-1.76 87% reduction, length of primary
root penetration
Tworkoski et al. Quercus alba Silt loam 1.0-1.2-1.5 55% reduction, tap root length

(1983)

Pearse
(1958)

Zisa et al.
(1980)

Sands and Bowen
(1978)

Hatchell
(1970)

Foil and Ralston
(1967)

Trujillo
(1976)

Singer
(1981)

Minore et al.
1969)

[40 days])

59% reduction, primary root number
No effect, root dry weight

Pseudotsuga menziesii,
Tsuga heterophylla
{56-90 days]

Shorter, stockier, thicker, not as
profusely branched

Pinus rigida, Pinus
nigra, Picea abies
[120 days]

Pinus radiata
[150 days]

Sandy loam

1.2-1.4

1.2-1.6

1.2-1.8

1.35-1.48

1.35-1.60

~ 75% reduction, depth of root
penetration

~ 80% reduction, depth of root
penetration

No effect, depth of root
penetration

~ 50% reduction, depth of root
penetration

~ 80% reduction, depth of root
penetration

dry weight

73% and 46% reductions, main root
length and root dry weight,
respectively

Pinus taeda
[150 days]

Loamy sand

Loam

Silt loam

Sandy clay
loam

Clay loam

1.26-1.46
1.30-1.47
1.34-1.62
1.14-1.28

1.04-1.12

55% reduction, root dry weight
40% reduction, root dry weight
50% reduction, root dry weight
29% reduction, root dry weight

17% reduction, root dry weight

Pinus taeda
[1 year]

Loamy sand,
loam, clay

~ 64% reduction, root length1
~ 80% reduction, root dry weightl

Pinus ponderosa
[1 year, 7 months]

Pinus ponderosa,
Pseudotsuga menziesii
[< 2 years]

Silty clay
loam

Clay loam
Sandy loam

0.88-1.10
1.06-1.35

Uneven root distribution

Decrease in total root numbers

Fine roots decrease

No effect, root dry weight for
Pinus ponderosa

66% reduction, dry root weight for
Pseudotsuga menziesii on clay
loam (no effect on sandy loam)

Abies amabilis, Alnus
rubra, Pinus contorta,
Pseudotsuga menziesii,
Thuja plicata, Picea
sitchensis, Tsuga

heterophylla
[2 years]

Sandy loam

1.32-1.45-1.59

44% reduction, root dry weight for
Thuja plicata; no significant
effect on other species

1 Estimates based on regression equation.



cultivated |l ayer was sufficient for root growth;
noreover, for two of three nursery blocks, nearly all fine roots
were found in the upper soil layer. In addition, sone evidence
suggest ed that favorabl e nmoisture conditions after early sow ng
enabl ed seedling roots to penetrate the conpacted subsoi |
Recently, an unpublished report® showed condi tions
surprisingly sinlar to those observed by Mnko. In a Northwest
conifer nursery, a dense hard | ayer (bulk density - 1.6

g/ cnt) approximtely 15 to 30 cm bel ow the surface
restricted root penetration of a grass cover crop; the
condition was slightly nore severe in dry than in noist soil

Despite the lack of research "us far, the effects
of increasing soil density are of special concern to the
nursery nanager. Gonpaction nay be rare above the 15-cmdepth
because nursery soils are cultivated each year; however,
bel ow 15 cm conpaction is relatively common, and is
especial ly

SDavid K. Maurer, 1983.

noti ceabl e when drainage is inpeded for |ong periods. The
machi nery used to nanage the crop, the ability to
control irrigation and fertilization, and the alternatives
for tillage are all inportant aspects of nursery soi

nmanagenent effecting soil compacti on.

PREVENTI NG AND AMELI ORATI NG COWPACTED SO LS

Mai ntai ning soil in good physical condition
I oosening or tilling soil where conpacted zones al r eady
exi st, and controlling vehicular traffic to help avoi:
conpaction nust be part of an overall plan to naintain a
good physical environnent for tree growth in the nursery.
s

Mai nt ai ni ng Soil Physical Condition

Oganic matter can aid soil resistance to cc
paction; it inproves water retention and increases porosity
cation exchange capacity (see B unmenthal and Boyer 1982; rev

by Davey 1984). \erti -

Table 2.--Effect on shoots of young seedlings (< 2 years) as bulk density increased, over a variety of
species and soil types, from selected laboratory studies.

Species

Bulk density Effect on shoots as

Reference [approximate age] Soil type values bulk density increased
—— (glem3) —--
Heilman Pseudotsuga menziesii  Sandy loam, 1.38-1.57-1.76 No effect, total height
(1981) §35 to 45 days] loam
Tworkoski et al. Quercus alba Silt loam 1.0-1.2-1.5 No effect, shoot height or dry
(1983) [40 days]) weight
Sands and Bowen Pinus radiata Sand 1.35-1.48 16% and 11% reduction, shoot dry
(1978) [150 days] weight and total height,
respectively
1.35-1.60 49% and 38% reduction, shoot dry
weight and total height,
respectively
Hatchell Pinus taeda Loamy sand 1.26-1.46 42% reduction, shoot dry weight
(1970) [150 days] Loam 1.30-1.47 33% reduction, shoot dry weight
Silt loam 1.34-1.62 56% reduction, shoot dry weight
Sandy clay 1.14-1.28 56% reduction, shoot dry weight
loam
Clay loam 1.04-1.12 31% reduction, shoot dry weight
Trujillo Pinus ponderosa Silty clay 1.02-1.28 15% increase, shoot dry weight
(1976) J[1 year, 7 months] ‘loam
Singer Pinus ponderosa, Clay loam 0.88-0.99-1.10 32% increase, shoot growth for
(1981) Pseudotsuga menziesii Pinus ponderosa; no effect,

[1 year, 10 months]

Abies amabilis, Alnus
rubra, Picea sitchen-~
sis, Pinus contorta,
Pseudotsuga menziesii,
Thuja plicata, Tsuga
heterophylla

[2 years]

Minore et al. Sandy loam

(1969)

Pseudotsuga menziesii
1.06-1.16-1.35 No effect, shoot growth

1.32-1.45-1.59 37% reduction, shoot dry weight for
Thuja plicata; no effect, shoot
dry weight for other species




cal

(G111 1971).

content can minimze soi
Seinhardt and Trafford (1974) showed that subsurface drai nage of
a wet clay reduced whee
tractor traffic. Rotating crops also is instrunental in
mai ntai ng good soi l
prevent and aneliorate soil conpaction (Larson and Al | mar as

mul ching can inprove root access to additiona
noi sture and increase drai nage through subsoiled slots
I nprovi ng drainage t o decrease water

| oosened. Tillage can inprove soil aeration, infiltration
and por e-space distribution and | ower strength and bul k
density. Generally, the beneficial effects of tillage are
in the layer of soil disturbance. Voorhees et al. (1978)
and Voorhees (1983), for exanple, showed that fall plow ng was
effective in anmeliorating conpaction fromwheel traffic but
that bulk density was reduced prinarily in the plow | ayer.
Gonpact ed | ayers in the subsoil (plow pans) can be created
by plowing to the sane depth crop after crop; and the

conpaction (Warken-tin 1984).
sinkage and | ateral conpaction from

condi tion and has | ong been used to

1971). conpacti on zone bel ow pl ow depth has been shown to
persist for up to 9 years (Blake et al. 1976)
Tilling Soil However, not all conpacted soils respond favorably to
tillage. For exanple, nutrients nmay becorme deficient after
The unfavorable soil conditions created by deep pl owi ng because topsoils generally contain nore
conpaction can often be inproved if the soil is

Table 3. --Effect on tree height as bulk density increased in disturbed areas (skid trails

roads, |ogged), over a variety of

speci es and soil types, fromselected field studies

Species Bulk density values Effect on tree height as Disturbance
Reference [Age, years]) Soil type [measurement depth] bulk density increased type
— - (g/em3) —--—-
Campbell et al. Pinus taeda Clay loam 1.34-1.51 No effect, height growth Skid trail

(1973)

Hatchell et al.
(1970)

Youngberg
(1959)

Froehlich
(1979b)

Hatchell
(1981)

Lockaby and
Vidrine (1984)

Wert and Thomas
(1981)

Froehlich
(1979b)

Froehlich
(1979a)

{11 [surface 10 cm]

Pinus taeda Sandy loam 0.75-0.92 [surface] 21% reduction, total height Skid trail

1] 0.75-1.08 [surface] 53% reduction, total height
Pseudotsuga Clay 0.88-0.951 22% reduction, height Skid road,
menziesii [surface 15 cm) growth berm

[2] 0.88-1.551 42% reduction, height

[surface 15 cm] growth
Pseudotsuga Sandy loam 0.87-0.95 11% reduction, height skid trail
menziesii [4] [surface 15-23 cnm] growth
0.87-0.99 21% reduction, height
[surface 15-23 c¢m] growth
Pseudotsuga Clay loan 0.92-1.01 11% reduction, height
menziesii (5] [surface 15-23 cm} growth
Pinus taeda Silt loam - 18% reduction, total Skid trail

[5] height on compacted areas
Pinus taeda Loam 1.03-1.13 59% reduction, total Primary skid

[51] [surface 5 cm] height road, deck

1.03-1.17 39% reduction, total
[surface 5 cm] height
Pseudotsuga Loam 0.91-0.99 {5 cm] 30% reduction, total Skid road
menziesii (1.09-1.26, 30 cm) height
[~ 14-18] 0.91-0.93 [5 cm) No difference, total
(1.09-1.13, 30 cm) height
Pinus Sand 0.84-1.15 23% reduction, total Skid trail
ponderosa [surface 30 cm] height2
[171] 0.84-1.24 29% reduction, total
[surface 30 cm] height2
Pinus Sandy clay 0.97-1.14 [7 cm] ~ 6 to 12% reduction, Usual logging,
ponderosa loam (1.03-1.12, 30 cm) growth rate cattle use
[~ 64]

1 Bulk density values averaged over two plantations.
2 gstimated effects based on regression equation.



avai l abl e plant nutrients than subsoils (Burnett and
Hauser 1967). I n these cases, incorporating
fertilizers with tillage (or soon thereafter) could
hel p. Excessive traffic after tillage also should be
avoi ded. Often, soil that is conpacted, |oosened, then
conpacted again will be denser after tillage (Cooper
1971). A tradeoff exists between conpaction and till age---

al though severe conpaction can reduce growth, excessive

| ooseni ng can be costly and can produce a poor environnment
for root growmth (G111 1971).

Several types of tools are used for tillage in
agriculture (see oper 1971) and forestry (see Andrus and
Froehlich 1983; Froehlich and MNabb 1983; Froehlich 1984).
Investigating conpacted conditions in skid trails, Andrus and
Froehl i ch (1983) estinated that the portion of conpacted soil
effectively tilled by three conventional agricultural tools
(brush bl ade, rock ripper, disk harrow ranged from 20 to 45
percent; yet adding wings to the sides of ripping tines
(via a prototype one-w nged subsoiler) consistently tilled at
least 80 percent of the conpacted soil to a depth of - 45
cm Regardless of the specific tool used, however, it is
inportant to understand the soil conditions at the tine of
tillage and those created after loosening (G 11 1971).

Subsoi ling,® for exanple, must be perfornmed under
relatively dry conditions so that the inplenent fractures the
conpacted zone. When soil is too npoist, the inplenment can
pass through the dense soil layer with little amelioration.
Furthernmore, the restorative action nmust be dictated by soil
condi tions, not by a standard operation (e.g., using a
tool at a fixed setting).

Till age experinments have shown a wi de range of
results. @Il (1971) and Burnett and Hauser (1967) cite nunerous
studi es where tillage has inproved either root devel oprent or
crop yield. Yet in sone cases, tillage may bring about the
desired soil physical changes without altering yield WVater
seens critical in determning crop response. Wien water is not
limting, yields after tillage nay not be increased; but
where water noverment and root devel opment are restricted
by conpaction, deep plowi ng has increased crop yields nost
(Burnett and Hauser 1967). Burnett and Hauser (1967) concl uded
the prinmary benefits of deep tillage to be increases in stored
water (due to either inproved infiltration or change in particle
arrangenent) or inroot proliferation (enabling roots to obtain
water). Additionally, they find that the soil physical
changes created by tillage are long termif soils are fine
textured, the tillage operation is drastic (e.g., large
pl ows), and conpacted zones are essentially genetic,
but are nore short termif soils are nediumto coarse
textured, the tillage inplenent is a subsoiler or chisel, and
conpacted | ayers are i nduced by machinery.

The literature on tillage effects on forest
species or soils is not as volum nous as that for
crop species. Tilling previously conpacted forest soils has
general |y been beneficial (Andrus and

6 "Subsoiling" and "ripping" often refer to the
sane type of tillage treatnent, but subsoiling usually is

deeper.

Froehlich 1983); over a range of soil and tillage types,
increases of 11 to 83 percent in seedling survival and
13 to 73 percent in seedling height growh have been
reported. Nursery seedling height of Pinus radi ata seedlings
grown in ripped areas was 60 percent greater than that in
unripped areas (Mnko 1975). Yet Hatchell (1970) found that
| oosening treatments of conpacted soil cores froma range of soil
types did not significantly increase either
root or shoot dry weight of Pinus taeda seedlings after
one growi ng season, and Warkentin (1984) warned that
despite the benefits claimed by nursery nmanagers, the effects
of ripping may be only tenporary.

Managi ng Traffic

I ntensi ve managenent requires the judicious use
of nmachinery to mninize conpaction. The fol | ow ng
recormendations are fromLull (1959), dll (1971), Geacen and
Sands (1980), Adans and Froehlich (1981), and Warkentin
(1984):

Tim ng operations: |If possible, conduct operations on
drier soils. Using noisture-based restrictions

(especi al ly those based on | aboratory tests with
unrealistically large forces applied), although sound in
theory, is often not practical nor accurate in the field. In
addition, delays in field operations due to wet soils
i ncrease production costs. Texturally well-graded soils
which are low in organic matter nmmy be nore
susceptible to conpaction, so particular care mnust

be taken when traffic is necessary on these sites.
Mbst soils, however, are susceptible to conpaction
unl ess al ready conpact ed.

Choosi ng machi nery: Modified equi pnent design (e.g.,

| ong- boom sprayers) or use of | ow groundpressure

equi prent may help mininmze the forces applied to soil
during operations. GII (1971) stated that the rear
wheel of the agricultural tractor was the worst soil-
conpacting device used in a crop production system However,
the versatility of the rubber tire probably justifies its
use, especially on firmground. Wen soils are wet,
traction devices such as | ow-pressure tires may provi de an
alternative. If |load and weight are equal, craw er
tractors conpact the soil less than wheeled tractors, and
surface pressures are reduced further if wder tracks are
used. However, a larger area is subject to mechani cal
vibration with crawler tractors; therefore, estinates com
paring ground pressure between craw er and tire tractors may
not indicate the entire conpactive effect. The use of
fixed paths in the nursery also hel ps prevent
conmpaction in the crop area.

CONCLUSI ON

Conpaction can detrinmentally affect soil physical
characteristics, resulting in poor tree growt h. Yet no one
knows whet her conpaction in forest nurseries is severely
inhibiting gronth of tree seedlings. However, because of the
intensive use of the land required by cultural nanipul ation of
soil and crop, the potential for conpaction is a concern shared
by nost nursery nanagers. Miintenance of good soil physical
condi ti ons, proper



tillage, and sound managenent of vehicle traffic are
all inportant parts of a systemto prevent and hel p
anel i orate conpacted soils.
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