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Ground-Based Forest Harvesting Effects on Soil Physical Properties and
 
Douglas-Fir Growth
 

Adrian Ares,* Thomas A. Terry, Richard E. Miller, Harry W. Anderson, and Barry L. Flaming 

ABSTRACT 

Soil properties and forest productivity can be affected by heavy 
equipment used for harvest and site preparation but these impacts vary 
greatly with site conditions and operational practices. We assessed the 
effects of ground-based logging on soil physical properties and subse-
quent Douglas-fir [Pseudotsuga menziesii (Mirb) Franco] growth on 
a highly productive site receiving vegetation control in coastal Wash-
ington. We also tested the effectiveness of tillage in maintaining or 
enhancing site productivity. On average, about half of the area of 
ground-based harvested plots was affected by vehicular traffic. Sixty-
three percent of the trees were planted on microsites with some degree 
of soil disturbance. Soil bulk density at the 0- to 30-cm depth increased 
from 0.63 to 0.82 Mg m-3 in the most compacted portions of traffic lanes. 
The area-weighted increase in soil bulk density in the 0- to 30-cm 
depth was 27%. Soil strength in traffic lanes increased at all depths < 
55 cm but never exceeded 1300 kPa. Tillage to the 60-cm depth re-
turned the soil to its initial strength condition. Volumetric soil water 
content in compacted traffic lanes was greater than that in non-
compacted soil. Total soil porosity decreased 10 to 13% with compac­
tion, while available water holding capacity increased. In compacted 
soil, macropore space was reduced 40 to 52%. The study revealed no 
detrimental effects on tree height and diameter from soil compaction 
at age 4. At stand age 3, a tree volume index was actually greater for 
trees planted on traffic lanes than for those on non-disturbed soil.	 

1994), and microbial number, biomass, and activity 
(Smeltzer et al., 1986; Dick et al., 1988; Torbet and 
Wood, 1992). Each of these effects can potentially re-
duce tree growth. In contrast, soil compaction can in-
crease soil water holding capacity (Gomez et al., 2002b), 
unsaturated water flow (Sands et al., 1979), root contact 
with soil (Bhadoria, 1986), and N uptake (Gomez et al., 
2002a), and may therefore result in conditions being 
more favorable for tree growth. 

Recent studies have revealed a large degree of site-
specificity both in soil and tree growth responses to soil 
compaction (Brais, 2001; Gomez et al., 2002b; Smith, 
2003). These research results have promoted new in-
sights on the effects of soil compaction on forest produc­
tivity in different soil types, and demonstrated the im­
portance of having site-specific soil-quality assessments 
in forests. Moreover, there is still limited information on 
the relationships between soil compaction/disturbance 
and tree responses. Also, compaction is not the only 
type of soil disturbance resulting from harvesting activi­
ties. Soil mixing, puddling, and rutting can cause disrup­
tion of water flow and other effects. Topsoil can also 
be displaced if stumps are bladed to make access for 
skidding or forwarding equipment. It is therefore impor­
tant to characterize disturbance so that compaction is 
differentiated from detrimental impacts on soils such as 
topsoil removal or disrupted soil drainage (Miller et 
al., 1989; Heninger et al., 1997). Generalizations about 
negative effects of harvest-related soil disturbance on 
tree growth may be in error because these impacts de-
pend on their type and severity, and on soil properties 
and climatic conditions (Heninger et al., 2002). 

These issues are relevant for the Pacific Northwest, 
a highly productive timber production region of the 
USA where heavy equipment is commonly used for site 
preparation and timber harvest. The region contains 
large areas of forest soils with inherently high organic 
C content, and relatively low soil bulk density that ap­
parently mitigate some of the impacts on forest site 
productivity from intensive management. Supporting 
this view, 8-yr stem diameter and height growth, and 
survival of Douglas-fir on Inceptisols in coastal Wash­
ington were similar on non-tilled and tilled skid trails, 
and on nontrafficked areas in spite of the fact that bulk 
density on skid trails was 41 to 52% greater than in non-
trail areas after logging (Miller et al., 1996). For sites
 
with less soil organic matter, greater soil clay content,
 

Maintaining long-term site productivity is an es­
sential requirement for sustainable forest man-

agement. This goal can be compromised in managed 
stands if the use of heavy equipment for harvest and 
site preparation causes soil degradation and reduces 
tree growth (Wert and Thomas, 1981; Murphy, 1983; 
Froehlich et al., 1986; Conlin and van den Driessche, 
1996). The most common effect on soils from ground-
based forest operations is increased compaction (Stein­
brenner and Gessel, 1955; Hatchell et al., 1970), usually 
indexed by bulk density or soil strength measurements 
(Greacen and Sands, 1980; Powers et al., 1998). Soil 
compaction has been found to reduce infiltration (Start-
sev and McNabb, 2000), saturated hydraulic conductiv­
ity (Purser and Cundy, 1992), sorptivity (Malmer and 
Grip, 1990), pore-size distribution and volume (Len-
hard, 1986; Huang et al., 1996), redox potential (Her-
bauts et al., 1996), N mineralization (Zabowski et al., 
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and more severe drought stress than in coastal Washing­
ton, impacts of soil compaction on early growth of Doug-
las-fir were negative but effects on annual growth rates 
were temporary. Thus, Douglas-fir height growth on 
non-tilled and tilled skid trails on Ultisols in Oregon 
Cascades averaged 24% less on non-tilled skid trails 
than on tilled trails in Year 4 after planting but differ­
ences in annual growth decreased to 6% in Year 7, and 
by age 8 to 10 year growth rates were similar (Heninger 
et al., 2002). Ten years after planting trees in 15-cm 
deep skid-trail ruts were 10% shorter on average with 
29% less volume than those on undisturbed areas (Hen­
inger et al., 2002). 

Many studies in the Pacific Northwest and elsewhere 
have assessed tree growth and soil response in logged 
sites using the “after-the-fact” retrospective approach 
described by Powers (1989), which may not allow to 
ascertain the original type, degree, and extent of distur­
bance. In addition, tree growth may have been unknow­
ingly and differentially affected by plant competition, 
disease, herbivory and other factors. Tree growth im­
pacts are also sometimes measured for short periods of 
time and these data are then incorrectly used to project 
long-term effects. For these reasons, the retrospective 
approach was not used in our research. 

In this study, we examine harvesting effects on soil 
properties and tree growth on a highly productive site 
intensively managed for Douglas-fir production in coastal 
Washington. This is a long-term, replicated experiment 
in which imposed disturbance reflects field operational 
conditions as closely as possible, and the confounding 
effects of competition to trees by vegetation, big game 
browse, and unknown site history have been removed. 
In addition, the experimental site has homogenous soil 
and topographic conditions, and relatively low levels of 
tree root-rot diseases such as Armillaria or Phellinus. 
This study is an affiliate installation to the U.S. Forest 
Service Long-Term Soil Productivity research program 
that encompasses numerous sites across the USA and 
Canada (Powers and Fiddler, 1997). 

The objectives of this investigation were to (i) assess 
soil disturbance after ground and cable-based logging; 
(ii) determine the impacts of soil disturbance and com­
paction on soil properties and tree growth, and the effec­
tiveness of tillage in maintaining or enhancing site pro­
ductivity; and (iii) widen the knowledge base for refining 
site preparation and harvesting standards for soil distur­
bance and best management guidelines for intensively 
managed Douglas-fir sites. 

MATERIALS AND METHODS 

The Fall River site is in the Coastal Range of Washington 
State at 46°43' N lat. and 123°25' W long., approximately 
60 km southwest of Olympia (Fig. 1). The climate is maritime 
with wet, mild winters and warm, dry summers. Mean annual 
precipitation is 2260 mm, mostly as rain. Mean annual air 
temperature is 9.2°C with monthly means of 2.6°C in January 
and 16.0°C in August. During the study period, the highest 
annual rainfall was in 2003 (1928 mm) compared with 1608 mm 
in 2001, and 1388 mm in 2002. In 2001, 42% of the annual 
rainfall occurred from April to September with 103 mm re-

Fig. 1. Location of the Fall River study area in coastal Washing­
ton, USA. 

corded for July and August. In contrast, 24% of the rainfall 
occurred during this period in 2002 with only 13.7 mm in July 
and August. In 2003, 33% of the rainfall fell during April to 
September with 20 mm in July and August. 

The experimental site is on gentle slopes (<10%) facing 
west with elevation ranging between 305 and 362 m. The soil 
is a medial over clayey, ferrihydritic over parasesquic, mesic 
Typic Fulvudand (Soil Survey Staff, 1992) of the Boistfort 
series developed from weathered Miocene basalt and influ­
enced by volcanic ash in the upper horizons (Steinbrenner 
and Gehrke, 1973; Logan, 1987). The modal sequence of hori­
zons is A/AB/B/C. The soil is deep, well-drained, and mostly 
stone-free, and has low bulk density, high organic C content 
and high water-holding capacity (Table 1). Total soil N to 
1.5-m depth ranges from 12 214 to 14 716 kg ha-1 (R. Harrison, 
unpublished data, 2004). The site quality class for Douglas-
fir is I to II+ with a site index (i.e., mean dominant height at 
breast-height age 50; King, 1966) of 42 m. 

The site is within the western hemlock [Tsuga heterophylla 
(Raf.) Sarg.] vegetation zone (Franklin and Dyrness, 1973). 
A preharvest vegetation survey indicated that the plant associ­
ation community was western hemlock/western sword fern 
(Polystichum munitum (Kaulf.) C. Presl.)/redwood sorrel (Ox­
alis oregana Nutt). The old-growth stand previously occupying 
the site was cable yarded in 1952–1953 followed by broadcast 
burning and planting of Douglas-fir. Aerial photographs taken 
after harvest showed no evidence of significant soil compac­
tion or other major soil disturbance within the study area. 
The Douglas-fir stand was precommercially thinned in 1971, 
and fertilized four times between 1970 and 1995 with a total 
of 820 kg N ha-1 as urea. 

The Fall River study was installed, except for vegetation 
control treatments, from April to July of 1999 to examine the 
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Table 1. Soil characteristics at the Fall River study site in Coastal Washington.† 

Horizon Depth Db AWC MV Sand Silt Clay pH C N P K Ca Mg 
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cm Mg m-3 m3 m -3 %  %  mg kg-1 

A 0–16 0.59 0.34 0.43 13.0 52.4 34.6 5.0 9.6 0.4 12.5 111 243 46 
AB 16–44 0.72 0.33 0.36 10.3 28.0 61.7 5.1 4.3 0.2 6.0 51 25 7 
2Bw1 44–88 0.99 0.21 0.32 12.5 49.6 37.9 5.0 1.0 0.1 2.5 61 87 39 
2Bw2 88–152+ 1.14 0.16 0.20 15.4 45.8 38.8 5.0 0.6 0.1 2.7 41 100 78 

† Values for Db (Bulk density), AWC (Available water capacity at -10- to -1500-kPa tensions), MV (Macropore volume), pH, and elements are means 
from data collected in soil pits in each of the four blocks of the study. Values for textural classes are from composited samples from the four blocks. 

effects of ground-based harvesting, organic matter retention, 
vegetation control and fertilization on soil characteristics and 
growth of Douglas-fir. The whole study contains 12 treatments 
replicated four times in a randomized complete block design. 
Treatment plots are 30 m by 85 m (0.25 ha), with an internal 
15 m by 70 m (0.10 ha) measurement plot. In this paper, we 
report harvesting effects on soil quality and tree growth for 
three treatments: (i) bole-only removal with no soil compac­
tion, (ii) bole-only removal with soil compaction, and (iii) 
bole-only removal with soil compaction plus tillage. The bole-
only removal harvest followed conventional merchantability 
standards of 3-m log length and 8- to 13-cm small-end top 
diameter. Logging slash was scattered uniformly across each 
plot during the log-forwarding operation. 

All harvested trees were directionally hand-felled between 
May and July of 1999 so that all tree tops remained within 
the plot. In non-compacted plots, logs were cable-removed 
with a CAT 330L (Caterpillar, Peoria, IL) two-drum shovel 
yarder, and a CAT tail-hold tractor to minimize site distur­
bance. In compacted plots, trees were yarded in May 1999 
with a CAT 330L shovel with 70-cm wide pads. The soil water 
content at time of yarding was near field capacity. Eight 
equally spaced traffic lanes were flagged in each plot to be 
trafficked to make soil disturbance comparable across blocks. 
Every other lane was trafficked twice to more closely simulate 
traffic patterns that operationally occur when both a feller­
buncher and a shovel yarder are used during harvesting. Thor­
ough soil tillage to the 60-cm depth on tilled plots was accom­
plished on the areas trafficked by the shovel with a small CAT 
322BL excavator shovel fitted with a PSM bucket with two 
70-cm-long tillage tines. 

Plots were planted with 1 + 1 Douglas-fir seedlings on a 
2.5 by 2.5 m spacing (1600 trees ha-1) in March 2000. Seedlings 
were produced from a mixed seed lot of 23 first-generation 
half-sib families. Only seedlings between 5 and 10 mm in 
caliper, and 35 and 51 cm in height were shovel planted. 
Planters were instructed to plant seedlings within 30 cm of 
pin-flags placed on a 2.5 m by 2.5 m spacing grid so trees 
would be planted in the full range of microsites represented 
in each treatment and each plot would have the same planting 
density. The study area was fenced to eliminate deer and elk 
browsing. All treatments included weed control using ground-
applied herbicides in the four growing seasons after planting 
to eliminate the confounding effects that soil disturbance and 
compaction can have on vegetation communities and competi­
tion pressure (Dyck and Cole, 1994). 

We followed a quantitative approach to assess soil distur­
bance that visually characterizes five classes developed by W. 
Scott (for details, see Heninger et al., 2002). We encountered 
three soil disturbance conditions: Class 0 (DC0)–no soil distur­
bance because the soil has not been subjected to vehicular 
traffic, Class 1 (DC1)–soil compaction by vehicular traffic 
without puddling of soil structure or rutting, and Class 2 
(DC2)–churning and mixing of the topsoil with the forest 
floor and slash with severe alteration of topsoil structure. 
The subsoil may or may not be compacted. Additionally, we 
included Class 6 (DC6)–presence of berms of soil and slash 

resulting from the turning and churning motion of the shovel 
tracks. There were no disturbance Class 3 (churning and mix­
ing into the B horizon), disturbance Class 4 (topsoil displace­
ment or removal), or disturbance Class 5 (drainage blocked 
or impeded). 

In August 1999, soil bulk density samples were taken in all 
plots before tillage with a 31.2-mm diam. punch-tube volumet­
ric sampler (Clements Associates, Newton, IA) at the 0- to 
10-, 10- to 20-, and 20- to 30-cm depths in 13 sampling spots 
randomly located on each disturbance class in the plots. Class 
0 disturbance was sampled in non-compacted plots while DC1 
and DC2 were sampled within compacted plots. Paired com­
parisons of bulk density values obtained with this sampler and 
with an 808-cm3 hammer-driven sampler did not differ (P = 
0.65) in a complementary field test (Ares and Terry, unpub­
lished data, 2004). Samples with significant amounts of sound 
or decayed wood material were discarded and replaced with 
new samples. Samples were then oven-dried at 105°C for deter­
minations of bulk density, and soil gravimetric and volumetric 
water content. No coarse fragments were present. 

In August 2000, we coded soil disturbance conditions within 
the compacted plots at the point where each measurement 
tree was planted using the classes described above. Where the 
code was DC2, the rut depth from the original soil level was 
recorded. Around every other measurement tree, we recorded 
the percentage of each disturbance class in a tree-centered 
2.5 by 2.5 m square area. We calculated the percentage of 
ground area and the tree frequency in each soil disturbance 
class. 

Soil strength was measured in August 2001, the driest period 
of the year, in eight locations per plot with a cone penetromer 
(DELMI, Shafter, CA) having a 30° angle cone tip of 2.02 cm 
in diameter and shaft length adjustable to about 90 cm. We 
sampled at this time because soil strength values were likely 
around the maximum values for the year. Additional pene­
trometer readings were planned to be taken during the soil 
drying stage—early to late summer—the following year if re­
sults indicated that soil strength values were limiting root 
growth. Eight to twelve penetrometer reading measurements 
were taken at 2-cm intervals to the 60-cm depth on each 
non-compacted, compacted, and compacted and tilled plots. 
Sample points within non-compacted plots were randomly 
located within each quartile of the tree measurement plots. 
In compacted plots, four readings were taken in each DC1 
and DC2 disturbance classes while in tilled plots we recorded 
soil strength in the tilled harvest equipment trails. Readings 
within compacted and tilled plots were taken as close as possi­
ble to a randomly located point within the tree measurement 
plot with the desired soil disturbance condition. Cone index 
values were read using a scale template aid over the penetrom­
eter cards. High-spike values created when roots or buried 
wood were hit by the penetrometer were noted on the cards 
in the field and those measurements were discarded from 
the dataset. 

To determine soil porosity and water retention curves, we 
randomly collected non-disturbed soil cores on non-com­
pacted, compacted, and compacted and tilled plots with 68.7­
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cm3 cylinder rings centered at 5- and 15-cm depths to character­
ize the 0- to 10- and 10- to 20-cm depths, respectively. In 
compacted, and compacted and tilled plots, sampling was re­
stricted to traffic lanes with DC2 soil disturbance. Four cores 
per depth were taken in all plots of two blocks in 2001, and 
six cores per depth were obtained in the remaining two blocks 
in 2002. Samples at the two depths were taken at different 
sampling points and therefore were independent. The samples 
were located halfway to the north between a randomly selected 
tree and the next tree (or to the east, south, or west if the north 
position was occupied by a stump or other non-representative 
condition). Soil water retention curves and particle density 
were determined at the Soil Physics Laboratory of Oregon 
State University. Total porosity was determined by both the 
gravimetric method with water saturation (Flint and Flint, 
2002), and the particle density method (Black and Hartge, 
1984) in 2001, but only by the first method in 2002. Correlation 
between data from these two methods in 2001 was used to 
estimate total porosity by the particle density method in 2002. 
Total porosity reported in the paper is based on the particle 
density method estimates because during saturation there may 
have been some soil sample swelling causing a slight bias in 
the total porosity estimate. 

Pore-size distribution was determined by the water-desorp­
tion method (Danielson and Sutherland, 1986). The effective 
pore diameter dividing water-filled and drained pores was 
calculated from the following function: 

lP = 2ar -p 
1 [1] 

where lP is the pressure difference across an air–water inter­
face at equilibrium (Pa), a is the surface tension of water at 
ambient temperature (J m-2), and rp is the pore radius (m). 
We calculated macroporosity as the difference in volumetric 
water content between saturation and -10 kPa, where effec­
tive pore diameter equals 58 fm (Soil Science Society of 
America, 1997). Saturation was assumed to be when total pore 
space, as calculated from the particle density method, was 
filled with water. Pores larger than 58 fm would be air-filled 
at -10-kPa tension and defined as macro and mesopores (Soil 
Science Society of America, 1997). 

Gravimetric and volumetric water contents were deter­
mined after equilibrating the soil with water at tensions of 
-6, -10, -80, -200, and -1500 kPa. Water retention was 
determined with a ceramic-plate system at tensions from -6 
to -200 kPa. After equilibrating at each tension on the ceramic 
plate, the soil cores were weighted and transferred to a plate 
with the next greater tension. After being subjected to the 
-200-kPa tension, cores were weighed, dried at 105°C, and 
then reweighed. For the -1500-kPa tension, a membrane pres­
sure system was used. 

We estimated available water content (AWC) for volumet­
ric water contents between -6 and -1500 kPa, and between 
-10 and -1500 kPa. We also calculated AWC between -10 
and -200 kPa, a range that may better reflect water availability 
affecting tree growth than that for wider tension intervals. 
Volumetric soil water content (8 in %) was related to soil 
water tension (t in kPa) by using a three-parameter equation 
(Van Genuchten, 1980): 

)n]1 - 1/n8 = 8s[1/1 + (at [2] 

where 8s = soil volumetric water content at saturation (%), 
and a and n are equation parameters. The a parameter is 
proportional to the inverse of t at the midpoint between 8s and 
the residual volumetric water content (8r), while n indicates the 
steepness of the water-release curve (Hodnett and Tomasella, 
2002). The 8r term was excluded from the equation because the 
data indicated that soil volumetric water content in compacted 

and non-compacted soil converged at large negative values 
of t. 

In the field, soil water content was measured during the 
growing season in 2001 and 2002 with a Hydrosense CS620 
probe (Campbell Scientific Inc., Logan, UT) that gives inte­
grative measures for the 0- to 20-cm depth. Five measure­
ments per plot in 2001 and eight in 2002 were taken approxi­
mately monthly from May 2001 to October 2002 on the buffer 
zone of each plot as part of a related experiment on woody 
biomass decomposition. A locally developed calibration func­
tion was used to convert Hydrosense readings to volumetric 
soil water values. 

Instantaneous measurements of soil temperature were taken 
monthly between 0700 and 1100 h from April 2000 to July 2002 
at the 20-cm depth in compacted and noncompacted plots 
with ELE International moisture-temperature cells (Soiltest, 
WoodDale, IL) calibrated for temperature accuracy. Soil tem­
perature was also recorded continuously and averaged hourly 
during July 2002 at 5-cm depth on shovel traffic lanes and 
adjacent non-disturbed areas with iButton digital temperature 
loggers (Maxim/Dallas Semiconductor, Dallas, TX). 

Trees within measurement plots were measured immedi­
ately after planting and yearly after the first four growing 
seasons. Measurements included total height (TH), stem basal 
diameter (BD) measured at a permanently marked location 
15 cm above ground level in growing seasons 1 through 3, 
and stem diameter at 1.3 m above ground (DBH) in growing 
seasons 2, 3, and 4. Height measurements were done with a 
telescopic pole and stem diameters were measured with a 
diameter tape. A stem volume index (SVOL) was calculated 
as (BD)2 TH. 

Harvesting effects on bulk density and soil strength were 
analyzed as a mixed model of repeated measures data with 
soil disturbance and soil depth as fixed effects, and block as 
a random effect (Littell et al., 1996). In mixed models, the 
overall error associated with the model is allocated properly 
to the error term and the random block factor, and allows for 
accurate calculation of probability values to draw inferences 
on soil disturbance, depth, and soil disturbance X depth ef­
fects. In addition, a repeated measures analysis was appro­
priate because measurements of bulk density and soil strength 
were done at different depths at the same sampling point, 
and, therefore, sampling errors were not independent. Mea­
surements taken at adjacent depths are expected to be more 
correlated than measurements taken some distance apart. The 
covariance structures associated with the within-subject factor 
(i.e., depth) were selected by choosing those with the lowest 
value for the Bayesian Criterion and Akaike’s Information 
Criterion. The first-order autoregressive heterogeneous covar­
iance structure provided the lowest values for both criteria. 

The arc-sine square-root transformation was used for data 
in percent. A mixed-model approach was also used to test for 
soil disturbance-effects on tree size and growth in Years 0 to 
4. Comparison of treatment means was made using one degree 
of freedom orthogonal contrasts. Procedure MIXED in SAS 
8.2 (SAS Institute, 1999) that estimates variance components 
using restricted maximum likelihood methods was used for 
the statistical analyses. Coefficients of the van Genuchten 
equation (Van Genuchten, 1980) were calculated using proce­
dure NLIN in SAS. An a = 0.05 was used in all statistical 
analyses for determining significance. 

RESULTS 

Soil Disturbance, Bulk Density, and Soil Strength 

On average, about half of the area of ground-har­
vested (compacted) plots was affected by vehicular traf­
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Fig. 2. Area in each disturbance class and proportion of tree seedlings Fig. 3. Soil strength by soil disturbance class and tilled soil 14 to 17 
planted on each disturbance class at Fall River. Class 0 = No soil mo after forest harvest at Fall River. Values are means with stan­
disturbance, Class 1 = Soil compaction preserving topsoil structure, dard errors indicated for some depths. Class 0 = No soil distur-
Class 2 = Soil compaction altering topsoil structure, Class 6 = bance, Class 1 = Soil compaction preserving topsoil structure, Class 
Presence of berms of soil and slash. Values are means ± one 2 = Soil compaction altering topsoil structure. 
standard error. 

spectively. Weighted by the ground area affected by soil 
fic (Fig. 2). Ground areas with DC1, DC2, and DC6 disturbance, bulk density in the 0- to 30-cm soil depth 
conditions in compacted plots averaged 15.5, 27.7, and for ground-harvested plots was 27% greater than for 
7.7%, respectively, with the remaining portion of com­ non-compacted plots. 
pacted plots being non-disturbed. Sixty-three percent of Soil strength significantly increased with soil distur­
the trees within the measurement plots of the compacted bance (P < 0.001) and depth (P < 0.001). Also, soil 
treatment were located on some degree of soil distur­ strength varied differently with depth as reflected by 
bance. Rut depths were generally shallow averaging the significant soil disturbance X depth interaction (P <
2.5 cm for DC1 and 12.6 cm for DC2. 0.001) (Fig. 3). Changes in soil strength with depth were 

There were proportionally more trees planted in DC6 similar for DC1 and DC2 while tillage returned the soil 
and DC1 microsites in compacted plots than expected to its initial strength condition. The data suggested that 
based on the occurrence of these microsites in the soil the tillage effect took place up to the 50-cm depth. 
disturbance survey (Fig. 2). Planters may have preferred Differences in soil strength between DCO and the till­
DC6 and DC1 areas over DC0 and DC2 microsites when age treatment were not significant (P = 0.11) for the 52­
given the option to plant seedlings within 30 cm of the to 60-cm depth range. Compaction extended to 54-cm 
pin-flags. Also, planters could have avoided DC0 areas depth in DC1 and to 48-cm depth in DC2 as indicated 
in close proximity to stumps where large lateral roots by the significant differences in soil strength between 
precluded appropriate planting. soils with these two disturbance classes and DC0 (P <

Soil bulk density increased with both soil disturbance 0.05).
(P < 0.001) and depth (P < 0.001), but the soil disturb­
ance X depth interaction was not significant (P = 0.080) Soil Porosity, Available Plant Water, 
(Table 2). Relative to the non-disturbed soil condition, and Soil Water Release 
soil bulk density at the 0- to 10-cm depth increased 
23.2% for DC1 and 37.5% for DC2 in compacted plots. Changes in total porosity with compaction were rela-
At depths of 10 to 20 and 20 to 30 cm, the increases in tively minor. On compacted soil, total porosity at the 
soil bulk density were similar for DC1 and DC2; 18.5 0- to 10-cm depth decreased by 10% compared with 
and 19.1% for DC1, and 27.7 and 26.5% for DC2, re- non-compacted soil, and by 13% at the 10- to 20-cm 

depth (Table 3). Total porosity of compacted and tilled 
Table 2. Bulk density (Mg m-3) as related to soil disturbance and 

soil depth 3 to 4 mo after forest harvest at the Fall River Table 3. Total soil porosity in non-compacted, compacted and, 
study site. compacted and tilled soils at the Fall River study area in 

coastal Washington. 
Soil disturbance class 

Total soil porosity, m3 m -3 

Soil depth 0 1 2 
Depth Non-compacted Compacted Compacted and tilled 

cm 
0–10 0.56 (0.010) a a† 0.69 (0.012) a b 0.77 (0.017) a c cm 
10–20 0.65 (0.010) b a 0.77 (0.013) b b 0.83 (0.015) b c 0–10 0.69 (0.009) a a† 0.62 (0.010) a b 0.67 (0.015) a a 
20–30 0.68 (0.014) c a 0.81 (0.017) c b 0.86 (0.016) c c 10–20 0.68 (0.007) a a 0.59 (0.012) a b 0.65 (0.012) a a 

† Values are means ± one standard error in parentheses. Means followed † Values are means ± one standard error in parentheses. Means followed 
by the same letter are not significantly different at P � 0.05. The first by the same letter are not significantly different at P � 0.05. The first 
letter after each mean refers to comparisons between depths and the letter after a mean refers to comparisons between depths and the second 
second letter to comparison among soil disturbance classes. letter to comparisons among treatments. 
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Table 4. Macropore volume and available water capacity in non-compacted, compacted, and compacted and tilled soils at the Fall River 
study area in coastal Washington. 

Macropore volume, m3 m -3 Available water capacity, m3 m -3
 

Depth -6 kPa  -10 kPa -6 to  -1500 kPa -10 to -1500 kPa -10 to -200 kPa
 

cm 
Non-compacted 0–10 0.28 (0.001) a† 0.39 (0.002) a 0.33 (0.002) b 0.22 (0.002) b 0.08 (0.009) c 
Compacted 0.17 (0.002) b 0.24 (0.002) b 0.41 (0.002) a 0.35 (0.002) a 0.16 (0.007) a 
Compacted and tilled 0.27 (0.001) a 0.35 (0.002) a 0.36 (0.002) ab 0.29 (0.001) a 0.11 (0.017) b 
Non-compacted 10–20 0.23 (0.001) a 0.36 (0.001) a 0.35 (0.002) a 0.25 (0.002) c 0.06 (0.002) c 
Compacted 0.14 (0.002) b 0.19 (0.002) b 0.38 (0.002) a 0.34 (0.002) a 0.13 (0.010) a 
Compacted and tilled 0.27 (0.001) a 0.30 (0.002) a 0.37 (0.002) a 0.30 (0.001) b 0.11 (0.010) b 

† Values are means ± one standard error in parentheses. Means followed by the same letter are not significantly different at P 0.05 among treatments 
for a given depth. 
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soil did not differ from the undisturbed condition. The 
depth X treatment interaction was not significant (P = 
0.68). 

At -6 and -10 kPa soil water potential, macropore 
volume was significantly reduced in compacted soil com­
pared with non-compacted, and compacted and tilled 
soil, both at the 0- to 10, and 10- to 20- depths (Table 4). 
Compaction reduced macropore volume at -10 kPa soil 
water potential by 40% at the 0-to 10-cm depth, and by 
48% at the 10- to 20-cm depth. Tillage of compacted 
soil recovered macropore volume to within 83–88% of 
non-compacted soil. 

Compaction increased AWC at the 0- to 10-cm depth 
by 24 to 59% of the non-compacted soil. At both the 
0- to 10-cm and the 0- to 20-cm depths, AWC of the 
non-compacted soil was lower than that of the com­
pacted and tilled soil at -10 to -1500 and -10 to -200 
kPa water potentials (Table 4). If water potential at 
field water capacity was -10 kPa, AWC on non-com­
pacted soils averaged 0.22 m3 m -3 at the 0- to 10-cm 
depth, and 0.35 m3 m -3 for compacted soil. At the 10­
to 20-cm depth, AWC at -10 to -1500 kPa water poten­
tial was higher in compacted soil than in non-compacted, 
and compacted and tilled soil. The increase in AWC 
from the -10 to -1500 kPa to the -6 to  -1500 kPa 
interval was greater in non-compacted than in com­
pacted soil (Table 4) reflecting differences in pore-
size distribution. 

Soil water retention curves indicated that compacted 
soil consistently retained more water at -10 to -200 
kPa water potentials than non-compacted, or compacted 
and tilled soil (P < 0.05) (Fig. 4). The Van Genuchten 
function explained 97% or more of the variation in 
volumetric soil water content (Table 5). Saturated volu­
metric water content was significantly higher for non-
compacted soil than for compacted soil at both the 0- to 
10-cm and 10- to 20-cm depths (P < 0.05). The a param­
eter did not differ between compacted and non-com­
pacted soil probably because of the wide intervals of 
confidence for a in non-compacted soils. The slope of 
the water retention curve indicated by the n parameter 
was somewhat steeper in compacted than in non-com­
pacted soil at the 10- to 20-cm depth (Table 5, Fig. 4). 

Field Soil Water and Temperature 

Volumetric soil water in DC1 and DC2 compacted 
soils was higher or equal than that in non-compacted 

soils when sampled at mid-month throughout the mea­
surement period. Compared with non-compacted soils, 
values were significantly higher (P < 0.05) in compacted 
soils in June, July, September, and December of 2001, 
and in January, August, and September of 2002 (Fig. 5). 

Soil temperature, measured once a month, was re­
markably similar between compacted and non-com­
pacted areas both at the 5-cm and at 0- to 20-cm depths 
(data not shown). In July 2002, mean daily temperature 
at the 0- to 5-cm depth was 16.8°C for both compacted 
and non-compacted soil. Hourly mean temperatures for 
compacted and non-compacted soil during July 2002 did 
not differ (P = 0.96). 

Douglas-fir Mortality and Growth 

At planting, trees had similar TH (P = 0.65) and BD 
(P = 0.24). Tree mortality in Year 4 was 3.4, 4.5, and 

Fig. 4. Water retention curves for non-compacted, compacted, and 
compacted and tilled soil at the (a) 0- to 10-cm, and (b) the 10- to 
20-cm depth at Fall River. Values are means ± one standard error. 
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Table 5. Coefficients of van Genuchten’s equation; 6 = 6s[1/1 + 
(at)n] 1 - 1/n where 6 = Volumetric soil water content (m3 m -3), 
6s = Volumetric soil water content at saturation (m3 m -3), 
and t = Soil water potential (kPa), for compacted and non-
compacted soil at Fall River. 

Treatment Depth, cm 6s a n 

Non-compacted 
Compacted 

0–10 0.68 a† 
0.63 b 

2.23 a 
0.17 a 

1.16 a 
1.19 a 

Non-compacted 
Compacted 

10–20 0.68 a 
0.57 b 

2.24 a 
0.03 a 

1.14 a 
1.30 b 

† Values followed by the same letter are not significantly different at P 
0.05 between treatments for a given depth. 

4.8% for compacted, non-compacted and, compacted 
and tillage treatments, respectively, and did not signifi­
cantly differ among treatments. There were no signifi­
cant differences in mean TH, BD, and SVOL for trees 
growing on non-compacted, compacted, and compacted 
and tilled treatments at Years 1 to 4 (Table 6). In Year 
3, mean DBH was greater for trees in compacted, and 
compacted and tilled treatments than that for non-com­
pacted. Within compacted plots, mean TH, BD, DBH, 
and SVOL were in general similar for trees growing on 
DC0, DC1, DC2, and DC6 except in Year 3 when trees 
growing in DC1 compacted areas had greater BD than 
those growing on DC0 non-compacted areas (Table 7). 
In year 3, SVOL in the compacted treatment was also 
greater for trees growing on DC1 and DC2 areas within 
the compacted treatment than those growing on non-
compacted DC0 soil. 

DISCUSSION
 

Soil Disturbance and Physical Properties
 

Site impacts from ground-based forest harvest depend 
on equipment type, operational timing, execution exper­
tise, soil moisture conditions, and soil characteristics (Win-
gate-Hill and Jakobsen, 1982; McNabb and Boersma, 
1993; Heninger et al., 1997). At the Fall River study, bole-
only ground-harvest of a 46-yr-old Douglas–fir stand 
caused soil disturbance in about half of the harvested 
area and modified soil physical characteristics. Equip­
ment traffic was applied when soil water contents were 

Fig. 5. Volumetric soil water content during 2001 and 2002 at Fall 
River for DC2 compacted and DC0 non-compacted areas. Values 
are means ± one standard error. 

at or somewhat drier than field water capacity, which is 
considered to correspond to a given soil water potential 
within the -6 to  -50 kPa range (Cullen et al., 1991; 
Da Silva et al., 1994; Soil Survey Laboratory, 1995). 
Traffic increased soil bulk density of the A and AB 
horizons with little or no puddling. Andisols are less 
compressible than other denser soils because of their 
high shear strength (McNabb and Boersma, 1993). In a 
study in three Coastal Washington sites that are similar 
to the Fall River area (i.e., high soil organic matter 
content, low bulk density, loam to clay soil textures), 
yarding equipment produced more severe soil distur­
bance (up to DC4) than that at Fall River. This was 
because of the type of equipment used and operations 
occurring on soils between saturation and field water 
capacity (Miller et al., 1996). In that study, bulk density 
in the 0- to 8-cm depth of primary skid trails was 41 to 
52% greater than in non-disturbed areas. 

Spodosols of Vancouver Island, BC were differently 
affected by increasing passes of both a rubber-tired skid­
der with low ground pressure tires and a grapple skidder 
with conventional tires and chains, but disturbance de­
pended more on soil water content at trafficking time 
than on other soil characteristics (Senyk and Craigdallie, 
1997). In their study, a gravelly loamy sand soil of the 
Honeymoon series had high water content at time of 
trafficking and significant puddling occurred. In con­
trast, significant rutting but not puddling was observed 
in a silt loam to loam soil of the Snuggery series that 
was relatively dry when trafficked. Bulk density of the 
Honeymoon series soil of Vancouver Island increased 
to 1.4 Mg m-3 after 30 to 40 equipment turns but total 
soil porosity did not drop below 50% (Senyk and Craig­
dallie, 1997). 

Soil strength at Fall River also increased after vehicle 
trafficking to about 50-cm depth but it remained well 
below the critical threshold for tree root growth consid­
ered to be around 2000 to 3000 kPa depending on tree 
species and soil conditions (Sands et al., 1979; Greacen 
and Sands, 1980). In northern Idaho, compaction in­
creased soil strength to more than 2500 kPa in a Fragi­
xeralf developed from volcanic ash, but shoot growth 
of 1-yr-old Douglas-fir seedlings was not affected (Page-
Dumroese et al., 1998). Soil strength of a Hapludand 
and a Paleohumult in coastal Washington reached maxi­
mums of about 2500 and 3200 kPa at the 10- to 20-cm 
depth corresponding to fine-soil bulk densities of about 
0.7 and 0.8 Mg m-3 (Miller et al., 2001). In trafficked 
areas at Fall River, mean soil strength by depth incre­
ment never exceeded 1300 kPa. Tillage with an excava­
tor restored soil strength to a condition similar to that 
initially but this practice is deemed unnecessary for 
this site. 

Decreases in total porosity at Fall River of 10 and 
13% from initial porosities of 0.68 and 0.69 m3 m -3 at 
the 0- to 10-cm, and 10- to 20-cm depths, respectively, 
were similar to the 9 and 14% reductions at the 0- to 
15- and 15- to 30-cm depths from initial porosities of 0.68 
and 0.66 m3 m -3 for a loam soil in Northern California 
(Gomez et al., 2002b). Macropore volume at -10 kPa 
in Fall River dropped 40 to 52% with compaction con­
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firming that macropore volume is a more sensitive indi­
cator of soil changes than total porosity. 

Water retention and AWC were increased by soil 
compaction. Compacted soil retained more water than 
non-compacted soil likely because compression con­
verted larger pores to smaller ones, especially in the 
upper part of the soil profile. In a study with a silty clay 
loam, compaction decreased macroporosity (pores � 
60-fm diam.) by more than 50% but pores < 6-fm 
diam. were unaffected by compaction (Bullock et al., 
1985). At the Vancouver Island, BC study (Senyk and 
Craigdallie, 1997), water retention increased in com­
pacted soil leading to saturation and increased seedling 
mortality in areas where soil drainage was blocked on 
rutted skid trails. Standing water was never observed 
in traffic lanes on compacted plots during the winter 
rainy season at Fall River indicating that water infiltra­
tion was not severely limited. 

Douglas-Fir Early Growth 

Despite noticeable effects on soil physical properties 
from ground-based harvest, stem diameter, height and 
a volume index of Douglas-fir were not reduced by 
soil disturbance or compaction. Values for these growth 
indicators were even greater for trees on disturbed soil 
than for those on non-disturbed soil in Year 3. Clearly, 
bulk density, soil strength, and macroporosity did not 
reach levels in compacted areas that reduced tree 
growth. Including compacted soils, observed bulk den­
sity of 0.56 to 0.86 Mg m-3 at Fall River was within the 
0.70 to 1.15 Mg m-3 range for which Douglas-fir seedling 
growth was not affected on the eastern Cascade Moun­
tains of Washington State (Zabowski et al., 2000). In 
other studies, Douglas-fir root growth decreased or 
ceased at soil bulk densities from 0.9 Mg m-3 for clay 
loams to 1.8 Mg m-3 for sandy loams although shoot 
growth was not generally affected both in field (Forri­
stall and Gessel, 1955) and pot experiments (Minore et 
al., 1969; Heilman, 1981; Singer, 1981). 

The greater plant-water availability in compacted soil 
compared with the undisturbed soil suggests that in­
creased soil water mediated the growth increase of 
Douglas-fir measured at Year 3 on compacted soil. Soil 
water, however, could have been retained at more nega­
tive tensions in compacted soil, and become less avail­
able than in non-compacted soil during portions of the 
growing season. This was difficult to evaluate in this 
study because measurements of field volumetric water 
content integrated for the 0- to 20-cm depth (including 
the litter layer) were taken monthly within the plot 
buffers while soil water retention curves were derived 
from samples collected within the measurement plots 
and centered at the 5- and 15-cm depths. Also, the soil 
water potential at which growth of Douglas-fir seedlings 
or saplings start to decline is uncertain, and so was 
the lapse of time during which compacted and non-
compacted soil would have reached soil water status 
limiting for Douglas-fir growth. Photosynthesis rates of 
2- to 3-month-old Douglas-fir seedlings slowly declined 
with soil water potential decreasing to -100 kPa and T
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Table 7. Mean Douglas-fir height, stem diameter and volume index (SVOL) by soil disturbance class within the compacted treatment 
(ground-based harvest), and by year since treatment in coastal Washington. 

Year 1 Year 2 Year 3 Year 4
 

DC0 DC1 DC2 DC6 DC0 DC1 DC2 DC6 DC0 DC1 DC2 DC6 DC0 DC1 DC2 DC6
 

Total height, cm 45.1 a 43.9 a 44.9 a 43.7 a 95.5 a 96.1 a 97.1 a 96.6 a 151.2 a 157.4 a 151.2 a 158.2 a 246.8 a 253.0 a 251.1 a 253.8 a
 
Basal diameter, mm 6.4 a 6.5 a 6.3 a 6.3 a 17.1 a 17.4 a 17.1 a 16.9 a 31.0 b 33.5 a 31.3 b 32.7 ab 56.5† a 58.1† a 58.0† a 58.1† a
 
DBH, mm –  –  –  –  –  –  –  –  9.7 b  10.8 a 10.3 ab 9.7 b 23.1 a 24.6 a 24.4 a 24.5 a
 
SVOL index, cm3 20.6 a 20.3 a 19.4 a 19.1 a 314 a 335 a 327 a 304 a 1638 b 2050 a 2012 a 1827 ab 8463 a 9225 a 9027 a 9112 a
 
Trees with measurable –  –  –  –  4.7  a  8.4  a  3.6  a  4.2  a  73.5 ab 76.1 ab 70.1 ab 87.5 a 99.2 a 98.7 a 100.0 a 99.0 a
 

DBH, % 

† Calculated from DBH-basal diameter relationship. Means followed by the same letter are not significantly different at P 0.05 among treatments for 
a given year and tree variable. 

decreased sharply below that water potential (Zavitkov­
ski and Ferrell, 1968). Growth of conifer seedlings was 
considered to cease at soil water potential of -500 kPa 
(Spittlehouse and Childs, 1990). Additional work needs 
to be conducted to confirm at what soil water poten­
tials Douglas-fir growth begins to be limited in Coastal 
Washington soils. 

Available water held between -10 and -500 kPa 
may be more useful to characterize water availability 
and relate it to tree growth than the routinely calculated 
AWC between -10 and -1500 kPa for soils that likely 
never reach a soil water potential of -1500 kPa or other 
largely negative potentials that reduce seedling survival. 
The potential beneficial effects of other factors on tree 
growth such as increased N uptake (Gomez et al., 2002b; 
Kranabetter and Sanborn, 2003) or CO2 concentrations 
(Conlin and van den Driessche, 1996) found in com­
pacted soils cannot be ruled out as a potential beneficial 
effect on tree growth at Fall River. In fact, CO2 concen­
trations were markedly greater in compacted than in 
non-compacted soil in an ancillary study at Fall River 
(M. Jurgensen, personal communication, 2002). 

The tree growth advantage on traffic lanes did not 
continue at age 4 most likely because tree roots are 
likely growing out of the compacted track areas and 
penetrating deeper into the soil profile. At Age 3, mean 
root lateral spread from the tree trunk was 111 cm for 
trees growing on the 70-cm wide equipment tracks at 
Fall River, and did not differ from trees on non-com­
pacted soil (C. Harrington, personal communication. 
2004). A similar effect may probably explain why height 
growth of trees growing on skid-trails and non-com­
pacted areas became similar after trees reached about 
1.4 m in height in western Oregon (Heninger et al., 
2002). 

Root growth of Douglas fir is considered limited at 
soil temperatures less than 10°C with optimum growth 
occurring at 20°C (Lopushinsky and Max, 1990). At Fall 
River, soil temperature was higher than 10°C from early 
May to early October, and did not differ between com­
pacted and non-compacted areas. 

Soil Quality Thresholds for Best
 
Management Practices
 

Critical threshold values for a wide range of soils 
are difficult to estimate because data are rather limited 
(Powers et al., 1998). At Fall River, no negative effects 
on tree growth were observed although the area com­

pacted was greater than 15% and the soil bulk density 
increase exceeded 20%. These values are the recom­
mended admissible increases over non-disturbed condi­
tions for Andisols in the Pacific Northwest (Powers et 
al., 1998). The suggested threshold values are too con­
servative for the Boistfort soil at the Fall River study 
site. The reductions in total porosity and macroporosity 
observed in this study were marginally greater than the 
�10 and �50% reductions considered detrimental to 
soil quality (Powers et al., 1998). On the other hand, 
macroporosity did not decrease below 14% when at 
least 10% of total soil volume is considered necessary 
for plant growth (Grable and Siemer, 1968). 

Andisols have good physical properties such as low 
bulk density, high water-holding capacity, good tilth, 
and stable aggregation, and constitute an excellent root­
ing media (Kimble et al., 2000). At Fall River, these 
advantageous soil physical characteristics confer the site 
the capacity to sustain harvest impacts without decreas­
ing tree growth. The unique properties of Andisols have 
been only partially considered in soil quality standards 
and guidelines for sustainable forest productivity. As 
more data become available, soil quality standards for 
Andisols should be refined to better differentiate them 
from other soil types. 

CONCLUSIONS 

The study indicates that ground-based harvesting al­
tered soil physical properties on a highly productive 
forest site of coastal Washington, but the extent of dis­
turbance was not detrimental for early growth of planted 
coastal Douglas-fir. Given the relatively fine texture of 
the soil at Fall River, negative impacts on tree growth 
could have been expected. The high organic matter con­
tent, low bulk density, and low compressibility of the 
Boistfort soil, however, likely contributed to buffer the 
harvest impacts and made this soil conducive for inten­
sive forest management and ground-based harvesting 
systems. 

Although both soil bulk density and soil strength were 
increased, they did not reach levels that reduced Doug-
las-fir growth. There was some evidence in this study 
that compaction could actually be beneficial as early 
tree growth at age 3 was greater on compacted soil 
compared with compacted soil. Increased available wa­
ter in the -10- to -200-kPa range on compacted traffic 
lanes may explain this increased growth. 

Consequences from heavy machinery use such as in­
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creased soil strength and bulk density can be amelio­
rated by tillage but this practice is deemed unnecessary 
on the tested site. Limiting soil disturbance to Classes 
1 and 2 appears to be a sound recommendation for 
Andisols of coastal Washington. The long-term nature 
of this study will address possible changes in soil charac­
teristics and tree growth responses with time as well as 
their interactions with climatic conditions. 
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