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(ABSTRACT) 

Six wet pine flat sites were salvage logged following Hurricane Hugo in 

the fall of 1989. High soil moisture conditions during salvage operations 

resulted in soil compaction and deep rutting (puddling) on primary skid trails. 

Two studies were established to assess the effects of trafficking on soil physical 

properties and hydrologic characteristics. One addressed soil compaction; the 

other addressed soil rutting (puddling). Each study consisted of 3 sites (blocks) 

and trafficked and undisturbed areas were sampled on each site. Effects of 

trafficking on soil physical properties and hydrology were tested by comparing 

the disturbed (trafficked) and undisturbed subplots. 

Traffic increased bulk density and decreased soil porosity (macro-, micro-, 

total), water table levels, and saturated hydraulic conductivity within the 

compacted areas. However, the depth to reducing conditions was not 

significantly different from between undisturbed and disturbed areas of 

compacted sites.



Puddling increased in bulk density and a decrease water table levels, 

depth of reducing conditions, soil porosity (macro-, micro-, and total), and 

saturated hydraulic conductivity (field and laboratory methods). Soil strength 

was not significantly different between disturbed and undisturbed areas. 

Overall, puddling resulted in soil changes that are more deleterious to 

tree growth than did compaction. Also puddling changes may prove more 

difficult to mitigate.
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INTRODUCTION 

The forest products industry is a vital component of the economy of the 

southeastern United States, nationwide, it is the seventh largest industry. 

Timber harvesting is essential to ensure a continued supply of wood and paper 

products, yet, harvesting disturbances may occur on over 50 percent of an 

individual site (Froehlich 1973). Several researchers have intimated that site 

productivity may be reduced as a result of the degradation of inherent soil 

physical properties, caused by harvest machine traffic (Hatchell et al. 1970; 

Lockaby and Vidrine 1984; Wert and Thomas 1981; Murphy 1983). Trafficking 

problems, such as rutting, churning, puddling and compaction, are compounded 

by wet site conditions. 

The southeastern United States harbors over half of the 33.2 million 

hectares of commercially valuable forested wetlands (Lea 1990). The forest 

industry relies on these wetland areas for a large proportion of the fiber supply, 

thus, maintenance of site productivity is crucial to the industry and economy of 

the region. The Federal Clean Water Act (Siegel and Haines 1990) requires 

states to implement voluntary forestry best management practices (BMP’s) in 

order to maintain permit exemptions for normal silvicultural operations. Normal 

silvicultural practices include clearcutting, site preparation, and road and 

skidtrail construction. Several states use harvesting disturbances as an index of 

BMP compliance on wetland sites. For example, Virginia’s forestry BMPs



established a maximum rutting depth; for wetland sites the maximum rut depth 

should average less than 8 inches over a 50 foot distance (Virginia Department 

of Forestry 1989). 

A survey of 100 sites was done in South Carolina to evaluate the 

compliance of loggers with voluntary forestry best management practices. Of the 

100 sites visited by the interdisciplinary team, 85 percent met minimum BMP 

criteria. However, the survey recognized excessive rutting as a consistent 

problems within the coastal plain (McKee et al. 1990). The Southern Industrial 

Forestry Research Council (1991) considered wetlands and site productivity 

issues to be the top two research concerns for the forest industry. Thus, impacts 

of wet site are of concern to Federal, state, and private organizations. 

Much of the trafficking research has concentrated on compaction 

phenomena on upland sites. Several studies have revealed that harvesting 

operations on upland sites have minimal impact on soil physical properties 

(Greacen and Sands 1980). The characteristically lower moisture content of 

upland soils facilitates greater soil strength which allows trafficking with minimal 

impact on soil physical properties. As moisture increases, soil strength and 

bearing capacity decrease. Wetland sites often have higher soil moisture 

because water tables are frequently close to the surface (Mitsch and Gosselink 

1986). The higher soil moisture decreases soil strength and accentuates 

trafficking problems. .



Saturated soils have lower cohesive properties as soil particles become 

lubricated. As pressure is applied to a saturated soil, the soil tends to flow and 

consequently has a lower load bearing capacity than a drier soil (Greacen and 

Sands 1980). Trafficking over a saturated soil may result in large amounts of 

surface and subsurface soil being displaced from the trafficked area. Repeated 

trafficking or tire slip also churns and mixes the soil within the rutted area. 

Churning and displacement of soil creates puddled ruts. Displaced and mixed 

surface and subsurface soil materials are mounded on either side of the rut. 

However, when a soil is trafficked at a moisture content closer to field capacity, 

compaction, rather than puddling, occurs. 

Compacted soil surfaces take the shape of skidder tires. Surface soil 

layers are not displaced from the trafficked area but are physically compressed. 

When soil is at or near field capacity, the air-water interface and capillary 

pressure are both decreased, reducing the cohesion, resulting in its inability to 

resist compaction loads. The resulting effect on soil physical properties is similar 

to the rutted disturbance except compaction, rather than displacement and 

mixing, Occurs. 

Alteration of soil physical properties is important to the site productivity 

and management of wetland sites. Increased bulk density and resistance to 

penetration creates an environment which may impede tree roots. Tree root 

growth is influenced by soil strength and aeration (Figure 1). In a dry



compacted soil, root growth may be limited by higher soil strength. In a puddled 

environment, oxygen may be the root limiting factor during wetter periods, while 

higher soil strengths may limit root growth during drier periods. In either 

situation tree root growth may be limited and the tree’s uptake of nutrients or 

water will be limited. Thus, either compaction or rutting may limit site 
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Figure 1. Rooting window diagram based on bulk density and soil water content 
(Childs et al. 1989).



Natural agents such as freeze/thaw cycles, rooting activity, wet/dry cycles, and 

soil fauna (Hatchell and Ralston 1971) may be effective in restoring compacted 

soil to a similar pre-disturbed condition, but recovery periods vary greatly with 

geographic location and extent of soil disturbance. Additionally, natural 

recovery rates may be so slow that significant growth decreases can occur over 

the stand rotation. Thus, suggested mitigation treatments, such as bedding 

(Terry and Hughes 1975), disking, and fertilization (Langdon and McKee 1981), 

should be evaluated to determine if and/or to what extent site productivity and 

seedling survival can be ameliorated. These treatments may enhance tree 

survival and growth in the critical early years of establishment. 

OBJECTIVES 

The objective of this research effort was to determine if log skidding, on 

primary skid trails, affected soil physical properties and hydrologic characteristics 

and also to interpret the results for practical application in future timber 

harvesting operations. Two common types of logging disturbances, rutting and 

compaction, were studied on six wetland sites in the Francis Marion National 

Forest in Berkley County, South Carolina. Hurricane Hugo devastated the 

forest in the fall of 1989. As a result, timber sales on the forest were increased 

ten fold in the form of salvage operations to remove downed timber. Many sites 

were salvaged under high soil moisture conditions, resulting in severe rutting and



compaction. The effects of the logging disturbances were measured by the 

differences between soil physical properties and hydrologic characteristics of 

trafficked and non-trafficked areas. Two specific objectives were tested for 

several soil and hydrology characteristics: 

1. To determine the effect of log skidding on soil physical properties and 

hydrologic characteristics on primary skid trails of rutted sites. 

2. To determine the effect of log skidding on soil physical properties and 

hydrologic characteristics on primary skid trails of compacted sites.



LITERATURE REVIEW 

Harvesting operations that compact or rut a site may affect soil physical 

properties to such an extent that site productivity may by reduced (Hatchell et 

al. 1970; Lockaby and Vidrine 1984; Wert and Thomas 1981; Murphy 1983). 

The degree of soil disturbance depends on factors, such as machinery size, tire 

size and pressure, soil moisture, soil strength, soil texture and vegetative cover. 

Increases in bulk density, soil strength, and soil moisture and decreases in 

macroporosity and hydraulic conductivity are commonly associated with soil 

disturbances. ‘This literature review will focus on the effects that rutting and 

compaction have on soil physical properties and ultimately tree growth. Both 

types of disturbances are commonly associated with wetland timber harvests. 

Suggested ameliorative practices for soil disturbances will also be reviewed, 

because these techniques will ultimately be applied to the study areas. 

Compaction versus Rutting 

Soil compaction, caused by harvesting operations, is the physical 

compression of the soil mass under excessive pressure exerted by heavy 

machinery traffic (Greacen and Sands 1980). Soil rutting is the physical 

displacement of soil outward under similar applied pressures (Karr et al. 1990). 

The displaced soil creates a "channel" type disturbance where the machinery tires



have trafficked. The occurrence of either soil compaction or rutting (Figure 2) 

during harvesting operations largely depends on soil moisture (Burger et al. 

1989). A site harvested at soil moisture conditions approaching saturation will 

be more likely to rut than compact due to decreased soil strength. As moisture 

content decreases, soil strength increases making soil compaction a more likely 

occurrence. 

compacted disturbance 

  original soil 

  

surface 

rutted disturbance 

SL\ [NA [\. original soil 

surface 

Figure 2. Cross sectional comparison of soil rutting versus compaction.



Soil Compaction 

The physical weight and continuous trafficking of heavy machinery in 

forest operations, e.g., feller-bunchers and rubber-tired skidders, can result in 

soil compaction. Maximum compaction generally occurs when the soil is near 

field capacity as observed by Akram and Kemper (1979) under controlled soil 

moistures and loads. When soil is at or near field capacity, the air-water 

interface and capillary tension are both decreased, reducing the cohesive forces, 

resulting in failure to resist compaction loads. Likewise, when the soil is ata 

lesser moisture content than field capacity, the open, air-filled voids in the soil 

are more successful in resisting moderate compaction loads (Akram and Kemper 

1979). However, the degree of site compaction depends on such factors as 

machinery size, tire size and pressure, soil moisture, strength, and texture, and 

vegetative cover. 

Greene et al. (1983) compared various combinations of skidder and tire 

sizes and the effect on soil compaction in dry and moist soil conditions. The 

study was done on a Chewacla silt loam (fine-loamy, mixed, thermic 

Fluvaquentic Dystrochrept). Dry soil conditions were defined as 19 percent soil 

moisture and moist soil conditions were near the plastic limit (30-34 percent for 

this soil). Increased compaction was observed for all skidder and tire 

combinations with increasing numbers of passes. Increased tire size did not 

prevent bulk density increases under moist conditions.



Koger et al. (1984) found similar results in relation to tire size and 

number of passes on soil compaction in soil bins. Decrease in compaction 

(expressed as bulk density) were related to lower tire inflation pressures and 

increasing tire size, but bulk density increased with number of passes. 

Soil compaction was not observed on four of six mechanically thinned 

sites in Tennessee and Alabama (King 1979). Soil textures ranged from a clay 

loam to a loamy sand throughout the six sites. The four sites that were not 

compacted exhibited a soil moisture content of less than 18 percent and the two 

compacted sites had a soil moisture content greater than 18 percent, thus 

reinforcing the relationship between soil moisture and compaction. 

Vegetative cover or litter, may prevent or minimize soil compaction by 

acting as a buffer between the soil surface and the machine. Miles (1978) found 

a significant decrease in compaction levels between minor and major skid trails 

due to the amount of duff material on the soil surface of the minor skid trail. 

Compaction Effects on Soil Physical Properties 

Bulk density, the soil mass per unit volume, is commonly used as a 

measure of soil compaction. When a soil is compacted, soil aggregates are 

compressed closer together, increasing the soil mass in a given volume. Voids 

and soil pore space within the compacted soil are decreased due to the 

compression of the soil aggregates. Soil particle size is directly related to the 
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maximum bulk density attainable in a soil is directly related to soil particle size 

(Table 1). 

Root growth may be inhibited as soils reach a critical bulk density. 

Stronger soils have closer orientation of the soil aggregates, thus, creating 

unfavorable rooting conditions (Greacen and Sands 1980). Vepraskas (1988) 

identified critical bulk density levels for root elongation of tobacco plants. The 

study was located in the Coastal Plain of North Carolina on four different 

textural classes: 

Table 1. Maximum bulk density attainable for mixtures of fine sand and silty 
clay soil (adapted from Bodman and Constantin 1965). 

  

  

  

              

Texture Silty Clay Sandy | Sandy | Loamy 
clay loam clay loam sand 

loam 

Sand/silty clay 0/100 | 20/80 | 40/60 | 60/40 | 80/20 

Bulk density (g/cm3) 1.42 1.53 1.69 1.77 1.85 

Clay (percent) 50 40 30 20 10 
  

sand, loamy sand, sandy loam, sandy clay loam with varying levels of very fine 

sand. Critical bulk density values decreased with the increase of very fine sand 

in the sand fraction. The highest fraction of very fine sand tested was 20 percent 

and the resultant root-preventing bulk density values were 1.83, 1.79, 1.78, 1.77 

Mg/m’ respectively, from a sand to a sandy clay loam. These critical bulk 
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density values were determined assuming that mechanical resistance was the 

dominate property affecting root elongation. 

Root elongation-limiting bulk density and penetration resistance values, 

are dependent on soil moisture conditions, soil texture, and soil structure (Jones 

1983). Soil strength, represented by penetration resistances, decreases as soil 

moisture increases. Cohesive forces between soil aggregates decrease as soil 

moisture approaches saturation, resulting in decreased soil strength (Akram and 

Kemper 1979). 

Alterations in bulk density by soil compaction also affect soil porosity and 

hydraulic conductivity. Hakannson et al. (1988) found the primary effect of soil 

compaction to be the reduction of pore volume. As a result, macroporosity and 

gaseous exchanges decrease with a subsequent increase in microporosity. 

Macropores are pores larger than 0.06 mm which are responsible for draining 

gravitational water from the soil (Bouma 1991). Decreased macroporosity 

inhibits hydraulic conductivity and decreases soil drainage. 

Several studies have related the impact of forest harvesting operations to 

changes in bulk density, soil strength, soil pore space, and hydraulic conductivity 

following harvesting operations. Campbell et al. (1973) observed a significant 

increase in bulk density and a decrease in macroporosity following logging 

operations on a Georgia piedmont site. The textural class of the surface soil 

horizon was a sandy loam and the subsoil was a clay. Significant differences 
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were measured between undisturbed areas and secondary skid trails, primary 

skid trails, and log decks. 

Gent et al. (1983) investigated the impact of harvesting and site 

preparation on the physical properties of Lower Coastal Plain forest soils. Soil 

series included Onslow (fine loamy siliceous, thermic Spodic Paleudult) and 

Rains (fine loamy, siliceous, thermic Typic Palequult). Volumetric soil moisture 

content averaged 22 percent at harvest. Bulk density was significantly increased 

while macroporosity was significantly decreased in the skid trails. Saturated 

hydraulic conductivity was decreased by 72 percent to a depth of 8 cm in the 

skid trail. 

Sands et al. (1979) observed an increase in mechanical resistance at a 

constant bulk density on sandy soils of radiata pine (Pinus radiata) forests in 

South Australia. Soils of this site were podzolized dune sands with at least 95 

percent of the A horizon consisting of sand grains greater than 0.02 mm. The 

increase of mechanical resistance with depth was believed to be a result of the 

increased overburden pressure and the decrease in soil organic matter. 

Mechanical resistance was believed to be independent of water content. Radiata 

pine roots were severely restricted above a critical penetration resistance of 3000 

kPa. Soil compaction also reduced soil macroporosity. 

13



Soil Rutting (Puddling) 

Soil rutting is a soil disturbance associated with sites that have been 

harvested under very wet to saturated soil conditions. A soil at or near 

saturation will experience shear failure when a load is applied, resulting in the 

formation of a rut. Soil rutting implies puddling, but not necessarily compaction. 

This type of disturbance can affect bulk density, soil strength, soil porosity, and 

hydraulic conductivity within the disturbed soil profile. Literature pertaining to 

rice production, where crop yields are dependent upon soil puddling, provided 

reviews of the mechanics of soil puddling. 

Puddling Effect on Soil Physical Properties 

Sharma and De Datta (1986) described soil puddling as "the destruction 

of soil aggregates into ultimate soil particles at a moisture content near 

saturation." Bodman and Rubind (1948) and Koenigs (1963) determined that 

maximum puddling occurs at a soil moisture content greater than field capacity, 

approaching saturation. As the soil becomes saturated, cohesive properties 

decrease as does soil strength. When sites of this type are harvested with heavy 

machinery, puddling results. Underlying soil horizons containing soils having 

high clay contents are churned upward to the surface. Suspended soil particles 

settle and pack closely in parallel orientation, forming a near-impervious layer 

which can inhibit water and air movement into and through the soil (Sharma and 
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De Datta 1985). Wickham and Singh (1978) noted that hydraulic conductivity 

and percolation rates generally decrease in puddled soils. In addition, Bodman 

and Rubin (1948) determined that these decreases were due to the destruction 

of soil aggregates and the subsequent elimination of macroporosity responsible 

for the movement of water through soils. Additional soil physical properties may 

be affected by puddling, including soil structure, bulk density, and soil strength. 

Soil structure is altered by soil is puddling because soil aggregates and 

peds are destroyed and churned into plastic mud (Beacher and Strickling, 1955; 

Swanson et al., 1955; Ghildyal, 1982). Saito and Kawaguchi (1971a) reported 

that the puddled layer of 0- to 15-mm is composed of fine particles, the middle 

thin and porous layer is of sandy shingles, and the massive lower layer is without 

particle differentiation. For a puddled layer, Sharma and De Datta (1986) 

stated that "clay particles, or clusters thereof, are oriented in parallel rows and 

are surrounded by water-saturated micropores." This eliminates the soil gaseous 

phase, leaving only solid and liquid phases (Buehrer and Rose 1943; Saito and 

Kawaguchi, 1971b). As puddled soils dry, some soil structure may partially 

recover depending on shrink-swell properties of the soil. 

Soil aggregation before puddling will determine to what degree bulk 

density and soil strength are altered by soil puddling (Sharma and De Datta 

1986). Aylmore and Quirk (1962) determined that puddling of a 

well-aggregated, open-structured soil resulted in a parallel, closely-packed 

15



orientation and bulk density and soil strength increases. In a well aggregated 

soil, bulk density and soil strength will vary with soil moisture content. The 

increasing and the decreasing bulk density and soil strength in the well 

aggregated soil will vary with soil moisture content of the soil. A puddled soil 

with 2:1 clay mineralogy that is flooded may contain suspended clay particles 

which will result in a decrease in bulk density (Sharma and De Datta 1986). 

Similarly, soil strength will decrease due to the lubricated soil aggregates. If the 

soil is sampled at dryer conditions, it will be compact and hard and will display 

higher bulk density and soil strength properties. 

Porosity changes associated with soil puddling are similar to those of a 

compacted soil, but changes occur for different reasons. A compacted soil is 

compressed, resulting in physical collapse of larger pores. This increases 

microporosity and decreases macroporosity. Soil structure is destroyed when a 

soil is puddled. The settling of fine aggregates creates the new structure. Few 

macropores remain following the realignment of soil aggregates. 

Puddling has direct and indirect consequences associated with wet sites. 

Puddled soil in the rutted area may extend downward for only a few inches; 

however, the resulting problem may affect most of the site. The effect of soil 

rutting on soil physical properties and site drainage may be a combination of 

both soil puddling and rut depth. Forested wetland sites, particularly wet pine 

flats, typically have a coarser textured surface horizon overlying a finer textured 
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(clayey) subsurface. Hydraulic conductivity and macroporosity values are very 

low within the clay layer. Thus, lateral internal water movement is restricted to 

the surface layer. When the surface layer is rutted and its hydraulic conductivity 

values are reduced, internal drainage of the site may be restricted (Wimme 1987; 

Aust et al. 1992). 

Karr et al. (1990) regressed bulk density, macroporosity, and 

microporosity with four rut depths in north-central Mississippi on a loess soil. 

The study was conducted on a Memphis silt loam (fine silty, mixed thermic Typic 

Hapludalfs) with slopes ranging from 15 to 20 percent. The greatest rut depth 

was 8.9 cm. Bulk density increased and macroporosity decreased with respect to 

rut depth. 

Similarly, Aust et al. (1992) found an alteration of soil physical properties 

and hydrology on a wet pine flat in South Carolina following skidder salvage 

logging under wet soil conditions. The site was located on a Bethera loam 

(clayey, mixed, thermic Typic Paleaquult). They found decreased saturated 

hydraulic conductivity, increased bulk density, and an increased water table on 

the primary skid trails. However, average bulk densities within the disturbed 

areas did not exceed 1.0 Mg/m’. The network of primary skid trails, having 

reduced internal drainage, was suggested as the cause of higher water table. 
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Harvesting Impacts on Tree Growth 

It is reasonable to assume that alteration of soil physical properties, such 

as bulk density, soil strength, hydraulic conductivity, and porosity, could directly 

or indirectly affect site productivity or tree growth following harvest. In much of 

the literature, the effects of soil rutting (puddling) and compaction have not 

been differentiated with respect to tree growth. For this reason, the following 

section does not distinguish soil compaction from puddling as related to tree 

growth. 

Hatchell et al. (1970) established a study looking at soil disturbances due 

to logging in the Coastal Plain of Virginia and South Carolina. They concluded 

severe compaction, coupled with excessive soil moisture, injured establishment 

and growth of naturally seeded loblolly pine. Stocking and height on the 

primary skid trails were reduced by over 50 percent in the first growing season. 

Increased bulk density and soil strength and decreased infiltration and 

macroporosity were identified as causative agents of the growth reductions. 

Foil and Ralston (1967) found similar results while examining factors 

contributing to seedling growth and establishment. Large, soil cores were taken 

from a Lakeland loamy sand, Coxville loam, and a Bayboro clay located in the 

coastal plain of South Carolina. Cores were saturated and allowed to equilibrate 

at a tension of 60 cm on a Leamer-Shaw tension table. Five levels of 

compaction or ameliorative treatments were applied in triplicate to the soil 
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cores: tillage, by loosening with a trowel, 3.5 kg/cm’ static pressure, 7.0 kg/cm’ 

static pressure, 10.5 kg/cm” static pressure, kneading at high moisture content, 

plus 10.5 kg/cm’ static pressure. Following treatments, loblolly pine seeds were 

sown in the soil cores. Seedling germination was not affected by soil type or 

treatment, but seedlings became established with difficulty on clay cores and on 

heavily compacted cores of lighter texture. Compaction greatly reduced seedling 

size and weight at all levels of compaction. The researches attributed these 

growth losses to increased bulk densities and soil strength. 

Lockaby and Vidrine (1984) found that compaction incurred on log decks 

and primary skid trails, located in the rolling coastal plains of Louisiana, caused 

a 39 to 59 percent reduction in height growth of young loblolly pine as compared 

to similar undisturbed areas. The dominate soil association of the logged area 

was the Ruston-Shubuta (fine loamy, siliceous, thermic Typic Paleudults). The 

loss in height growth was attributed to increases in bulk density and soil strength. 

| Likewise, Wert and Thomas (1981) found that unameliorated skid roads 

reduced total tree volume on the second rotation of Douglas-fir; on the skid 

trails the reduction was 74 percent. The undisturbed areas produced total tree 

volumes of 128.9 m’ per hectare and skid trails produced only 34.1 m’ per 

hectare. 

Murphy (1983) compared the survival, growth, and form of radiata pine 

planted on and off skid trails in New Zealand. Mechanical resistance was 
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measured on and off the skid trail to characterize soil strength. The soil was 

described as a stony and bouldery clay loam and the site was noted to be mildly 

undulating with slopes of 5 percent. Height growth was 32 percent less on the 

skid trail as compared to height growth off the skid trail. Tree form and survival 

were also noted to be poorer on skid trails. Murphy attributed the decreased 

height growth and poor form and survival of the trees planted on the skid trail 

to the increased soil strength. 

Powell (1992) examined the impact of puddled thinning corridors on 

loblolly pine growth in the coastal plain of Arkansas. Sites consisted of sandy 

loam surface horizons over clays. Thinning growth increases for a 4-5 year 

period were reduced by deep ruts which bisected the sandy loam surface 

horizon. 

In all cases, the decrease in tree growth was found on skid trails and 

logging decks where the soil had been disturbed either in the form of 

compaction, rutting, or a combination of the two. 

However, the loss in tree growth can be further explained by inhibited 

root growth related to alteration of soil physical properties. Greacen and Sands 

(1980) stated that root growth may be affected by a complex interaction between 

soil strength, water and nutrient availability, and aeration. Wiersum (1957) 

found that young roots only pass through pores of a size exceeding the diameter 

of the root tip. Kozlowski (1986) discussed the declining growth of some forest 
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trees caused by anaerobic soil conditions associated with flooded or compacted 

soil. Decreased soil water flow, related to both compaction and puddling, limits 

mass flow and diffusion processes which are responsible for the translocation of 

essential nutrients. 

The alteration of site hydrology can also affect soil chemistry by creating 

microsite increases in the water table level. McKee et al. (1984) observed that 

growth and total biomass of 2-yr-old loblolly pine were seriously suppressed by 

continuous flooding compared to trees receiving dormant season flooding or 

drainage to a depth of 61 cm. The study was established in a hydroedaphytron 

where water level was controlled. The soil used was a mixed sandy loam, B, 

horizon taken from the Goldsboro series (fine loamy siliceous thermic Aquic 

Paleudults). 

The aforementioned hydrologic changes associated with decreased 

hydraulic conductivity may result in ponding in the ruts and, more importantly, 

alter water table levels adjacent to the disturbances due to disruption of inherent 

lateral flow patterns. Depending on the gradient of flow across the site, one 

portion of the area may experience chemical changes due to an increased water 

level, while another area might experience chemical changes related to a lower 

water table. Chemical properties that may be altered by water tables include 

soil redox potential and pH (Ponnamperuma 1984). A soil saturated for an 

extended period of time will display a lower redox potential and a neutral pH. 
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These changes in soil chemical properties have been well documented (Gotoh 

and Patrick 1974; McKee 1970; Ponnamperuma 1972; Ponnamperuma 1984). 

The alteration of pH may affect the availability of essential macronutrients like 

phosphorous, which is commonly deficient on wet coastal plain sites in the 

Southeast. Soil redox potential has no direct affect on tree growth, but is an 

indicator of the aeration of a soil, which is directly related to site. Aust (1989) 

found decreased levels of soil oxygen in skidder ruts compared to undisturbed 

areas of a tidal palustrine water tupelo and baldcypress swamp in southwestern 

Alabama. Average redox potential for skidder ruts and undisturbed areas was 

182 and 405 mV, respectively. 

Ameliorative Practices 

Hatchell et al. (1970) and Dickerson (1976) concluded that compacted 

surface soils gradually recover pre-disturbed conditions due to combined effects 

of freeze/thaw cycles, root activity, and wet/dry cycles. The length of this 

expected recovery period, ranging from 8 to 50 years, depends on the level of 

disturbance and the site. Even rapid recovery may result in economic losses due 

to initial losses in tree growth or delayed site preparation and planting. Thorud 

and Frissell (1976) examined the 0 - 8 cm zone of a loamy sand soil compacted 

to a bulk density of 1.45 Mg/m*. Recovery to uncompacted conditions (1.17 

Mg/m?) required 5 to-9 years. However, compaction effects persisted in the 15 - 
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25 cm zone. Overall, recovery rates are slow. Therefore, cultural practices have 

been suggested to recapture site productivity. Moehring (1970) suggested 

cultural treatments, such as plowing, disking, subsoiling and landshaping, for the 

amelioration of compacted and rutted areas. 

Drainage, bedding, disking, and fertilization are common site preparation 

methods used on wetland sites. These site preparation methods have been 

thoroughly researched with regard to tree reestablishment and growth. 

However, effectiveness of these treatments for amelioration of compacted or 

rutted areas is uncertain. 

Drainage is used on wetland sites to decrease water table levels so that 

tree roots are adequately aerated. Drainage of a site is usually done by deep 

ditching which involves excavating a channel for draining the water off the site. 

Wells and Crutchfield (1974) explained that drainage removes excess water from 

a site thus increasing oxygen movement and rooting volume. 

| Several researchers have documented the effect of drainage on tree 

growth. On a drained Bayboro-Bladen soil, Terry and Hughes (1975) observed 

that drainage increased the yield of loblolly pine from 76 ft’/ac to 800 ft’/ac. 

Campbell (1976) observed a significant increase in site index for loblolly 

pine throughout drained shorelands, bays, pocosins, and upland flats. Results 

from one study indicated that trees growing closer to the drainage ditch 

displayed increased height growth relative to trees further from the ditch. 
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As a mitigation technique, drainage may not be a viable option, due to 

current wetland policy. However, if drainage networks were established before 

harvesting operations on these wetland sites, the decreased water table (soil 

moisture) may decrease the impact of trafficking and subsequently avoid a loss 

in site productivity. Present environmental concerns about drainage of 

jurisdictional wetlands have made the practice less common. Existing drainage 

systems are being maintained, but major systems are not being established (on 

wetland sites). 

Bedding, a common practice used on poorly drained sites, may increase 

seedling growth and survival. Bedding provides a porous, aerobic soil media 

where tree seedlings can establish root systems. Bedding also concentrates soil 

organic matter and nutrients in a zone close to the tree seedlings. 

Terry and Hughes (1975) made a side-by-side comparison of 13-yr-old 

loblolly pine growth on bedded and flat-planted areas on a Bladen soil series in 

the Atlantic coastal plains of North Carolina. They observed pine volumes of 

68.5 m’/ha on bedded areas compared to 41.1 m’/ha on flat-planted areas. 

They attributed the increase in pine volume to the increase in soil aeration 

caused by bedding. Also, they observed that bedded, finer-textured soils tended 

to produce long lasting benefits if droughts are not prevalent and that sandy and 

medium-textured soils frequently displayed only temporary responses to bedding. 

As a mitigation tool, bedding might restore some soil physical properties 
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by providing a mound of uncompacted soil. However, this may only extend 

down through the depth of the bed and the underlying soil may still display 

compacted conditions. 

Gent et al. (1983) found that shear, burn, chop, and bedding did not 

significantly change soil physical properties of primary skid trails. However, 

bedding was effective in restoring soil physical properties across the rest of the 

site. This study was located in the Coastal Plain region of North Carolina on an 

Onslow (Spodic Paleudult, fine loamy, siliceous, thermic), and Rains (Typic 

Paleaquult, fine loamy, siliceous, thermic) soil series. 

Hatchell (1981) observed a tree growth response to bedding combined 

with fertilization on compacted skid trails versus undisturbed areas on the 

Santee Experimental Forest, near Charleston, South Carolina. This study was 

established on a Coxville (Typic Paleaquults, clayey, kaolinitic, thermic) soil 

series. The objective was to determine the effectiveness of cultural treatments 

on tree growth in skid trails and on logging decks. The average rut depth in the 

primary skid trails was 12.7 cm deep with shoulders of 10.2 cm (each measured 

from soil surface). The ameliorative treatments tested were herbicide, disking, 

bedding, and a combination of each with three fertilizer treatments. Fertilizer 

treatments consisted of none, medium level (90 kg N as ureaformaldehyde, 23 kg 

of elemental P as triple superphosphate, and 45 kg of elemental K as muriate of 

potash per acre), and a high level (181 kgs N, 79 kg P, and 79 kg K in above 
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forms). Bedding, coupled with moderate fertilizer treatment, produced about 

equal biomass on compacted and uncompacted soil at age 4. Therefore, the 

cultural treatment was effective in restoring productivity. McKee and Hatchell 

(1987) remeasured this study at age 12 to determine long-term effects of the 

previous cultural treatments on tree growth. They found no significant 

differences from the initial results reported by Hatchell (1981). 

Disking is a method of site preparation that prepares the ground for 

planting by cutting deeply through roots and small saplings. The arrangement of 

the disks can determine the effectiveness of the disk. A narrow spacing between 

disks produces greater pulverization of the soil while a wider spacing allows the 

disk to dig deeper, leaving the surface rougher (Stone and Gulvin 1967). 

However, disking has not been shown to increase tree growth on poorly drained 

soils following harvesting compaction and/or rutting. 

The aforementioned study conducted by Hatchell (1981) on the Santee 

Experimental Forest on a poorly drained Coxville series (clayey, kaolinitic, 

thermic Typic Palequults) showed no significant increase in loblolly seedling 

survival, height, root collar diameter, and biomass per tree after four growing 

seasons on compacted skid trails versus uncompacted areas. Hatchell did 

observe that bedding was effective because it improved aeration by increasing 

water table depth whereas disking did not. 

Gent et al. (1983) suggested that a combination of disking and bedding 
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should be used to alleviate compacted skid trails. They noted that bedding 

restored the top 30 cm of the soil surface due to the newly formed bed, but that 

the underlying soil was still compacted and may impede rooting depth in the 

future. 

On a drier piedmont site, Gent et al. (1984) found that disking of skid 

trail areas was effective in restoring soil physical properties to preharvest levels 

in the upper 7 to 12 cm of soil. 

Disking on wetland sites to alleviate soil compaction and rutting 

(puddling) may not be effective due to unfavorable soil moisture conditions. 

The main benefit of disking is the loosening of the surface soil which decreases 

the soil density and strength. However, in these poorly drained systems, soil 

Strength is not so much the limiting factor as the lack of aerated soil where tree 

seedlings can establish a root system. 

Fertilization of poorly drained sites is often needed to counter balance 

nutrient deficiencies. Phosphorus (P) is a nutrient that is commonly found 

deficient on poorly drained sites (Allen and Campbell 1988). Langdon and 

McKee (1981) have even suggested that P fertilization may take the place of 

bedding on particular wet sites. Various researchers have shown an increase in 

tree growth with respect to P fertilization on poorly drained sites, but not on 

skid trails. 

MacCarthy and Davey (1976) observed that P fertilization increased 
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height growth of loblolly pine on pocosin soils in the coastal plains of North 

Carolina. Before fertilization the soil displayed deficiencies in available P and 

also exhibited a high exchangeable acidity. 

Pritchett and Comerford (1982) noticed a significant response in height, 

diameter, basal area, and volume growth to P fertilization at time of planting, 

which lasted 17 to 20 years on slash pine (Pinus elliottii Engelm. var elliottii) in 

northern and western Florida. Both ground rock phosphate and ordinary 

superphosphate were determined to be equally effective sources of P. The 

largest long-term responses were apparent on poorly drained soils (Ultisol and 

Inceptisol), while there were no P responses on well-to-excessively-drained 

Entisols. 

The addition of P fertilizer can increase tree growth on poorly drained 

sites. Soil compaction and rutting may create wetter soil conditions on already 

poorly drained sites, so P fertilization may be a viable option for regaining site 

productivity. 

Summary of Literature Review 

Forest harvesting operations that will maintain site productivity on 

- wetland sites is a continuing concern for land managers in the South. Some of 

the most productive timber lands are located in these wetland ecosystems. 

Trafficking may occur on over 50 percent of these logged sites and this 
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trafficking may result in soil compaction, rutting, and puddling. Each of these 

disturbances may have a negative impact on tree growth. By understanding the 

physical processes and resulting consequences of these disturbances, ameliorative 

practices can be prescribed. Although, soil compaction of drier sites has been 

adequately addressed in the literature, further investigation of soil rutting and 

puddling related to wetland harvesting activities is needed. The degree to which 

these disturbances affect the hydrology of wetland sites is not clear. Learning to 

deal with and understand various levels of site disturbance following harvest will 

be beneficial to maintaining long term site productivity. 
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METHODS 

Site Description 

The Francis Marion National Forest is located in the lower coastal plain 

of South Carolina, approximately 30 miles northeast of Charleston. Six wet pine 

flat sites (blocks) were selected on the Wambaw District of the Francis Marion 

National Forest. All sites had been salvage harvested in response to Hurricane 

Hugo damage. The surviving overstory consisted of 5 to 12 trees per hectare of 

50-yr-old longleaf pine (Pinus palusturas) and loblolly pine (Pinus taeda), site 

index of 27 m, base age 50 (USDA Soil Conservation Service 1980). Primary 

understory species included broom sedge (Andropogon viginicus), pepper bush 

(Clethera alnifolia) and switch cane (Arundinaria gigantea). 

The climate in Berkely County is subtropical, with warm summers, mild 

winters, and ample precipitation averaging about 119 cm annually. Parent 

materials associated with the soils in Berkley county are marine and/or fluvial 

deposits. 

The dominant soil series in the study areas included Bethera (clayey, 

mixed, thermic Typic Paleaquults), Rains (fine-loamy, siliceous, thermic Typic 

Paleaquults), Lynchburg (fine-loamy, siliceous, thermic Arenic Paleaquults), and 

Goldsboro (fine-loamy, siliceous, thermic, Aquic Paleudults). The soils occurred 

on nearly level topography (0 - 1% slope) and have a shallow water table during 
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part of the year. Drainage class and texture for each soil series is presented in 

Table 2. (USDA Soil Conservation Service 1980). 

Table 2. Soil characteristics of study site soils. 

  

  

  

  

      

Texture 

by 
Soil Drainage Horizon 
series class (upper 1 meter) 

Goldsboro moderately well LS SCL 

Lynchburg somewhat poorly SL SCL 

Bethera poorly L C 

Rains poorly SL SCL       
  

S-sand L-loam 

C-clay 

Block Disturbance Classification 

Two studies were established on the six blocks, three blocks were 

classified as rutted and three blocks were classified as compacted. Rutted blocks 

were identified by the occurrence of soil displacement outward from the tire 

track, which created a channelized disturbance (Figure 3). This indicated that 

the soils’liquid limit had been exceeded. Compacted blocks were characterized 

as by the physical compression of the soil surface within a tire track, with no soil 

displacement from the tire track (Figure 3). 
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Figure 3. Profiles of undisturbed and disturbed (rutted and compacted) 
subplots. 

Experimental Design 

Each of the two studies was established as a completely randomized block 

design. Each study (rutted and compacted) contained 3 blocks. Rutted and 

compacted blocks were analyzed separately. An analysis of variance was used to 

test for significant differences in soil parameters measured between undisturbed 
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and disturbed subplots within rutted and compacted blocks. The analysis 

contains the following of variation for both studies. 

1. Block or Site (3 levels) 

2. Disturbance Class (2 levels) 

a. Disturbed (skid trail) 

b. Undisturbed 

The following soil variables were measured to determine the effect of log 

skidding on soil physical properties of rutted and compacted blocks. 

1. Soil porosity 

a. Macroporosity 

b. microporosity 

c. total porosity 

2. Saturated hydraulic conductivity 

a. auger-hole method 

b. constant-head method 

3. Bulk density 

4. Soil strength 
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5. Water table level 

a. water wells 

b. rusty rods 

The null hypothesis, that rutting or compaction does not affect soil physical 

properties and hydrology was tested by comparing undisturbed conditions to 

disturbed conditions for each soil property. 

Subplot Layout 

Sixteen subplots, 7.6 m by 24.44 m, were established on each block 

representing two replications within each block. Each replication was 

subdivided, with 4 subplots occurring on trafficked areas (rutted or compacted) 

and 4 subplots occurring on undisturbed areas (areas where rutting and 

compaction were not evident). Tree growth and fertilizer response will be 

measured on both replications within each block in a future study. Only 1 

replication was used for assessing soil physical properties with the 3 sites serving 

as 3 blocks. Each subplot was subdivided into 7.62 m by 12.2 m fertilizer sub- 

subplots. Two transect lines, oriented perpendicular to the fertilizer sub- 

subplots, were established from which all soil samples were taken. To avoid 

edge effect problems, the lines were randomized in the following way: each line 

had to be at least 3 m away from either end of the fertilizer sub-subplot and had 
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to also be at least 3 m apart. Subplot corners and transect lines were 

established with pin flags prior to the treatments using a right-angle prism. The 

subplot corners were off-set 4.6 m at a 90 degree angle to ensure accurate 

reestablishment following the treatments. Following treatment installation, 

subplots were permanently marked with metal conduit stakes 2.54 cm x 152 cm 

and a numbered tag was placed on one of the front corner stakes of each 

subplot. The tagged end represents the "front" of the subplot (Appendix E). 

Sampling Stations 

Each subplot consisted of 4 sampling lines, oriented perpendicular to the 

subplot. All soil samples were located and collected along these lines. When 

facing the front of the subplot (tagged end), the samples were located on the 

transect lines from left to right (Figure 4 and 5). Trafficking disturbance within 

the disturbed subplots on all sites were further characterized by the assignment 

of disturbance classes. The disturbed subplots on the rutted blocks were 

classified into five defterent classes of disturbance: non-trafficked, outside berm, 

inside berm, tire track, and between the tire tracks (Figure 6). The disturbed 

subplots on the compacted blocks were classified into three different disturbance 

classes: non-trafficked, tire track, and between the tire tracks (Figure 7). The 

non-trafficked subplots within both rutted and compacted blocks consisted of 

only one disturbance classification: undisturbed. 
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Figure 4. Generalized disturbed subplot diagram: 
(6.5 m x 24.4 m). 

Field Sampling Methods 

All of the following measurements and sampling stations were 

randomized and located on randomized transect lines. The exact location of 

each measurement and sampling station was oriented from left to right on each 

transect line when standing at the front (tagged end) of the subplot (Figures 4 

and 5) (Appendix D). The following parameters: site disturbance classification, 
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Figure 5. Generalized undisturbed subplot diagram: 
: (6.5 m x 24.4 m). 

composite soil samples, saturated hydraulic conductivity (field and laboratory), 

water table wells, rusty rod, bulk density, porosity, mechanical resistance, particle 

size analysis, and organic matter analysis were only taken within one replication 

of each block. 
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Figure 6. Disturbance classifications for the rutted study. 

Note: The above profile represents 1 of 4 transects within each subplot where 
sampling occurred. 

Site Disturbance Profile 

Disturbance profiles of each subplot were obtained so that levels of soil 

compaction, displacement, or mounding could be determined. Wimme (1987) 

used a similar procedure to determine the amount of soil displaced by controlled 

rubber tired skidder trafficking trials. 
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Figure 7. Disturbance classification for the compacted study. 

Note: The above profile represents 1 of 4 transects within each subplot where 
sampling occurred. 

A disturbance profile of all subplot transect lines was established prior to 

installation of mitigation treatments. Profiles established a cross sectional 

representation of the area being sampled. More importantly, this profile 

documents the microtopography changes brought about by rutting or compaction 

relative to undisturbed subplots (Figure 3). Disturbance profiles were 

established in the following manner. A line was stretched taut across the subplot 

on each transect line. The line was leveled between 2 metal stakes by use of a 
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line level. Height of the leveled line at each stake was recorded for 

reestablishment purposes following mitigation treatments. The stakes from 

which the line was leveled from were located on the edge of each subplot, just 

outside the trafficking disturbance for the disturbed subplots. 

The distance between the line and the ground surface was measured with a 

meter stick to the nearest centimeter. Measurements were taken every 15.2 cm. 

Site Disturbance Classification 

Miller and Sirois (1986) developed a classification system for categorizing 

soil disturbances created by harvest operations. A similar system was used for 

this study to aid in the interpretation of harvesting impacts on soil physical 

properties, such as bulk density, mechanical resistance, soil porosity and 

hydraulic conductivity. 

Levels of site disturbance were classified every 15.2 cm on the transect 

lines of each subplot. This was used to outline the levels of disturbances 

incurred on each transect line. The disturbance classifications were as follows: 

1-undisturbed, 2-compacted, 3-rutted-a)within rut b)between rut c)berm of the 

rut, 4-burned (which was used with any combination 1-3 classifications). The 

berm classification was not divided into outside and inside berm disturbance 

classes prior to collection. The profile measurements were used to categorize 

the berm disturbance. 
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Composite Soil Samples 

A composite soil sample from each subplot was collected for use in 

characterizing soil texture and organic matter percentage (Petersen and Calvin, 

1986). Sixty randomly located push-tube samples were taken from the A and 

Bt1 horizons of each subplot. Bulk density and mechanical resistance have been 

shown to vary depending on soil texture (Jones 1983) and organic matter 

percentages (Greacen and Sands 1980). Soil texture and organic matter are 

commonly evaluated using composite soil samples (Sands et al. 1979; Coote and 

Ramsey 1983; Wimme 1987). 

Saturated Field Hydraulic Conductivity 

Hydraulic conductivity is the measure of water movement through the soil 

per unit time. This is an important soil physical property in relation to forested 

wetlands because it affects drainage rates. The auger-hole method (Amoozegar 

and Warrick 1986) was used to determine saturated field hydraulic conductivity 

(K,) for the rutted blocks. Culley et al. (1982) and Coote and Ramsey (1983) 

concluded that hydraulic conductivity is one of the better indicators of the effect 

of long term disturbance upon soil physical quality. 

The materials needed for the auger-hole method were as follows: 

bucket auger (6.4 cm diameter), 0.5 cm diameter wooden dowel 1 m_ long 

41



graduated in 10 cm increments with reflector tape, flashlight, continuous 

recording stop watch, and 1 m long manual bilge pump which is 1.2 cm smaller 

in diameter than the auger hole. Auger holes were extended to a 1 m depth. 

Water in the cavity was pumped out several times to ensure realistic flow. The 

water table was then allowed to equilibrate. The equilibrium level in the hole 

represented the water table depth. The depth of the water was measured with a 

metric tape to determine the head (H) of the hole. The graduated wooden 

dowel was placed in the hole. The hole was pumped dry of water. | As the water 

filled the auger hole, the fill time was recorded for each 10 cm interval. The 

following equation (Bouwer and Jackson, 1974 and Boast and Kirkham, 1971) 

was used to calculate K, of an auger-hole above an impermeable layer. 

K, = (4.63 R?/[Y(H + 20R)(2 - y/H]}*(dy/dT) 

R = radius of the hole (cm) 
H = depth of groudwater in hole (cm) 
Y = difference between depth of groundwater and depth of 

water in hole (cm) 
dy/dT = rate of change of Y with respect to time T (sec). 

This measurement was taken once on each transect line (4 per subplot). Auger 

holes were randomly located in the undisturbed subplots and were located 

between the ruts in the disturbed subplots (Figures 2 and 3). After K, 
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measurements were completed, the auger holes were later used for water table 

depth measurements. 

Water Table Wells 

Hydrology is the governing factor of forested wetland systems (Mitsch and 

Gosselink 1986). The depth of the water table can affect soil strength (Greacen 

and Sands 1980), soil oxygen content (Kozlowski 1986; Ponnamperuma 1972) 

and soil organic matter content (Patrick 1980). | 

One water table well (Faulkner et al. 1989), 6.35 cm in diameter, was 

established per transect line (4 per subplot). The wells were measured monthly 

from April, 1991 through September, 1991. The wells were located between the 

tire tracks within the disturbed subplots of the rutted and compacted blocks and 

were randomly located within the undisturbed subplots (Figures 4 and 5). Wells 

were initially established with a 6.35 in diameter bucket auger and were not 

lined. The location of the well was documented so that wells could by 

reestablished following the site preparation treatments. The relative elevation of 

the ground surface at each well was determined by using a tripod dumpy level. 

Following treatment installation, wells were reestablished and lined with 3.8 cm 

diameter, PVC pipe. Before insertion, the pipe was scored and rotated 120 

degrees in 2.54 cm increments with a radial arm saw on the first meter. This 

created a shallow, 0.5 cm wide slit in the pipe that would allow water to enter. 
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The narrow slits also decreased the possibility of the well wall collapsing. 

Following site preparation, wells were augered with a gasoline power head, 

which was equipped with a 3.8 cm diameter auger. 

Soil Aeration 

Steel rods and level of rusting were used as a measure water table depth 

and also reducing conditions. 

McKee et al. (1978) and Hook et al. (1987) found that steel-rod rusting depth is 

a good indicator of water table depth and soil aeration. Carnell and Anderson 

(1986) determined that maximum rust depth correlated well with both water 

level and rooting depth of Sitka spruce. Similarly, Bridgham et al. (1991) 

concluded that the steel-rod technique was valuable as a hydrologic indicator of 

the reducing zone. 

Two 1 m long, 0.3 cm diamter steel welding rods were vertically installed 

on each transect line to characterize water table depth and the reducing zone. 

Prior to installation, rods were scrubbed with steel wool to remove oil and 

ensure oxidation and reduction. Rods were inserted in the ground until the top 

was level with the ground surface. Measurements of rust depths were taken 

monthly from May to September, 1991. The rods were located randomly within 

undisturbed subplots. Within disturbed subplots one rod was located in the tire 

track and the other in an adjacent non-trafficked area. (Figures 4 and 5). The 
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location of each rod was documented for reestablishment purposes following site 

preparation. 

Bulk Density 

Bulk density cores were collected to characterize soil disturbances of 

trafficked areas. Bulk density refers to the mass of oven-dried soil solids per 

unit of soil volume (Jury et al. 1991). Bulk density is often used as a measure of 

soil compaction (Greacen and Sands 1980). Heavy machinery trafficking over 

forest soils increases bulk density and decreases saturated hydraulic conductivity 

and macroporosity (Gent et al. 1983; Aust et al. 1992). 

Five 5.08 cm by 10.16 cm cylindrical soil core samples were collected 

from the soil surface along each transect line (20 per subplot) for determination 

of oven-dried bulk density (Blake and Hartge, 1986). Samples were taken within 

the disturbed subplots of the rutted and compacted blocks from the following 

disturbance classes: non-trafficked (2 cores), tire tracks (2 cores), and between 

the tire tracks (1 core) (Figure 4 and 5). Additional soil core samples were 

collected from the undisturbed subplots (20 per subplot) within both rutted and 

compacted blocks. The samples collected from the non-trafficked and between 

areas were loose samples that were put in ziplock bags. The core samples 

collected from the tire tracks and 8 of the core samples from the undisturbed 

subplots were kept in capped cylinders for laboratory determination of bulk 
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density, saturated hydraulic conductivity and soil porosity. 

Penetration Resistance 

Penetration resistance, commonly measured with a cone penetrometer 

(ASAE 1990), is the measure of soil or shear resistance (Greacen and Sands 

1980). Penetration resistance provides a quick determination of soil strength at 

a given soil moisture content. This technique is commonly used in assessing 

harvesting impacts on soil strength (Sands et al. 1979; Hassan 1977; Wimme 

1987). 

A standard cone penetrometer (ASAE 1990) was used to measure the soil 

penetration resistance along the transect lines within all disturbance levels and 

subplots. Specifications of the penetrometer include: a 0.95 cm graduated 

driving shaft, 1.3 cm? cone area, and 1.28 cm cone diameter (ASAE 1990). 

Measurements were recorded in 2.5 cm. (one inch) intervals to a soil depth of 

one meter within each disturbance class (Figures 6 and 7). The disturbed 

subplots within the rutted blocks were sampled for penetration resistance as 

follows: outside berm (2 stations), inside berm (2 stations), tire track (2 

stations), and between the tire track (1 station). The disturbed subplots within 

the compacted blocks were sampled as follows: tire track (4 stations) and 

between the tire track (1 station). The penetration resistance measurements on 

the undisturbed subplots of the rutted and compacted blocks were located 
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randomly along each transect line (28 per subplot). Soil samples for moisture 

content determination were collected for the upper 15 cm of soil within each 

disturbance class for all blocks. Volumetric moisture content of the soil was 

calculated with the following equation (Jury et al. 1991). 

Volumetric moisture % = Volume water x 100 % 
Total Volume 

volume water = Soil wet wt. - Soil oven-dry wt (g) 
cylinder volume = 205.82 cm’ 
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LABORATORY ANALYSIS 

Laboratory analysis included bulk density, soil porosity (total, micro and 

macro) saturated hydraulic conductivity, soil texture and organic matter. The 

following sections outline procedures used. 

Bulk Density 

Oven-dried bulk density was determined for both loose and intact soil core 

samples (Blake and Hartge, 1986). Samples were oven-dried (105 degree C) for 

24 hours and weighed to obtain oven-dried (O.D.) weights (cylinder volume = 

205.82 cm’). The following equation was used to calculate oven-dried bulk 

density. 

oven-dried soil mass (g) 

Bulk Density = cylinder volume (cm’) 

Soil Porosity 

A decrease in the percent macroporosity within a soil profile caused by 

trafficking has been shown to decrease saturated hydraulic conductivity (Aust et 

al. 1992; Gent et al. 1983). A increase in soil moisture due to decreased 

hydraulic conductivity rates may create anaerobic conditions unfavorable for tree 

48



root growth (Kozlowski 1986). 

Total porosity, macroporosity, and microporosity samples (Danielson and 

Sutherland 1986) were taken from the tire track of all disturbed subplots for all 

rutted and compacted blocks. Samples consisted of the aforementioned bulk 

density soil cores. Eight samples were taken from each subplot. Soil cores were 

saturated in the laboratory and weighed to the nearest 0.1 g (saturated weight). 

Cores were then placed on a tension table at 50 cm tension. After 24 hours, 

cores were removed from the tension table and weighed to the nearest 0.1 g 

(equilibrium weight). Samples were then oven-dried at 105 degrees C for 24 

hrs before reweighing. These values were used in the following equations to 

determine total porosity, macroporosity and microporosity. One g of water was 

assumed to equal 1 cm’. 

Macroporosity (%) = saturated wt - equilibrium wt x 100 % 
: cylinder volume 

Microporosity (%) = equilibrium wt - O.D. wt x 100 % 
cylinder volume 

Total Porosity (%) = macroporosity (%) + microporosity (%) 
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Saturated Hydraulic Conductivity (Constant-head Method) 

Saturated hydraulic conductivity of intact soil cores was determined by 

using the constant-head method (Klute and Dirksen 1986). Soil cores were 

soaked in water for 24 hrs to ensure saturation. A 25 cm head of water was 

then placed upon the soil cores. The volume of water that flowed through each 

core per unit time was measured and used to calculate saturated hydraulic 

conductivity (K,)of the soil. The following formula was used. 

K, = (Q/At) (L/H) 

where K, = hydraulic conductivity (cm/hr) 
Q = volume of water passing through sample (cm*) 

t = time (sec) 
A = cross sectional area of cylinder (cm’) 
L = length of cylinder (cm) 

Particle Size Analysis 

Soil texture refers to the percentages of sand, silt, and clay present in a 

soil. Soil texture influences soil aeration, soil strength, drainage, and other 

properties which affect tree growth (Pritchett and Fisher 1987; Jury et al. 1991). 

Particle size analysis was performed on composite samples collected from 

each subplot by use of the hydrometer method outlined by Gee and Bauder 

(1986). The hydrometer measures the density of the suspension. As soil 
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particles fall out of suspension, the density of the water changes. The A and 

upper B horizons were the only two horizons analyzed. 

Organic Matter Analysis 

Organic matter refers to the solid, non-mineral portions of the soil, 

originating from plant and animal residues. Organic matter can affect such soil 

properties as soil strength and aeration (Sands et al. 1979; Rawls 1983). 

Organic matter percentage was determined from composite soil samples 

of the A horizon of each subplot. A Leco carbon analyzer was used to 

determine percent carbon. Carbon percentages were converted to organic 

matter percentages by multiplying by a conversion factor (1.78). Duplicate 

samples were analyzed to ensure accuracy. 
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STATISTICAL ANALYSIS 

Sites were classified as rutted (3 blocks) or compacted (3 blocks) and were 

analyzed as separate experiments. Eight subplots were established on each 

block (site); four were undisturbed and four were trafficked. Additionally 

transect lines were sampled within each subplot. Sample values were averaged 

to provide an estimate of the undisturbed and disturbed conditions within each 

block. An analysis of variance (GLM-ANOVA) was completed for each variable 

using the Number Cruncher Statistical System (Hintze 1990). A generalized 

  

ANOVA follows: 

Source of Variation Degrees of Freedom 

Block 2 

Disturbance 1 

Block x Disturbance (residual error) 2 

Sampling error 18 

Total (corrected) 23 

Residual and sampling error terms were combined to test block and disturbance 

when the two error terms were not significantly different (alpha = .05) (Steele 

and Torrie 1980). If the error terms were significantly different, then the 

residual error term was used to test the block and disturbance terms. 
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Penetration resistance values were averaged into 6 soil depth classes (15 

cm-intervals) by disturbance class for each subplot on all blocks. 

The adjusted leveled and non-leveled mean monthly value for water wells 

was determined for each subplot within the rutted and compacted blocks. All 

water well values were corrected for topographic differences by leveling all 

stations. Leveling corrections consisted of subtracting or adding the appropriate 

correction value for each block. The adjusted difference between average water 

well measure of undisturbed subplots and disturbed subplots was used, which 

allowed pooling across blocks within the two studies. Adjusted differences were 

obtained by averaging the undisturbed subplot water table measures (4 per 

block) for each block and measurement period. This average value was 

subtracted from each subplot, four undisturbed subplots and four disturbed 

subplots per block, within each respective block. For example, the four 

undisturbed subplots on a block exhibited mean water table values (after being 

leveled) of 25, 39, 47, 36 cm and 75, 79, 56, 60 cm for the disturbed subplots. 

The four undisturbed water table values were averaged to obtain the average 

mean water table value for the undisturbed subplots, which was 36.7 cm. This 

average value was then subtracted from both undisturbed and disturbed subplot 

mean water table values to obtain the adjusted mean difference in water table 

levels between undisturbed and disturbed subplots. 

The mean difference of rust depth on steel rods was used to determine 
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significant differences in drainage and depth of reducing conditions between the 

disturbed and undisturbed subplots of the rutted and compacted blocks. The 

mean difference in rust depth was obtained by subtracting mean rust depth 

values of undisturbed subplots from disturbed subplots. By comparing 

differences between undisturbed and disturbed subplots with relation to rust 

depth, this allowed pooling across blocks within the two studies. Two different 

analyse were performed on the mean differences in rust depth. The first 

consisted of comparing the mean difference of rust depth of the non-trafficked 

stations within the disturbed subplots to the undisturbed subplots. The soil 

surface was used as the baseline datum for this comparison. The second 

consisted of comparing the mean difference in rust depth between the non- 

trafficked and tire track areas of the disturbed subplots. Topographic 

differences (rut depth) were compensated for by adjusting each pair of rods 

being compared to a leveled line, creating a baseline datum as a reference. 
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RESULTS and DISCUSSION 

RUTTED STUDY 

Rut Profiles 

Within the three rutted areas average rutting depths ranged from 30 to 38 

cm below the ground surface, while the average berm disturbance ranged from 

10 to 25 cm above the original ground surface. A representative rut profile for 

block 1 is provided in Figure 8. Rut profiles for blocks 2 and 3 can be found in 

Appendix B. 

Rut depth (cm) 
  

“A . 
to 
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  -60 
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Distance (m) 

Figure 8. Representative skidder rut profile for block 1 of the rutted study 
(5:1 vertical exaggeration). 
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Rut profiles suggest several important occurrences. First, these primary 

skid trails are quite wide; all were over 7 m in width. Primary skid trails 

commonly occur on at least 10% of an area (Hatchell et al. 1970), thus for a 

16.3 ha block, 1.6 ha would be in primary skid trails. These trails are wide 

enough to allow mitigation treatments to be done along, rather than across, the 

trails, thus favoring practical, cost effective treatments. The width of the trails 

also emphasizes the need for maintaining site productivity; two normally spaced 

rows of trees would fit within these trails. 

Secondly, all profiles have a deep rut and an obvious berm area. The 

shallowest ruts are 25 cm deep, and mitigation treatments such as disking may 

not be effective in reestablishing original topography. Efforts to fill these ruts 

will also tend to incorporate surface soil into deeper positions. This could 

potentially be beneficial to tree roots. 

The ratio of rut area to deposited berm area is 1.7 to 1, suggesting that 

both compaction and puddling occurred. Some soil may have also been 

displaced outside of the measurement subplot which would explain the unequal 

ratio between deposited material and rut area. 

Finally, an evaluation of the profiles reveals that approximately 30% of 

the rut profile is classed as outside berm, 43% is in the rut, 24% is inside berm, 

and 4% is in the unbermed center. Characteristically denser and less fertile 

subsurface horizons have been exposed within almost half of the 7 m wide 
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disturbed area, which may affect tree growth. 

Soil Texture and Organic Matter 

Soil organic matter contents of the A horizon were not significantly 

different between disturbed (7.2%) and undisturbed areas (7.3%). This can be 

attributed to the mixing of surface and subsurface soils caused by rutting. The 

surface soil layer was not completely displaced from the disturbed area, but 

redistributed within the disturbed area. 

Soil texture was a sandy loam in the surface A horizon and sandy loam to 

a sandy clay loam in the upper B horizon (Table 3). This is a common situation 

throughout the southeastern coastal plain. Thousands of acres of productive 

forest land have textural regimes of this nature; thus, the results from this study 

have applicability to a broad region, rather than being limited to areas on the 

Francis Marion National Forest. 

Bulk Density 

As suggested by the profile areas, rutting compacted the soils relative to 

undisturbed areas (Table 4). Mean bulk density values within non-trafficked 

areas of disturbed subplots (.98 Mg/m”) were actually significantly lower than 

the undisturbed subplots (1.04 Mg/m*), thus, the non-trafficked area was used as 

the control. Bulk densities within the tire track were increased to 1.39 Mg/m’, 
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Table 3. Soil texture by horizon for rutted blocks. 

  

  

  

  

  

            

Soil Separates Textural 
Treatment! Horizon classes 

class mean % 

Disturbed Sand 62 

. sandy 
A Silt 28 loam 

Clay 9 

Sand 57 

, sandy 
B Silt 22 clay 

Clay 21 loam 

Undisturbed Sand 65 

. sandy 
A Silt 27 loam 

Clay 8 

Sand 62 

; sandy 
B Silt 20 loam 

Clay 18     
‘Means pooled across 3 blocks (24 subplots) for each disturbance class. 

a value found to be limiting to pine roots by Foil and Ralston (1967). Bulk 

density was unaffected between the tire tracks. 

Karr et al. (1990) found similar results, with bulk density increasing 

exponentially as a function of rut depth on a Memphis silt loam soil. The rutting 

depth observed across the 3 blocks was greater than 22 cm, indicating that the soil 

disturbance extended into a denser subsurface soil horizon. Rut depth coupled 
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Table 4. Bulk density of undisturbed and disturbed subplots within rutted blocks 
by disturbance class. 
  

  

  

  

  

          

Disturbance Mean Bulk Density 
Treatment classes - (Mg/m?) - 

Undisturbed 
Undisturbed 1.04*? 

Disturbed Non-trafficked .98 

Disturbed Tire track 1.39** 

Disturbed Between 1.03 
  

Significantly different from the non-trafficked subplots: 
* - alpha = 0.1, ** - alpha = 0.05. 

‘Means pooled across 3 blocks (24 subplots) for each disturbance class. 

with the puddling of the exposed subsurface soil horizon accounted for the 

increase in bulk density observed within the tire track. The exposed denser soil 

horizon may inhibit root growth but probably will not be the limiting growth 

factor due to high soil moisture associated with these sites. The slightly lower 

bulk density of the non-trafficked disturbance class (0.06 Mg/m’) can be 

accounted for by site variation. The difference is unrelated to the trafficking 

disturbance in the disturbed subplots. 
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Soil Porosity 

Rutting reduced soil macroporosity by approximately one-half (Table 5). 

Rutting decreased an-already-low macroporosity level which will probably cause 

impeded drainage. 

Table 5. Mean soil porosity of non-trafficked and trafficked forest soils. 

  

  

  
  

  

  

Soil Porosity 

Treatment Macro Micro Total 

a-n--------- Op ----------- 

Undisturbed 7.8' 39.5 47.3 

Disturbed 4.7*** 31.7 36.6***           
  

Significantly different from the undisturbed subplots at: 
* - alpha = 0.1, ** - alpha = 0.05, *** - alpha = 0.01. 

‘Means pooled across 3 blocks (24 subplots) for each disturbance. 

Microporosity was unaffected by rutting (Table 5). Rutting reduced total 

porosity; values averaged 47.3% in the undisturbed areas and 36.6% within the 

rutted areas. 

Macropores are responsible for draining free gravitational water from 

within soil horizons. Loss of soil macroporosity slows soil drainage. With this 

condition occurring within the upper-most soil horizon where 90% of root surface 

area is located, a reduction in tree growth may be experienced due to a lack of 
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oxygen. The volumetric water content will be increased due to the decrease in 

macroporosity. As a result, the load-bearing capacity of the soul will be lower, 

creating future trafficking problems. The physical depth of the ruts has created 

an aquatic habitat for animals such as crawfish. Crawfish are capable of creating 

large voids or tunnels from the rut into adjacent and this burrowing might restore 

some of the internal drainage lost via reduced macroporosity. Crawfish were 

observed in most of the tire tracks of the disturbed subplots in the rutted blocks. 

Saturated Hydraulic Conductivity (constant-head method) 

Rutting reduced saturated hydraulic conductivity (K,) ten-fold. Hydraulic 

conductivity of the tire track averaged 0.8 cm/hr, while K, in undisturbed areas 

averaged 8.9 cm/hr (alpha = 0.01). Block means ranged from 0.5 to 1.3 cm/hr 

within the tire track and 3.6 to 16.4 cm/hr within undisturbed areas. 

Saturated hydraulic conductivity (K,), the rate at which water moves 

through the soil, is related macroporosity. Therefore, reduction in macroporosity 

will be reflected in K, of a given soil. The 91% reduction in K, may be 

attributed macroporosity decreases within this area. Dickerson (1976) observed 

similar reductions in K, on compacted coastal plain soils in northern Mississippi 

while Karr et al. (1990) found a decrease in K, with rut depth on rutted areas. 

Low K, rates will increase the moisture content of the impacted soil horizon and 

tree growth could be inhibited by lack of oxygen. 
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Saturated Hydraulic Conductivity (auger-hole method) 

Saturated hydraulic conductivity values of disturbed subplots were 

significantly lower than undisturbed subplots at all soil depth intervals to 100 cm 

(10 cm depth classes) except for the 30 - 40 and the 90 - 100 cm depth classes 

(Figure 9). 

Data for undisturbed subplots shows normal conductivity with depth 

(Figure 9). Rate is primarily a function of a sandier soil texture in the surface 

horizon and greater macroporosity associated with higher levels of organic matter 
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Figure 9. Saturated hydraulic conductivity of disturbed and undisturbed subplots 
using the auger-hole method. 
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and soil aggregation. Conductivity decreased in the massive B, horizon (50-70 cm) 

and increased again below the B,. A two-phase disturbance effect was observed; 

the first occurring in the rutted zone, the second occurring below the 

rutted zone. In the rutted zone, conductivity decreased six-fold due to puddling 

and collapse of macropores. Below the rutted zone, conductivity decreased 

relatively uniformly with depth. This decrease in conductivity below the rutting 

zone may be due to disruption of surface soil due to trafficking. 

Field measurement of saturated hydraulic conductivity (K,) indicates a soils 

ability to transmit water at any selected point. The alteration of soil properties 

related to water movement within a soil profile laterally or horizontally will effect 

K, rates. The significant decrease in K, within the disturbed subplots can be 

attributed to the inability of water to flow laterally. 

The K, measurement of disturbed subplots, being located between tire 

tracks, was affected by lateral forces being applied by the skidder tires during 

trafficking The applied forces affected macroporsoity; therefore; flow of water 

through the soil (K,) was slowed dramatically. 

The six-fold decrease in K, at the 20 - 30 cm depth correlates with the 

average rut depth of 34 cm. Aust (1989) found similar conductivity changes in an 

alluvial swamp in southwestern Alabama. Passage of tires through the alluvial soil 

profile severed and plugged subsurface channels creating lower K, values. 

However, the highest average value found by Aust (1989) for K, was 17.9 cm/hr 
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on reference areas and 3.3 cm/hr on skidder trafficked areas. Nelson and 

Gregory (1988) found even lower K, values than reported by Aust (1989), 4.9 

cm/hr, on several loblolly pine sites. Average K, of both disturbed, 22 cm/hr, and 

undisturbed subplots, 45 cm/hr, of this study were much higher. This could have 

been due to the fact that K, was measured from the existing unlined water table 

wells, which had been established 2 months prior to K, measurements. Soil lining 

the well wall may have “loosened” due to fluctuation of the water table, thus 

creating a more porous lining. Also, numerous root channels and crawfish tunnels 

were observed on well linings, which may have resulted in "pipe flow" of water 

into the well. Although K, rates are high compared to other studies, relative 

differences in disturbed and undisturbed subplots are similar to other studies, 

which indicates K, is dramatically affected by trafficking of wetland sites. 

Penetration Resistance 

| Soil strength (penetration resistance) was not measurably affected by 

trafficking disturbances (Figure 10). Penetration resistance was well below levels 

critical to plant growth. This low resistance can be attributed to the consistently- 

high soil moisture content (Table 6) which masks the effect of disturbance on soil 

strength. On these particular sites, penetration resistance may never reach root- 

impeding levels due to characteristically high soil moisture contents. 

64



Mechanica! resistance (kPa) 

350 
  

  

  

    cm
 

be
lo

w 
gr
ou
nd
 

su
rf

ac
e 

  

—— Undisturbed —— inside Berm —#- Outside Serm 

—— Rut —* Between 

Figure 10. Penetration resistance of disturbed zones with depth. 

Table 6. Moisture contents (0 - 15 cm depth) of undisturbed and disturbed 
subplots. (values pooled across 3 blocks (24 subplots) by disturbance 

  

  

  

          
    

  

class) 

Mean Soil Moisture (by disturbance class) 

Undisturbed Subplot Disturbed Subplot 

Inside Outside Tire Between 
Undisturbed Berm Berm Track Tracks 

% 

36.7 21.7 21.7 23.9 24.7             
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The only significant difference in resistance to penetration was observed in 

the tire track, where depth classes 3 and 4 increased in resistance as compared to 

the undisturbed area. This can be explained by its elevation position within the 

soil profile. The depth of the rut disturbance allowed sampling to occur deeper 

within the dense B, horizon, therefore higher resistance to penetration values were 

observed. 

Resistance to penetration is affected by soil texture, moisture and rate of 

penetration (rate at which resistance to penetration was measured). The initial 

decrease in penetration resistance observed in undisturbed, inside and outside 

berm and the between disturbance classes in Figure 10 can be explained by 

varying rates of penetration. A uniform rate of penetration was not obtained until 

the second depth class. 

Other studies (Sands et al. 1979 and Koger et al. 1984) have shown that 

penetration resistance increases within the tire track due to compaction and 

penetration resistance has been used as a measure of compaction on dryer sites. 

However, due to the high water table, penetration resistance is not a root limiting 

factor on these wet sites. 

Water Table (water-well method) 

The adjusted mean difference in water table refers to the difference in 

average water table level of undisturbed subplots and the disturbed subplots. 
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Leveled and non-leveled water well data are presented in Figures 11 and 12. By 

leveling the wells, the disturbance affect on the water table could be determined. 

Following well leveling, only block 3 of the rutted study displayed a higher water 

table (Figure 12). 

Soils that are already somewhat-poorly drained to poorly-drained become 

even more problematic when harvesting operations decrease internal soil drainage 

mechanisms, like macroporosity, creating an increase in the water table level 

within the impacted area. Aust et al. (1992) reported a significant change in 
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Figure 11. Adjusted non-leveled water table of the rutted blocks. 
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Figure 12. Adjusted leveled water table of the rutted blocks. 

water table levels between undisturbed areas and skid trails on a wet pine flat on 

the Francis Marion National Forest following salvage logging. The higher water 

table was attributed to subsurface drainage interrupted by skid trails that 

intersected and blocked the natural flow of water from the site (Aust et al 1992). 

However, only block 3 displayed a higher water table. The variation 

between the water tables of blocks can be explained by inherent drainage 

characteristics within each block. Block 1 and 2, which displayed slight 
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differences in water table level between undisturbed and disturbed subplots (7 

cm), before and after leveling, were initially poorly drained sites before trafficking 

occurred. The blocks poor drainage masked the effect of the rutted disturbance 

on the water table. Block 3 was classed as somewhat poorly drained before 

rutting occurred. After rutting, the drainage characteristics within the disturbed 

areas were impacted, causing a once somewhat poorly drained soil to become 

poorly drained. This was reflected in the difference in water table levels between 

the disturbed and undisturbed subplots. 

Soil Aeration (Rusty Rod Method) 

Reducing conditions between undisturbed subplots and non-trafficked areas 

within disturbed subplots were not different from one another over the 5 

measurement periods (Figure 13). However, reducing conditions were greater in 

the tire track compared to the non-trafficked areas in 3 out of the 5 measurement 

periods (Figure 14). 

Rusty rod measures have been determined to be a valuable technique as a 

hydrologic indicator of the reducing zone in basic science studies (Bridgham et al. 

1991). Reducing conditions are associated with low oxygen levels which have 

been shown to inhibit tree growth if conditions persist (Kozlowski 1986). Carnell 

and Anderson (1986) observed that the depth of brown/orange rust corresponded 
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Figure 13. Rust depth of non-trafficked and undisturbed areas within the rutted 
study (NS). 

Note: Mean rust depth was determined from soil surface. 

to the top of the capillary fringe and was correlated with the lower limit of 

aerobic soil as indicated by oxygen polarographs and the root mat formed by Sitka 

spruce seedlings. 

The duration of reduced conditions across both rutted and compacted 

studies however, may not be detectable by water table measurements due to the 
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Figure 14. Rust depth of non-trafficked and rutted areas. 

Note: Means have been corrected for elevation. 

fluctuating water table between measurement periods. The rusty rods provided 

a better integration of reducing conditions throughout the 6 month measurement 

period. 

The shallower depth of rust occurring within the tire track disturbance 

suggests that reducing conditions exist closer to the surface in the tire track as a 

result of trafficking. This corresponds to the decreased macroporosity and 
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hydraulic conductivity values observed within the tire track. Lack of oxygen in 

the disturbed soil may inhibit future tree growth. 
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COMPACTED STUDY 

Rut Profiles 

Within the three areas, average track depths ranged from 5 to 10 cm 

below ground surface. One criteria used in classifying a compacted area was 

absence of soil displacement, i.e., berm disturbance did not occur 

(Figure 15). 

The absence of displaced soil adjacent to skidder ruts suggests that the 

surface soil horizon was compressed during skidding. All profiles had a shallow 

Rut depth (cm) 
  40 

20 

TNR TT 
-20 

  

-40     
  

0 1 2 3 4 5 6 7 8 

Distance (m) 

Figure 15. Representative skidder track profile of block 1 for the compacted 
study. 
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track (less than 15 cm) which suggests that mitigation treatments such as disking 

may be effective in mitigating the compacted soil. These primary skid trails, like 

the rutted skid trails, are wide enough to allow mitigation treatments to be done 

along, rather than across, the trails, thus allowing practical, cost-effective 

treatments. 

An evaluation of the compaction disturbance profiles reveals that 

approximately 58% of the actual disturbed area is classed as compacted, 30% is 

non-trafficked, and 12% is in the area between the tracks. Approximately 70% 

of the disturbed area has been trafficked. 

Soil Texture and Organic Matter 

Mean organic matter content within rutted areas were significantly lower 

(0.1 alpha level) than within undisturbed areas. Compacted areas had an 

average organic matter content of 6.2% while undisturbed areas had an average 

of 15%. Compacted disturbance profiles suggest that the surface soil horizon, 

where most organic matter is present, was compressed or removed by the 

dragging of logs. Likewise, deeper soil material with less organic matter may 

have been included as a result of soil compaction. This accounts for the 

significant difference in organic matter between undisturbed and disturbed 

subplots. 
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Soil texture was a sandy loam for both the A and upper B horizons 

(Table 7). This is a common textural situation throughout the southeastern 

coastal plain. Thousands of acres of managed forest land have similar textural 

classes, thus, results may have applicability of a regional nature. 

Table 7. Soil texture by horizon for compacted blocks. 
  

  

  

  

  

  

Soil Separates Textural 
Treatment! Horizon classes 

class mean % 

Disturbed Sand 65 

; sandy 
A Silt 22 loam 

Clay 13 

Sand 66 

. sandy 
B Silt 17 loam 

Clay 17 

Undisturbed Sand 67 
. sandy 

A Silt 22 loam 

Clay 11 

Sand 68 

; sandy 
B Silt 19 loam 

Clay 13               
‘Means pooled across 3 blocks (24 subplots) for each disturbance. 
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Bulk Density 

Soil bulk density was considerably higher in skidder tracks compared to 

soil in undisturbed plots. (Table 8). Bulk density of undisturbed areas averaged 

.89 Mg/m’, non-trafficked areas averaged .97 Mg/m’, rutted areas averaged 1.17 

Mg/m°, and area between the tire ruts averaged 1.12 Mg/m*. Bulk density 

averages for the tire track (all blocks) ranged from 1.12 to 1.25 Mg/m’, while 

the between disturbance class ranged from .98 to 1.31 Mg/m’. 

Table 8. Bulk density of undisturbed and disturbed subplots within compacted 
blocks by disturbance class. 

  

  

  

  

  

  

Disturbance Mean Bulk Density 

Treatment classes ; 

-- (Mg/m”) -- 

Non-trafficked Undisturbed 89! 

Non-trafficked .97** 

Trafficked Tire track 1.17*** 

Between 1.12***         
  

Significantly different from the undisturbed subplots at : 
* - alpha = 0.1, ** - alpha = 0.05, *** - alpha = 0.01 

‘Means pooled across 3 blocks (24 subplots) for each disturbance class. 

There was an overall change in mean bulk density between the 

disturbance classes of the undisturbed and disturbed subplots of the compacted 
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study, similar to the results found by Dickerson (1976). However, mean bulk 

densities of the tire track and between tire track areas did not exceed critical 

root growth levels (1.7 Mg/m’); a level where root growth stops for this soil 

texture as reported by Daddow and Warrington (1983). 

The existence of high organic matter content coupled with the sandy loam 

texture offered an explanation for the low bulk densities observed. Sands et al. 

(1979) associated increased organic matter in sandy soils to decreased bulk 

densities and a reduction in compaction under a given load. 

Soil Porosity 

Soil macroporosity was reduced within trafficked areas by approximately 

25% compared to non-trafficked areas (Table 9). The decrease in soil 

macroporosity, due to soil compaction, will probably cause impeded drainage. 

Soil microporosity and total porosity were also reduced within trafficked 

areas (Table 9). 

Significant differences in soil macro-, micro-, and total porosity between 

undisturbed and compacted areas have been observed in numerous studies 

(Incerti et al. 1987; Gent et al. 1983; Aust et al. 1992). The 26% decrease in 

macroporosity within a soil that already exhibits less than 10% macroporosity in 

an undisturbed condition warrants concern. Macropores are responsible for 

draining gravitational-water from within soil horizons. The loss of 
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Table 9. Soil porosity of undisturbed and disturbed subplots. 

  

  

  

  

  

            

Mean Porosity 

Treatment Macro Micro Total 

Jo 

Undisturbed 9.5? 41.3 50.8 

Disturbed 7.0** 34.3*** 41.4*** 
  

Significantly different from the undisturbed subplots at: 
* - alpha = 0.1, ** - alpha = 0.05, *** - alpha = 0.01. 

‘Means pooled across 3 blocks (24 subplots) for each disturbance. 

macroporosity can potentially increase moisture content of a soil. With this 

condition occurring within the upper most soil horizon where 90% of tree roots 

are located, a reduction in tree growth may be caused by insufficient aeration. 

Saturated Hydraulic Conductivity (constant-head method) 

Saturated hydraulic conductivity (K,) was about nine times lower on 

compacted skid trails compared to undisturbed soils. K, of rutted areas 

averaged 2.4 cm/hr, while K, of undisturbed areas averaged 18.9 cm/hr. Block 

means ranged from 1.0 to 3.8 cm/hr the compacted areas and 10.9 to 24.7 within 

undisturbed areas. 

K,, the rate at which water moves through the soil, is directly related to 
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the amount of macropores present. Therefore, reduction in macroporosity is 

reflected in K, values of a given soil. The 25% reduction in macroporosity 

within the compacted areas explains the 87% reduction in K,. Dickerson (1976) 

observed similar reductions in K, on compacted coastal plain soils of Northern 

Mississippi. Low K, rates will increase the moisture content of the impacted 

soil horizon and tree growth may be inhibited due to the lack of oxygen. 

Water Table (water-well method) 

The adjusted mean differences in water table levels between the 

undisturbed and disturbed subplots were calculated in the same manner as in the 

rutted study. 

Disturbed subplots displayed a higher adjusted water table compared to 

undisturbed subplots in both non-leveled and leveled data (Figure 16 and 17). 

Water table within disturbed subplots, following leveling, averaged 20 cm greater 

than undisturbed subplots throughout the measurement periods (Figure 17). 

The significantly higher water table in the disturbed subplots can be 

attributed to the 25% reduction of soil macroporosity. Water within the upper 

soil profile was unable to drain, therefore; the water table was closer to the 

surface. Drainage characteristics of these disturbed areas have been altered 

toward poorly drained conditions. 
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Aust et al. (1992) noticed a significant change in water table levels 

between undisturbed areas and skid trails on a wet pine flat on the Francis 

Marion National Forest following salvage logging. The increased water table 

level was attributed to interruption of subsurface drainage by skid trails. 

Water table (cm) 
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Figure 16. Adjusted non-leveled water table of compacted blocks. 
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Figure 17. Adjusted leveled water table of compacted blocks. 

Soil Aeration (Rusty Rod Method) 

| Reducing conditions between undisturbed and non-trafficked areas were 

not significantly different from one another over the 5 measurement periods 

(Figure 18). 

Similarly, reducing conditions between non-trafficked and tire track disturbances 

were not different from one another over the 5 measurement periods 

(Figure 19). 
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Figure 18. Mean rust depth of non-trafficked and undisturbed areas within the 
compacted blocks (NS). 

Note: Means rust depth was determined from soil surface. 

Rusty rod measures have been determined to be a valuable technique as a 

hydrologic indicator of the reducing zone in basic science studies (Bridgham et 

al. 1991). Reducing conditions are associated with low oxygen levels which have 

been shown to inhibit tree growth if conditions persist (Kozlowski 1986). 

Reducing conditions within the non-trafficked areas were not different 

from those observed in compacted because of the short duration of the water 
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Figure 19. Mean rust depth of non-trafficked and compacted areas (NS). 

Note: Means have been corrected for elevation. 

table existing within the tire track. The difference in water table observed 

between undisturbed and disturbed subplots however, suggested that reducing 

conditions may have existed. However, the rapidly fluctuating water table 

never persisted within the disturbed subplots long enough to create reducing 

conditions detectable by the rusty rods. 
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SUMMARY and CONCLUSIONS 

The compacted study revealed an increase in bulk density and a decrease 

in soil porosity, macro-, micro-, total, water table levels, and saturated hydraulic 

conductivity within the disturbed areas. However, the depth to reducing 

conditions was not significantly different from between undisturbed and 

disturbed areas due to drainage characteristics of compacted sites. 

Rutting increased bulk density and decreased water table levels, depth of 

reducing conditions, soil porosity, macro-, micro-, and total, resulting ina 

decrease in soil saturated hydraulic conductivity. Soil strength was not 

significantly different between disturbed and undisturbed areas because these 

forest soils remain moist to wet most of the year. 

From a management standpoint, compaction may not be as detrimental to 

tree growth as rutting. These wetland sites display water tables close to the soil 

surface throughout parts of the growing season, creating high soil moisture 

conditions. With the decrease in macroporosity and the natural hydrology of 

these sites, soil strength may never become-root restricting. However, 

compacted sites drainage characteristics allowed the sites to drain surface and 

subsurface water well enough on the disturbed areas to not create a problem 

with respect to tree growth. The "window" of time that site preparation can 

occur on these sites may be reduced due to excessive soil moisture conditions 

created by the previous logging disturbances. The most important factor related 
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to tree growth on compacted sites may be the fact that the surface 8 or 10 cm 

of disturbed areas, where most of the nutrients are located was removed. The 

most effective mitigation tool with respect to tree growth on these sites may be 

fertilization. Hydrologic characteristics of these sites have not been impacted to 

the point where mechanical practices such as bedding will not be effective. 

Bedding has been used as a way of providing a concentration of nutrients and a 

well aerated media of soil to newly planted seedlings. Removal of 7.5 to 10 cm 

of the surface suggests that there will be minimal amounts of nutrient available 

in the bedded material. 

The rutted sites however, displayed reducing conditions closer to the soil 

surface within the disturbed areas. This suggests that hydrology of these sites 

has been altered so that water does not drain laterally within surface and 

subsurface soil horizons. Tree growth may be inhibited by loss of aerobic 

conditions within in the rooting zone. The effect of soil rutting and puddling 

observed on the rutted study is related to the loss of the surface 8 to 10 

centimeters of nutrient rich soil, as well as the fact that site hydrology has been 

significantly altered on already poorly drained areas. Decreased water table 

levels within rutted areas persisted for longer periods of time than observed 

within tracked areas of compacted sites. This will narrow the "window" of time 

site preparation activities can occur. This time "window" will be much narrower 

for rutted sites due to the fact that water does not seem to drain at all. These 
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areas only become dry during periods of low rainfall where evapotransporation is 

responsible for lowering the water table levels. 

Mitigation of altered site hydrology with respect to soil physical properties 

may not be possible. However, the higher water table may be overcome with 

respect to tree growth by a combination of bedding and fertilization. Bedding 

will increase the depth of aerobic soil conditions immediately around planted 

seedlings, while fertilizer will provide nutrients that were displaced during 

logging. As trees become established, the water table will drop increase during 

the growing season due to increased evapotranspiration activity. 

When harvesting a site consisting of poorly drained soils, like in the rutted 

study, the number of passes made on a skid trail should be minimized in order 

to prevent deep rutting. Sites with better drained soils, like the studied 

compacted sites, should concentrate trafficking to as few skid trails as possible. 

Special machinery adapted for wetland logging conditions, like wide-tired 

skidders, should be used to decrease site impacts. However, machinery adapted 

for wetland logging can increase site impacts if used increase access to areas 

already to "wet" to operate in. Consideration should be given to soil and 

moisture conditions when locating skid trail systems in order to avoid areas that 

are more susceptible to rutting as opposed to compaction. Finally, harvest 

scheduling should focus on harvesting wetter sites during drier periods of the 

year when site damage may be minimized. 
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MITIGATION TREATMENT INSTALLATION 

Four mechanical treatments were randomly assigned, one to each subplot. 

Treatments were: (1) no treatment, (2) flat disking, (3) bedding, and (4) disking 

plus bedding Each mechanical treatment area was divided into two fertilizer 

treatments (sub-subplots) of the main subplot. The treatments consisted of (1) 

no fertilizer and (2) the addition of 500 pounds per acre of 10-10-10 fertilizer. A 

Kumatsu 65D bull dozer with 94 cm tracks was used to clear all subplots of 

debris and install the bedding treatments. Due to the size of the subplots, a fire 

plow was used to create the beds. A John Deere 400 bulldozer with 30 cm 

tracks was used to install the disking treatments. 

Treatments were successfully installed during September, 1991. Hand 

planting of loblolly pine seedlings was completed in February, 19972. 
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Figure 1. Representative skidder rut profile for block 2 of the rutted study. 
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Figure 2. Representative skidder rut profile for block 3 of the rutted study. 
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Figure 3. Representative skidder rut profile for block 2 of the compacted study. 
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Table 1. Partial GLM ANOVA table of macroporosity within the rutted study. 

  

  

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | 2.020417 1.61 ns 

Disturbance 1 | 50.46 38.11 *x* 

error 20 | 1.323875     
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 2. Partial GLM ANOVA table of microporosity within the rutted study. 

  

  

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | 61.41542 1.09 ns 

Disturbance 1 | 360.375 6.42 ns 

BxD 2 | 56.10375     
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 3. Partial GLM ANOVA table of total porosity within the rutted study. 

  

  

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | 84.54166 2.21 ns 

Disturbance 1 | 683.7338 17.89 * 

BxD 2 | 38.22     
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 4. Partial GLM ANOVA table of macroporosity within the compacted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 8.212891 1.56 ns 

Disturbance 1 | 30.45143 5.79 ** 

error 18 | 5.258516                 

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 5. Partial GLM ANOVA table of microporosity within the compacted study. 

  

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 46.43781 10.18 **% 

Disturbance 1 253.8032 55.64 ee x 

error 18 | 4.561840             

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 6. Partial GLM ANOVA table of total porosity within the compacted study. 

  

    

  

  

  

Source df | Mean Square | F-value Significance Level 

Block 2 | 16.58406 1.83 ns 

Disturbance 1 | 455.2289 50.17 *** 

error 18 | 9.074028               
* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 7. Partial GLM ANOVA table of non-trafficked bulk density values versus 
undisturbed bulk density values within the rutted study. 

  

  

  

                  

Source df | Mean Square F-value Significance Level 

Block 2 1061292 20.42 *#** 

Disturbance 1 .02220 3.85 * 

error 20 | .0052316 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 8. Partial GLM ANOVA table of non-trafficked bulk density values versus 
rutted bulk density values within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | .04701 1.67 ns 

Disturbance 1 .976066 34.0 ** 

BxD 2 | ..02871                   
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 9. Partial GLM ANOVA table of non-trafficked bulk density values versus 
bulk density values between the rutted area within the rutted study. 

  

    

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | .1873083 8.5 *e* 

Disturbance 1 | .0187 84 ns 

error 20 | .0222935 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 10. Partial GLM ANOVA table of undisturbed bulk density values versus non- 
trafficked bulk density values within the compacted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | .003022 44 ns 

Disturbance 1 03155 4.56 ** 

error 18 | .006916                   
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 11. Partial GLM ANOVA table of undisturbed bulk density values versus 
rutted bulk density values within the compacted blocks. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 02151 1.95 ns 

Disturbance 1 3984143 36.19 *** 

error 18 | .011006               
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 12. Partial GLM ANOVA table of undisturbed bulk density values versus bulk 
density values between the rutted areas within the compacted study. 

  

  

  

  

          

Source df | Mean Square F-value Significance Level 

Block 2 | .086 5.83 ** 

Disturbance 1 .2740322 18.58 * & x 

error 18 | .014744       
* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 13. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(constant-head) within the compacted study. 

Source df | Mean Square F-value Significance Level 

Block 2 77.58993 31 ns 

Disturbance 1 1417.45 5.71 ** 

error 18 248.14 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 14. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(constant-head) within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 101.0571 3.47 * 

Disturbance 1 | 392.3651 13.48 *e* 

error 20 | 29.1093                     
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 15. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(auger-hole) for the 20 - 30 cm depth class within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 14.68437 154.6 *** 

Disturbance 1 | 2350.795 24760.8 *** 

BxD 2 | .09494               
* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 16. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(auger-hole) for the 30 - 40 cm depth class within the rutted study. 

Source 

Block 

Disturbance 

error 

df 

2 

1 

13 

Mean Square 

4400.947 

1715.294 

786.2577 

F-value 

5.59 

2.18 

Significance Level 

* x 

ns 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 17. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(auger-hole) for the 40 - 50 cm depth class within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 1631.851 5.15 ** 

Disturbance 1 1138.363 3.58 * 

error 17° | 317.53217                 
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 18. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(auger-hole) for the 50 - 60 cm depth class within the rutted study. 

  

      

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 210.9389 1.66 ns 

Disturbance 1 1152.271 9.07 *e* 

error 19 | 126.9247             
* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 19. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(auger-hole) for the 60 - 70 cm depth class within the rutted study. 

Source df F-value 

Block 2 

Mean Square Significance Level 

116.0352 89 ns 

1179.542 9.07 

130.074 

Disturbance 1 

error 19 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 20. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(auger-hole) for the 70 - 80 cm depth class within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 677.3091 3.27 * 

Disturbance 1 | 2251.633 10.87 el 

error 19 | 207.0124                   

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 21. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(auger-hole) for the 80 - 90 cm depth class within the rutted study. 

  

  

  

  

          

Source df | Mean Square F-value Significance Level 

Block 2 | 387.8933 1.41 ns 

Disturbance 1 1735.268 6.33 ** 

error 19 | 274.0909 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

 



Table 22. Partial GLM ANOVA table of saturated hydraulic conductivity values 
(auger-hole) for the 90 - 100 cm depth class within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 1012.222 3865 ns 

Disturbance 1 | 4203.689 1.60 ns 

error 19 | 2619.1324                   

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 23. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the compacted study for May measurement period. 

Source 

Block 

Disturbance 

error 

df 

2 

1 

20 

Mean Square 

55.62 

54.0 

110.43 

F-value 

50 

.48 

Significance Level 

ns 

ns 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 24. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the compacted study for June measurement period. 

  

  

  

                

Source df | Mean Square F-value Significance Level 

Block 2 | .6533 .007 ns 

Disturbance 1 19.44 22 ns 

error 20 | 87.8842 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 25. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within compacted study for July measurement period. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 314.4254 1.63 ns 

Disturbance 1 165.375 86 ns 

error 20 | 191.8846                 
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 26. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the compacted study for August measurement 

  

  

  

  

period. 

Source df | Mean Square F-value Significance Level 

Block 2 | 385.7304 2.51 ns 

Disturbance 1 | 82.14 3 ns 

error 20 | 153.7596                   

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 27. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the compacted study for September measurement 
period. 

Source df | Mean Square F-value Significance Level 

Block 2 69.5511 77 ns 

Disturbance 1 50.46 55 ns 

error 20 90.6178 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 28. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the compacted study for May measurement period. 

Source df | Mean Square F-value Significance Level 

Block 2 | 187.7079 9.69 *ex 

Disturbance 1 3.68166 19 ns 

error 20 19.3637 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 29. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the compacted study for July measurement period. 

  

  

  

  

Source df | Mean Square _ | F-value Significance Level 

Block 2 | 2234.199 23.00 +e 

Disturbance 1 12.76046 .99 ns 

error 20 | 97.1249                 
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 30. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
Tutted areas within the compacted study for June measurement period. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 668.9316 41.02 *** 

Disturbance 1 | 15.84375 97 ns 

error 20 | 16.30807               
* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 31. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the compacted study for August measurement period. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 1582.871 23.89 *ex 

Disturbance 1 129.7351 1.96 ns 

error 20 | 66.2521               
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 32. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the compacted study for September measurement 

  

  

  
  

  

period. 

Source df | Mean Square F-value Significance Level 

Block 2 | 995.2017 62.16 *** 

Disturbance 1 | 34.8004 2.17 ns 

error 20 | 16.0112             

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 33. Partial GLM ANOVA table of rust depth for undisturbed areas versus 
non-trafficked areas within the rutted study for May measurement period. 

  

  

  

            

Source df | Mean Square F-value Significance Level 

Block 2 | 135.3029 8.98 +e 

Disturbance 1 13.80166 92 ns 

error 20 | 15.0645 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

    

   



Table 34. Partial GLM ANOVA table of rust depth for undisturbed areas versus 
non-trafficked areas within the rutted study for June measurement period. 

  

  

  

          

Source df | Mean Square F-value Significance Level 

Block 2 178.9316 3.97 ** 

Disturbance 1 13.65042 30 ns 

error 20 | 45.1521           

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 35. Partial GLM ANOVA table of rust depth for undisturbed areas versus 
non-trafficked areas within the rutted study for July measurement period. 

  

  

  

  

                

Source df | Mean Square | F-value Significance Level 

Block 2 | 2227.613 26.06 *** 

Disturbance 1 | 57.04162 67 ns 

error 20 | 85.4825 

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 36. Partial GLM ANOVA table of rust depth for undisturbed areas versus 
non-trafficked areas within the rutted study for August measurement 

  

  

  

  

period. 

Source df | Mean Square F-value Significance Level 

Block 2 | 838.1021 9.68 + 

Disturbance 1 | 346.5602 4.00 * 

error 20 | 86.57               

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 37. Partial GLM ANOVA table of rust depth for undisturbed areas versus 
non-trafficked areas within the rutted study for September measurement 

  

  

  

  

period. 

Source df | Mean Square F-value Significance Level 

Block 2 | 22.8612 21 ns 

Disturbance 1 12.1837 11 ns 

error 20 | 107.588                   
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 38. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the rutted study for May measurement period. 

  

  

  

  

            

Source df | Mean Square F-value Significance Level 

Block 2 | 749.0712 5.65 ** 

Disturbance 1 1892.15 14.29 *** 

error 20 | 132.38 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 39. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the rutted study for June measurement period. 

  

  

  

  

          

Source df | Mean Square F-value Significance Level 

Block 2 | 839.207 57.87 * xx 

Disturbance 1 | 799.2604 55.12 xe 

BxD 2 | 14.50792 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

  

   



Table 40. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the rutted study for July measurement period. 

Source df | Mean Square F-value Significance Level 

Block 2 899.6455 3.37 * 

Disturbance 1 90.4816 34 ns 

error 20 266.6415 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 41. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the rutted study for August measurement period. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 979.4004 4.42 * 

Disturbance 1 128.3438 8 ns 

error 20 | 221.0875                 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 42. Partial GLM ANOVA table of rust depth for non-trafficked areas versus 
rutted areas within the rutted study for September measurement period. 

  

  

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | 684.9554 526.15 ex 

Disturbance 1 694.4504 533.85 *** 

BxD 2 | 1.307917 
    

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 43. Partial GLM ANOVA table of organic matter values for the A horizon 
of the rutted study. 

  

  

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | 51.42155 22.08 *e* 

Disturbance 1 09655 04 — ns 

error 20 | 2.3285 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 44. Partial GLM ANOVA table of organic matter values for the A horizon 
of the compacted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 2.320097 1.85 ns 

Disturbance 1 | 4.436739 3.54 * 

error 10 j{ 1.252                 
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 45. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus outside berm disturbance for 0 - 15 cm depth 
class within the rutted study. 

  

  

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | 236661.7 4.54 ** 

Disturbance 1 16042.74 1 ns 

error 20 | 52116.833 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 46. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus outside berm disturbance for 15 - 30 cm depth 
class within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 156899.8 25.07 *e* 

Disturbance 1 64170.9 10.26 * 

BxD 2 | 6256.661               
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 47. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus outside berm disturbance for 30 - 45 cm depth 
class within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 219525.9 2.48 ns 

Disturbance 1 1338.872 02 ns 

BxD 2 | 88486.53                 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 48. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus outside berm disturbance for 45 - 60 cm depth 
class within the rutted study. 

  

    

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 85781.02 4.49 ** 

Disturbance 1 | 8367.965 44 ns 

error 20 | 19092.795             
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 49. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus outside berm disturbance for 60 - 75 cm depth 
class within the rutted study. 
  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 53085.57 2.15 ns 

Disturbance 1 4563.266 19 ns 

error 20 | 24646.9705                 
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 50. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus inside berm disturbance for 0 - 15 cm depth 
class within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 149787.5 2.71 * 

Disturbance 1 | 2566.833 .05 ns 

error 20) | 55252.315               
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 51. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus inside berm disturbance for 15 - 30 cm depth 
class within the rutted study. 

Source df | Mean Square F-value Significance Level 

Block 2 103689.3 3.27 * 

Disturbance 1 21919.21 .69 ns 

error 20 31715.5 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 52. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus inside berm disturbance for 30 - 45 cm depth 
class within the rutted study. 

Source 

Block 

Disturbance 

error 

df 

2 

1 

20 

Mean Square 

75367.16 

11742.87 

10666.2 

F-value 

7.06 

1.10 

Significance Level 

RR 

ns 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 53. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus inside berm disturbance for 45 - 60 cm depth 
class within the rutted study. 

  

  

    
  

Source df | Mean Square F-value Significance Level 

Block 2 | 110946.3 5.07 ** 

Disturbance 1 126.7586 01 ns 

error 20 | 21863.4               
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 54. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus inside berm disturbance for 60 - 75 cm depth 
class within the rutted study. 

  

  

  

  

      

Source df | Mean Square F-value Significance Level 

Block 2 | 47848.91 2.53 ns 

Disturbance 1 |} 20203.93 1.07 ns 

error 20 | 18881.25         
* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 55. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus rutted areas disturbance for 0 - 15 cm depth 
class within the rutted study. 

Source df | Mean Square F-value Significance Level 

Block 2 242964 5.01 *% 

Disturbance 1 102057.5 2.11 ns 

error 20 48420.05 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 56. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus rutted areas disturbance for 15 - 30 cm depth 
class within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 59577.92 2.30 ns 

Disturbance 1 572.3872 02 ns 

error 20 | 25877.05                 
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 57. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus rutted areas disturbance for 30 - 45 cm depth 
class within the rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 5032.665 .07 ns 

Disturbance 1 | 84866 1.19 ns 

BxD 2 | 71354.48               
* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 58. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus rutted areas disturbance for 45 - 60 cm depth 
class within the rutted study. 
  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 17332.09 .16 ns 

Disturbance 1 103863.8 .96 ns 

BxD 2 | 107999.2               
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 59. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus rutted areas disturbance for 60 - 75 cm depth 
class within the rutted study. 

  

  

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | 10552.56 .06 ns 

Disturbance 1 | 98492.48 .60 ns 

BxD 2 | 164879.7 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 60. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus area between the tire ruts disturbance for 0 - 15 

cm depth class within the rutted study. 

  

  

  

            

Source df | Mean Square F-value Significance Level 

Block 2 | 339374.8 6.63 *** 

Disturbance 1 | 28997.7 7 ns 

error 20 | 51166.35 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

  

 



Table 61. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus area between the tire ruts disturbance for 15 - 

30 cm depth class within the rutted study. 

Source df | Mean Square F-value Significance Level 

Block 2 208545.3 4.74 * 

Disturbance 1 §711.39 13 ns 

error 20 44031.2 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 62. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus area between the tire ruts disturbance for 30 - 
45 cm depth class within the rutted study. 

  

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 30772.32 1.66 ns 

Disturbance 1 | 97611.08 5.25 ** 

error 20 | 18581.6                 
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 63. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus area between the tire ruts disturbance for 45 - 
60 cm depth class within the rutted study. 
  

  

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | 17368.23 74 ns 

Disturbance 1 | 80416.13 3.42 * 

error 20 | 23485.85 
    

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 64. Partial GLM ANOVA table of penetration resistance values of 
undisturbed areas versus area between the tire ruts disturbance for 60 - 
75 cm depth class within the rutted study. 

  

  
  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 4710.703 12 ns 

Disturbance 1 | 59139.88 1.52 | ns 

error 20 | 39008.14                 

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 65. Partial GLM ANOVA table of adjusted leveled mean water table values 
for undisturbed subplots versus disturbed subplots for April 21 
measurement within the compacted study. 

Significance Level 

751.8804 1.73 ns 

2482.7 5.72 ** 

433.8 

F-value Mean Square Source df 

Block 2 

Disturbance 1 

error 20 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 66. Partial GLM ANOVA table of adjusted leveled mean water table values 
for undisturbed subplots versus disturbed subplots for May 8 measurement 
within the compacted study. 
  

  

  

                

Source df | Mean Square F-value Significance Level 

Block 2 | 705.068 2.04 ns 

Disturbance 1 | 2107.875 6.08 ** 

error 20 | 346.2693 
    

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 67. Partial GLM ANOVA table of adjusted leveled mean water table values 
for undisturbed subplots versus disturbed subplots for May 21 

measurement within the compacted study. 

  

  

  

              

Source df | Mean Square F-value Significance Level 

Block 2 | 562.0388 1.53 | ns 

Disturbance 1 2368.107 6.44 ** 

error 20 | 367.95     

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 68. Partial GLM ANOVA table of adjusted leveled mean water table values 
for undisturbed subplots versus disturbed subplots for June 4 
measurement within the compacted study. 
  

  

  

            

Source df | Mean Square F-value Significance Level 

Block 2 | 515.6716 1.81 ns 

Disturbance 1 2425.467 8.52 *ex 

error 20 | 284.7     
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 69. Partial GLM ANOVA table of adjusted leveled mean water table values 
for undisturbed subplots versus disturbed subplots for June 18 
measurement within the compacted study. 
  

  

  

            

Source df | Mean Square F-value Significance Level 

Block 2 | 645.7879 .99 ns 

Disturbance 1 | 2200.335 3.39 * 

BxD 2 | 648.7012, 
    

  

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 70. Partial GLM ANOVA table of adjusted leveled mean water table values 
for undisturbed subplots versus disturbed subplots for July 17 
measurement within the compacted study. 

  

    
  

  

          

Source df | Mean Square F-value Significance Level 

Block 2 | 656.5929 1.47 ns 

Disturbance 1 | 3192.427 715 ** 

error 20 | 446.3345 
      
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 71. Partial GLM ANOVA table of adjusted leveled mean water table values 
for undisturbed subplots versus disturbed subplots for August 6 
measurement within the compacted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 640.0463 1.37 ns 

Disturbance 1 | 3339.4 7.15 ** 

error 20 | 466.8               

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 72. Partial GLM ANOVA table of adjusted leveled mean water table values 
for undisturbed subplots versus disturbed subplots for September 13 
measurement within the compacted study. 

  

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 932.6054 1.81 ns 

Disturbance 1 | 3057.784 5.94 ** 

error 20 | 514.65               
* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 73. T-Test table of adjusted leveled mean water table values for undisturbed 
subplots versus disturbed subplots for block 1 across all measurement 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

        

periods. 

Date Plot n | Mean Std. T-value Alpha 
type Dev. Level 

April 21 Undisturbed 4 | -5.55 16.37 

Disturbed 4 | 935 25.69 6137 36 

May 8 Undisturbed 4 | 025 16.19 

Disturbed 4 | 7.45 24.63 3037 ‘63 

May 21 Undisturbed 4 | -.025 17,32 

Disturbed 4 110.45 | 19.96 1925 46 

June 4 Undisturbed 4 0.00 14.88 

Disturbed 4 | 9.93 23.87 ~- 705° 31 

June 18 Undisturbed 4 | 0.00 7.52 

Disturbed 4 | 6.57 13.31 “8598 a 

July 15 Undisturbed 4 | -.075 17.01 

Disturbed 4 | 13.8 22.11 9947 36 

August 6 Undisturbed 4 | 0.00 20.96 

| Disturbed 4113.73 | 2392 | 6? Ae 
Sept. 13 Undisturbed 4 | -.025 14.49 

Disturbed 4 | 12.02 | 24.93 8355 “3                   
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Table 74. T-Test table of adjusted leveled mean water table values for undisturbed 
subplots versus disturbed subplots for block 2 across all measurement 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

        

periods. 

Date Plot n | Mean Std. T-value Alpha 
type Dev. Level 

April 21 Undisturbed 4 | .025 14.66 

Disturbed 4 | -.75 37.26 0387 37 

May 8 Undisturbed 4 | -.025 19.57 

Disturbed 4 174 41.25 3252 I 

May 21 Undisturbed 4 1-015 | 16.05 

Disturbed 4 | 3.22 38.46 “1555 88 

June 4 Undisturbed 4 | .025 18.07 

Disturbed 4 | 2.85 46.85 “1125 71 

June 18 Undisturbed 4 | 0.00 22.18 

Disturbed 4 | 3.17 51.07 “1140 71 

July 15 Undisturbed 4 | -.025 15.49 

Disturbed 4 | 4.43 35.36 “230° 82 

August 6 Undisturbed 4 | 0.00 19.74 

| Disturbed 4 ]803 |3710 | 7°? 12 
Sept. 13 Undisturbed 4 | 0.00 19.51 

Disturbed 4 | 8.97 37.62 “4236 9                 
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Table 75. T-Test table of adjusted leveled mean water table values for undisturbed 
subplots versus disturbed subplots for block 3 across all measurement 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    
      

periods. 

Date Plot n | Mean Std. T-value Alpha 
type Dev. Level 

April 21 Undisturbed 4 | -.025 19.77 

Disturbed 4 169.1 | 21.67 478 00° 

May 8 Undisturbed 4 | -.05 17.06 

Disturbed 4 | 81.77 | 26.59 ote O02 

May 21 Undisturbed 4 | -.025 18.99 

Disturbed 4 | 69.2 | 23.27 4.009 00° 

June 4 Undisturbed 4 | 0.00 17.67 

Disturbed 4 | 78.25 | 30.75 Aane ‘008 

June 18 Undisturbed 4 | -.125 9.92 

Disturbed 4 1784 | 22.15 O47 ‘00 

July 15 Undisturbed 4 | .05 23.21 

Disturbed 4 | 79.5 25.46 4.616 003 

August 6 Undisturbed 4 | .025 20.57 

| Disturbed 4173.05 [2224 | 78” O02 
Sept. 13 Undisturbed 4 | 0.00 16.12 

Disturbed 4 | 81.13 | 28.08 0h O02               
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Table 76. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for April 21 
measurement within the Compacted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 105.79 1.86 ns 

Disturbance 1 | 477.04 8.39 © *e* 

error 20 | 56.8                 

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 77. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for May 8 
measurement within the Compacted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 131.625 3.579 ns 

Disturbance 1 | 522.67 14.21 *e* 

error 20 | 36.77                 

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 78. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for May 21 
measurement within the Compacted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 78.29 1.59 ns 

Disturbance 1 | 495.04 9.94 **% 

error 20 | 49.8             
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

130



Table 79. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for June 4 
measurement within the Compacted study. 

Mean Square F-value 

Block 2 | 60.87 2.44 ns 

Disturbance 1 | 504.17 20.2 

error 20 | 24.9 

Significance Level Source df 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 80. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for June 18 
measurement within the Compacted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 101.16 3.06 ns 

Disturbance 1 | 368.167 11.14 *** 

error 20 | 33.05                 
* = 0.1, ** = 0.05, *** = ().01 significance level 

Table 81. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for July 15 
measurement within the Compacted study. 

  

  

  

            

Source df | Mean Square F-value Significance Level 

Block 2 | 86.29 1.72 ns 

Disturbance 1 | 793.5 15.5 *e% 

error 20 | 50.95 
  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

 



Table 82. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for August 6 
measurement within the Compacted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 1115 1.25 ns 

Disturbance 1 925.04 10.39 *e* 

error 20 | 89.0                 

      

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 83. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for September 
13 measurement within the Compacted study. 

  

  

  

  

Source df | Mean Square — F-value Significance Level 

Block 2 | 241.79 2.51 ns 

Disturbance 1 | 828.4 8.61 *ex 

error 20 | 96.2                   
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 84. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for April 21 
measurement within the Rutted study. 

Source 

Block 

Disturbance 

error 

df 

2 

1 

20 

Mean Square F-value Significance Level 

111.79 1.03 ns 

682.67 6.28 * 

108.6 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 85. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for May 8 
measurement within the Rutted study. 

  

  

  

                

Source df | Mean Square F-value Significance Level 

Block 2 | 404.54 2.37 ns 

Disturbance 1 1584.3 9.26 ok 

error 20 170.9 
    

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 86. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for May 21 
measurement within the Rutted study. 

  

  

  

  

Source df | Mean Square F-value Significance Level 

Block 2 | 69.5 69 ns 

Disturbance 1 | 759.37 7.55 ** 

error 20 | 100.5                   
* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 87. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for June 4 
measurement within the Rutted study. 

Source df | Mean Square F-value Significance Level 

Block 2 | 237.54 1.41 ns 

Disturbance | 1 1441.5 8.57 ** 

error 20 168.5 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 88. Partial GLM ANOVA table of adjusted mean non-leveled waier table 
values for undisturbed subplots versus disturbed subplots for June 18 
measurement within the Rutted study. 

Source df | Mean Square F-value Significance Level 

Block 2 392.6 1.03 ns 

Disturbance 1 1107.04 2.9 ns 

error 2 381.2 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 89. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed ‘subplots for July i5 
measurement within the Rutted study. 

Source df | Mean Square F-vaiue Significance Level 

Block 2 | 279,29 1.81 ns 

Disturbance 1 1410.67 9.1 ** 

error 20 | 154.2 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 

Table 90. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for August 6 
measurement within the Rutted study. 

Source df | Mean Square F-value Significance Level 

Block 2 121.16 82 ns 

Disturbance 1 1426.04 9.69 

error 2 147.0 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Table 91. Partial GLM ANOVA table of adjusted mean non-leveled water table 
values for undisturbed subplots versus disturbed subplots for September 
13 measurement within the Rutted study. 

Source df | Mean Square F-value Significance Level 

Block 2 271.54 1.79 ns 

Disturbance 1 1982.04 12.9 

error 20 151.19 

  

* = 0.1, ** = 0.05, *** = 0.01 significance level 
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Appendix D. Field Sample Locations 
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Table 92. Transect (sample) line locations for block 1 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

PLOT TRANSECT 

PLOT# | TYPE LINE# |LOCATION 

(ft) 
32 Disturbed 1 13 

2 25 

3 53 

4 65 

30 Disturbed 1 14 

2 28 

3 57 

4 69 

28 Disturbed 1 12 

2 23 

3 54 

4 67 

24 Disturbed 1 19 

2 30 

3 31 

4 63 

31 Undisturbed 1 10 

2 27 

3 60 

4 68 

25 Undisturbed 1 1] 

2 27 

3 47 

4 65 

26 Undisturbed 1 13 

2 30 

3 52 

4 65 

27 Undisturbed f[ 1 10 

2 21 

3 50 

4 65   
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Table 93. Transect (sample line locations for block 2 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

PLOT TRANSECT 

PLOT# TYPE LINE# |LOCAION 

(ft) 
48 Disturbed 1 17 

2 28 

3 54 

4 64 

47 Disturbed 1 10 

2 25 

3 53 

4 69 

37 Disturbed 1 16 

2 29 

3 55 

4 69 

38 Disturbed 1 12 

2 23 

3 54 

4 65 

40 Undisturbed 1 13 

2 26 

3 57 

4 67 

33 Undisturbed 1 19 

2 30 

3 52 

4 64 

34 Undisturbed 1 1] 

2 25 

3 51 

4 66 

35 Undisturbed 1 10 

2 28 

3 55 

4 66   
  

138



Table 94. Transect (sample) line locations for block 3 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

PLOT TRANSECT 

PLOT# TYPE LINE# |LOCATION 

(ft) 
56 Disturbed 1 16 

2 28 

3 52 

4 62 

57 Disturbed 1 14 

2 30 

3 50 

4 60 

49 Disturbed 1 11 

2 22 

3 50 

4 61 

50 Disturbed l 14 

2 24 

3 53 

4 67 

59 Undisturbed 1 18 

2 30 

3 55 

4 65 

58 Undisturbed 1 17 

2 29 

3 52 

4 65 

61 Undisturbed 1 10 

2 22 

3 51 

4 64 

62 Undisturbed 1 13 

2 28 

3 53 

4 65   
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Table 95. Transect (sample) line locations for block 1 of the compacted study. 

  

bien 

PLOT# 
PLOT 
TYPE LINE# 

TRANSECT 
LOCATION 
  

(ft) 
  

1 Disturbed 19 
  

30 
  

55 
  

69 
  

Disturbed 15 
  

25 
  

50 
  

68 
  

Disturbed 18 
  

29 
  

50 
  

60 
  

Disturbed 12 
  

22 
  

56 
  

69 
  

100 Undisturbed 10 
  

20 
  

33 
  

68 
  

Undisturbed 10 
  

21 
  

33 
  

63 
  

Undisturbed 11 
  

24 
  

58 
  

68 
  

11     Undisturbed 10 
  

20 
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      70   
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Table 96. Transect (sample) line locations for block 2 of the compacted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

PLOT TRANSECT 

PLOT# TYPE LINE# | LOCATION 

(ft) 
79 Disturbed 1 15 

2 25 

3 56 

4 69 

80 Disturbed 1 18 

2 28 

3 51 

4 63 

74 Disturbed 1 15 

2 25 

3 59 

4 70 

77 Disturbed 1 10 

2 26 

3 51 

4 64 

71 Undisturbed 1 18 

2 29 

3 50 

4 68 

72 Undisturbed 1 18 

2 28 

3 53 

4 70 

73 Undisturbed 1 13 

2 25 

3 57 

4 67 

75 Undisturbed 1 10 

2 21 

3 59 

4 70   
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Table 97. Transect (sample) line locations for block 3 of the compacted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

        

  

      

PLOT TRANSECT 

PLOT# TYPE LINE# | LOCATION 

(ft) 
97 Disturbed 1 19 

2 30 

3 55 

4 66 

96 Disturbed 1 17 

2 27 

3 55 

4 69 

81 Disturbed 1 12 

2 29 

3 57 

4 70 

84 Disturbed 1 10 

2 29 

3 57 

4 71 

95 Undisturbed 1 15 

2 30 

3 52 

4 68 

82 Undisturbed 1 15 

2 25 

3 53 

4 65 

85 Undisturbed 1 11 

2 27 

3 51 

4 70 

87  |Undisturbed 1 14 

2 30 

3 50 

4 60   
  

142



Table 98. Water well and rusty rod locations for block 1 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

PLOT WELL RUSTY ROD 

PLOT# | TYPE LINE# |LOCATI; LOCATION 

Inside rut [Outside rut 

32 Disturbed 1 14.7 10.9 0.6 

2 14 10.7 2.1 

3 8.5 5 0.8 

4 7.2 3.5 0.2 

30 Disturbed 1 14.2 11.2 1.9 

2 15.7 11.8 4.2 

3 14.3 18 24 

4 10.2 6.9 1 

28 Disturbed 1 7.8 10.9 19.5 

2 7.7 10.8 18.8 

3 6.6 9.6 23.2 

4 10 5.6 0.4 

24 Disturbed 1 8.3 11.7 17.6 

2 11.6 8.6 1.3 

3 17.4 13.5 2.4 

4 18 14 5 

31 Undisturbed 1 4.6 10.6 18.9 

2 10.4 5.7 22.5 

3 8.6 4.4 20 

4 6.7 2.1 20.4 + 

25 Undisturbed 1 17.9 1.3 22.5 

2 3.3 0.7 12.6 

3 8.8 5.2 21.7 

4 17.7 8 21.9 

26 Undisturbed 1 10.4 6 22.9 

2 8.5 7.2 24.9 

3 23.5 4.3 14.6 

4 6.8 3 18.9 

27 Undisturbed 1 5.1 0.4 15.7 

2 19.5 9.7 21 

3 5.9 2.3 17.6 

4 12.8 0.6 19.4               
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Table 99. Water well and rusty rod locations for block 2 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                  

PLOT WELL RUSTY ROD 

PLOT# TYPE LINE# |LOCATI| LOCATION 

Inside rut —_| Outside rut 

48 Disturbed 1 16.9 12.6 3.3 

2 18.4 12.2 1.3 

3 13.8 18.5 24.8 

4 12.4 8.8 4.1 

47 Disturbed 1 14.4 10 1.8 

2 16.6 12.6 2.2 

3 13.4 17.6 22.3 

4 12.4 17.2 21.2 

37 Disturbed 1 17.2 13.2 2.6 

2 17.2 12.8 3.4 

3 ~ 13 18.6 23.1 

4 14.4 18.8 24.9 

38 Disturbed 1 11.2 6.9 1.6 

2 12.3 7.6 0.4 

3 12 9.4 0.7 

4 9.9 14.2 23.8 

40 Undisturbed 1 2.1 9 15.9 

2 7 14.8 22.5 

3 19.5 1.3 22.6 

4 4 11.7 15.7 

33 Undisturbed 1 8.4 4 24 

2 13.7 2.7 17.5 

3 15.3 9.7 18.3 

4 19.4 4.5 13.5 

34 Undisturbed 1 6.6 3.6 17.2 

2 3 10.6 21.4 

3 4 10.4 16.5 

“4 17.7 7.9 24.2 

35 Undisturbed 1 8.5 0.8 15.1 

2 11.2 7.4 21.5 

3 17.6 1.3 13 

4 2.4 14.7 22.1     
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Table 100. Water well and rusty rod locations for block 3 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                    

PLOT WELL RUSTY ROD 

PLOT# TYPE LINE# |LOCATION! LOCATION 

Inside rut _| Outside rut 

56 Disturbed 1 12.6 7.5 0.8 

2 11.8 17.3 0.6 

3 12 7.3 0.6 

4 14.3 10.2 2.9 

57 Disturbed 1 13.1 8 2.3 

2 16 7.4 2.6 

3 15.8 11 1.2 

4 12.6 17.7 23.4 

49 Disturbed 1 11.7 17.8 23.8 

2 12.4 7.5 15 

3 12.4 5.8 0.4 
4 11.9 6.4 0.3 

50 Disturbed 1 14.5 10.9 1 

2 15.4 10.4 3 

3 16.4 13.7 2.3 

4 16.6 10.2 1.8 

59 Undisturbed 1 14.3 6.4 18 

2 15.8 10.1 23 

3 7.6 1.8 18.6 

4 15.6 4.6 13.6 

58 Undisturbed 1 9.3 3.7 17.6 

2 16.3 2.4 22.2 

3 15.4 2.7 10.2 

4 13.5 7.3 24.6 

61 Undisturbed 1 12.6 7.5 21.3 

2 19.5 1.9 13.6 

3 23.3 12.8 20 

4° 23 10.7 17 

62 Undisturbed 1 3.7 11.5 17 

2 20.8 6.5 19.5 

3 7.2 2.6 17.2 

4 8.4 14.6 19.1   
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Table 101. Water well and rusty rod locations for block 1 of the compacted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                    

PLOT WELL RUSTY ROD 

PLOT# TYPE LINE# |LOCATION| LOCATION 

Inside rut _{ Outside rut 

1 Disturbed 1 8.8 11.5 23.1 

2 9.1 11.8 20 

3 10 7.5 0.3 

4 11.7 7.8 0.6 

6 Disturbed 1 8 11.9 17.6 

2 9.6 12.5 23.7 

3 15.5 11.5 2.2 

4 15.7 12.6 5.5 

5 Disturbed 1 9.7 7 0.9 

2 8.1 13.5 23.8 

3 . 8 12.6 23.8 

4 11.6 6.8 0.4 

9 Disturbed 1 12.6 16 24.8 

2 13.8 11.1 1.8 

3 17.8 13.9 1.4 

4 18.4 15 4.8 

100 =| Undisturbed 1 14.8 8 20 

2 10.2 13 24.3 

3 11.2 1.7 17.9 

4 1.9 8.8 24.5 

4 Undisturbed ] 15.3 8.3 22.5 

2 20 3 13.9 

3 1.1 16.8 22.5 

4 16.4 5.3 10.3 

7 Undisturbed 1 20.6 4.7 13.6 

2 4.7 1.6 17.8 

3 13.7 7.8 17.7 

| 4 17 13.6 22.5 

11 Undisturbed 1 15.6 2.6 18.5 

2 3.9 6.7 14.1 

3 17.5 5.4 22.6 

4 2.9 9.4 20   
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Table 102. Water well and rusty rod locations for block 2 of the compacted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                    

PLOT WELL RUSTY ROD 

PLOT# TYPE LINE# |LOCATION LOCATION 

Inside rut _| Outside rut 

79 Disturbed 1 11 16.9 24.5 

2 11.5 6.6 0.7 

3 14 10.2 1.6 

4 15.9 19.8 24.7 

80 Disturbed 1 11 7.2 2 

2 11.1 14.6 23.3 

3 11.1 16.1 23.2 

4 15.2 17.6 22.5 

74 Disturbed 1 15 20 24 

2 14.4 9.1 1 

3 9.5 13.4 23.5 

4 9.5 5.4 0.2 

77 Disturbed 1 9.9 14.2 23 

2 8.5 13.5 23.6 

3 4.5 9.6 21.1 

4 7.8 14 24.6 

71 Undisturbed 1 3 16.9 21.8 

2 15.7 4.9 12.2 

3 22.8 2.4 12.6 

4 5.1 10.5 23.4 

72 Undisturbed 1 3.4 13.8 20.1 

2 21.1 2.5 8.9 

3 21.4 11.3 23.4 

4 12.9 16.9 24 

73 Undisturbed 1 14.6 1.8 23.1 

2 8.2 15.1 23.6 

3 18.5 12.4 23.5 

4 —- 7.7 14.4 20.7 

75 Undisturbed 1 4.7 9.4 14.6 

2 2.5 17.1 23.1 

3 20.9 7.9 17.5 

4 18 5 23   
  

147



Table 103. Water well and rusty rod locations for block 3 of the compacted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                  

PLOT WELL RUSTY ROD 

PLOT# TYPE LINE# |LOCATION| LOCATION 

Inside rut —_ | Outside rut 

97 Disturbed 1 11.9 16.9 24.1 

2 11.9 15.6 23.3 

3 10.9 14.5 23.9 

4 10.3 15.2 23.6 

96 Disturbed 1 15.7 11 3.3 

2 10.7 6.6 0.5 

3 14.5 10.2 0.8 

4 12.5 7.2 1.3 

81 Disturbed 1 9.9 15.5 23.5 

2 -12.3 9.1 0.7 

3 13.4 17.4 23.4 

4 10 15 23.6 

84 Disturbed 1 13 8.3 0.7 

2 12.7 8 0.4 

3 13.7 19 24.3 

4 13.4 17.7 24.2 

95 Undisturbed 1 5.2 12.3 15.1 

2 10.5 6 17 

3 15.7 0.9 19.9 

4 15.6 4.9 10.3 

82 Undisturbed 1 23.5 10.8 19.7 

2 5.5 0.7 10.8 

3 22.6 12.2 18.4 

4 12 1.8 12 

85 Undisturbed 1 11 2.7 16.6 

2 16.8 7.8 21.1 

3. 15 1.3 18.3 

4 5.7 5.8 20.1 

87 Undisturbed 1 11.1 4 13.6 

2 17.2 2.5 4.6 

3 24 10.1 22.3 

4 16.2 6.7 22.3     
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Table 104. Bulk density sample locations for block 1 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

PLOT BULK DENSITY 

PLOT# TYPE LINE# LOCATION 

1 | 2 | 3 |. 2 | 1 
wone ft ---- 

32 Disturbed 1 6.1 11.8 14.8 18.6 23.1 

2 5.2 10.7 13.9 17.8 22.9 

3 0.5 5.1 8.2 13.0 16.9 

4 0.4 3.5 6.9 11.0 23.5 

30 Disturbed 1 3.0 11.7 14.2 18.0 22.4 

2 1.7 11.6 15.7 19.2 23.6 

3 3.8 9.7 14.1 18.0 23.5 

4 0.4 6.2 11.6 14.6 23.1 

28 Disturbed 1 0.5 3.1 7.6 11.5 21.3 

2 0.6 4.1 7.3 11.7| . 16.4 

3 0.2 2.5 7.0 9.9 14.9 

4 1.7 5.0 10.1 15.8 18.9 

24 Disturbed 1 0.4 3.9 7.4 12.2 22.1 

2 3.2 8.9 10.4 16.1 23.5 

3 6.5 13.3 16.6 21.1 23.1 

4 2.4 14.4 18.8 22.0 24.9 

31 Undisturbed 1 1OK |68K 12.0 17.0 23.0 

2 BK 4.2 11.8 17.1 | 23.9K 

3 1.0 |6.0K 12.2 17.0 | 23.0K 

4 2.5 8.0|144K | 184K 20.7 

25 Undisturbed 1 2.4 | 4.6K 13.2|16.1K 21.2 

2 1.5K 6.7 10.5 19.1 | 23.4K 

3 OK 2.9 7.5 | 13.2K 19.3 

4 1.4 7.5 | 13.6K 19.6 | 21.1K 

26 Undisturbed 1 41K 6.8 | 11.7K 16.3 20.2 

2 0.4 |5.7K 10.8 | 14.6K 19.2 

3 1.1 3.0 | 82K 15.3 | 246K 

4 2.1K 8.3 10.5 | 17.3K 23.8 
27 Undisturbed 1 1.7K 10.8 | 14.9K 20.8 24.3 

2 1.5 4.2 16.6|17.3K | 246K 

3 1.5K 8.4 14.2 | 21.0K 22.4 

4 3.6K 4.6); 165K 18.2 22.2               
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Table 105. Bulk density sample locations for block 2 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

          

PLOT BULK DENSITY 

PLOT# TYPE LINE# LOCATION 

1{ 27 3} 2 1 
-~-- ft ---- 

48 Disturbed 1 6.1 13.6 17.5 20.9 23.8 

2 1.8 14.1 17.6 21.4 23.9 

3 1.6 10.2 12.9 17.4 22.9 

4 3.9 9.6 13.1 16.5 24.2 

47 Disturbed 1 2.8 10.7 13.7 18.9 23.4 

2 7.5 12.2 15.8 20.2 23.7 

3 2.4 9.5 15.0 18.4 23.5 

4 1.0 8.4 13.9 16.6 22.2 

37 Disturbed 1 4.6 12.2 17.8 22.1 23.4 

2 4.] "12.5 16.9 22.1 |. 249 

3 3.0 8.9 12.8 18.9 21.7 

4 0.6 10.5 15.8 20.3 23.8 

38 Disturbed 1 0.8 5.9 10.9 15.6 22.8 

2 3.1 6.8 12.3 15.8 23.0 

3 1.3 8.3 13.1 16.5 19.2 

4 2.0 6.1 9.2 13.8 23.1 

40 Undisturbed 1 0.4|80K 11.4 | 168K 18.0 

2 6K 5.5 15.4 20.4 | 23.4K 

3 1.2K 4.7 8.0 | 20.9K 23.3 

4 2.9 | 9.4K 14.2 16.5 | 21.7K 

33 Undisturbed 1 15K 6.8 | 111K 17.3 21.9 

2 3.7K 7.2 12.6 | 19.1K 24.7 

3 1.3 4.6 7.7|13.8K | 20.0K 

4 OK 8.7 | 14.2K 1 18.2 23.1 

34 Undisturbed ] 2.1K 5.1 9.1 19.2 | 22.9K 

2 1.7 | 10.0 15.8 | 20.3K | 24.8K 

3 1.3K 5.4 11.7 | 17.3K 19.0 

4 | 5.0 | 10.0K 14.9 | 188K 23.4 

35 Undisturbed 1 2.5K 10.9 | 140K 20.1 23.4 

2 2.5 | 8.3K 14.7 | 17.8K 22.2 

3 0.6 4.2} 125K 21.7 | 22.8K 

4 14 /5.3K 11.6| 165K 23.4 
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Table 106. Bulk density sample locations for block 3 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                        

PLOT BULK DENSITY 

PLOT# TYPE LINE# LOCATION 

TT]. 21.31. 2) 0 
~=--- ft one- 

56 Disturbed 1 0.6 5.8 14.2 18.4 24.5 

2 1.1 6.2 12.9 16.1 23.2 

3 0.6 5.7 10.4 15.4 22.7 

4 1.7 8.6 15.0 20.4 23.1 

57 Disturbed 1 1.4 9.2 13.9 15.7 23.3 

2 3.8 11.6 18.1 20.1 24.7 

3 0.8 10.1 16.6 18.5 24.7 

4 1.2 7.3 11.6 17.3 22.4 

49 Disturbed 1 2.0 6.1 9.7 18.4 23.8 

2 2.6 8.2 13.2 18.3 | 22.8 

3 1.4 6.4 10.2 18.2 22.0 

4 0.4 6.3 12.3 16.9 23.1 

50 Disturbed 1 1.8 11.3 14.2 17.0 22.8 

2 1.7 9.5 16.8 21.4 24.2 

3 1.4 12.8 17.1 21.5 24.4 

4 3.0 9.4 14.2 21.5 24.4 

59 Undisturbed 1 2.5 9.2/13.0K |17.2K 20.7 

2 10K 8.6 13.3} 17.5K 23.4 

3 2.1|)5.2K 10.7K 16.7 22.9 

4 1.1 5.0|12.3K 17.2 | 18.9K 

58 Undisturbed 1 2.9 | 5.8K 11.3 19.2 | 23.3 K 

2 0.5 3.9| 9.3K 13.7 | 20.0K 

3 9.4110.0K 12.7 | 23.7K 24.4 

4 6.1 | 10.1 K 15.7 | 18.2K 23.9 

61 Undisturbed 1 3.1 | &7K 14.0K 15.6 22.3 

2 3.1K 6.4 ;12.8K 18.0 23.4 

3 1.9 7.8 15.7} 19.0K | 24.1 K 

4 ine < 6.8 12.5 | 165K 20.8 

62 Undisturbed 1 2.7 | 84K 13.5K 19.1 22.3 

2 LSK 7.1K 16.1 19.3 24.3 

3 1.5 7.0/,13.5K | 19.7K 24.0 

4 3.5K 6.2 13.2 | 17.2K 23.8 
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Table 107. Bulk density sample locations for block 1 of the compacted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                        

PLOT BULK DENSITY 

PLOT# TYPE LINE# LOCATION 

1] 28 
a ft -o-- 

1 Disturbed 1 0.4 3.9 7.5 11.3 20.4 

2 1.3 5.7 8.4 12.2 22.8 

3 2.8 7.8 10.6 13.9 22.1 

4 3.3 8.4 12.1 15.7 21.7 

6 Disturbed 1 0.4 3.2 6.7 10.4 15.1 

2 0.7 6.0 9.0 11.2 18.3 

3 4.6 13.1 14.8 18.8 23.4 

4 6.3 13.1 14.9 19.3 24.0 

5 Disturbed 1 1.7 6.3 10.3 12.8 22.7 

2 1.1 ° 4.3 8.8 11.9" 22.8 

3 0.9 5.9 8.5 13.1 20.0 

4 2.0 6.0 10.8 13.6 19.3 

9 Disturbed 1 3.9 10.4 12.1 14.7 20.6 

2 3.0 11.6 13.3 17.3 23.0 

3 3.0 14.3 16.8 20.5 23.8 

4 1.0 14.5 17.8 19.7 23.5 

100 | Undisturbed 1 2.3 5.7{ 119K | 165K 21.7 

2 6.2 | 12.3K 16.1 21.0 | 25.0K 

3 2.3 |} 7.0K 12.5 | 164K 20.2 

4 0.9 7.55 /112.1K | 164K 22.9 

4 Undisturbed 1 3.3 6.7) 119K | 17.7K 23.7 

2 3.9K 7.3) 13.2K 18.5 23.7 

3 2.8 7.0 13.4|17.3K { 23.4K 

4 4.9K 8.8 13.5 19.3 | 23.7K 

7 Undisturbed 1 2.0 6.1 11.7/19.1K | 23.8K 

2 2.3K 7.2K 12.7 18.4 23.5 

3 - 3.0)61K 11.5 18.4 | 22.5K 

4 1.5K 6.4 8.7|17.9K 23.9 

11 Undisturbed 1 1.5|7.1K 13.6 17.3 | 22.4K 

2 2.4 5.9/10.5K | 165K 20.9 

3 1.6 | 6.3K 14.1) 182K 22.3 

4 1.0K 5.2|10.1K 17.9 22.8 
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Table 108. Bulk density sample locations for block 2 of the compacted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

              

PLOT BULK DENSITY 

PLOT# TYPE LINE# LOCATION 

1 | 2, 3/2 | 1 
---~ ft wenn 

79 Disturbed 1 1.7 7.1 12.4 15.0 22.7 

2 2.2 8.9 12.4 18.7 23.1 

3 2.2 11.9 13.2 18.5 22.7 

4 2.8 11.1 14.6 17.6 24.7 

80 Disturbed 1 2.2 7.8 9.2 14.0 18.2 

2 2.4 6.3 8.9 13.2 22.4 

3 1.3 7.7 9.6 16.2 21.7 

4 7.7 12.8 15.8 17.0 23.5 

74 Disturbed 1 3.8 12.3 13.7 18.3 23.5 

2 3.2} ° 10.6 13.3 16.7 21.3 

3 1.4 5.2 10.4 11.7 17.8 

4 1.6 7.5 8.7 13.1 20.6 

77 Disturbed 1 0.5 5.2 10.5 14.9 19.5 

2 1.6 3.5 7.5 14.7 18.7 

3 0.8 1.8 3.7 11.8 19.2 

4 2.0 5.2 9.1 12.9 23.3 

71 Undisturbed 1] 3.6K 6.2 | 13.0K 15.4 21.2 

2 40|\|7.8K |104K 14.4 16.7 

3 3.1 6.4111.1K | 15.0K 23.4 

4 SK 44K 9.2 14.7 24.7 

72 Undisturbed 1 2.1 5.8 | 9.0K 19.1 | 23.0K 

2 1.5|69K 20.5 22.7 | 24.2 K 

3 5.2K 9.2 14.7 20.2 | 23.5K 

4 96K /|11.4K 14.0 21.7 23.4 

73 Undisturbed 1 1.0 13.6 | 17.5K | 22K 23.5 

2 3.5K 5.6 11.3 | 14.4K 22.3 

3 - 4.0 6.0 16.2 | 19.3K | 23.7K 

4 2.3K 10.0} 12.5K 18.1 23.3 

75 Undisturbed 1 3.5 10.9 | 16.3K 20.7 | 23.7K 

2 6K 6.3K 12.5 15.7 24.1 

3 5.4K 10.4 12.4 18.2 | 22.8K 

4 1.5 | 7.0K 15.6 | 20.6K 24.0         
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Table 109. Bulk density sample locations for block 3 of the compacted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                        

PLOT BULK DENSITY 

PLOT# TYPE LINE# LOCATION 

1 | 2 | 3 2 | 1 
on=- ft -—- 

97 Disturbed 1 

2 

3 
4 

96 Disturbed 1 

2 

3 
4 

81 Disturbed 1 1.3 1.8 11.7 13.8 22.8 

2 2 6.7 11.1 18.2 22.2 

3 2.3 8 10.4 19.8 24.4 

4 0.4 2.3 8.9 13.7 22.3 

84 Disturbed 1 3.5 7.8 14.9 20 21.8 

2 0.9 9.5 14.3 18.4 21.5 

3 4 6.1 16 21.1 24.6 

4 4.5 8.3 14.5 17.2 23.6 

95 Undisturbed 1 3.9K 7.6 | 146K 19.2 21.7 

2 6.6 K 13.3 16.3 20.3 | 24.4K 

3 3.8 9|14.4K 19.1 | 22.8K 

4 42K /|96K 14.4 18.5 24.5 

82 Undisturbed 1 1.7K 7.2 13.8 | 20.8 K 24.2 

2 13 |)5.1K 10.1 | 22.6K 24.4 

3 5.7 9/13.2K 16.9 | 21.4K 

4 3.9K 9.3 14.2 | 20.5K 22.9 

85 Undisturbed 1 2.1 8.7 14.6 | 20.7K | 23.8K 

2 2.2 | 6.7K 11.3 | 169K 24 

3 - 06/64K 10 13.8 | 21.1K 

4 7K 3.8} 61K 19.2 22.9 

87 Undisturbed 1 1.6 §.8| 119K | 19.6K 23.5 

2 3.1|/7.3K 10.4 | 13.3K 18.5 

3 4.7K 7.6 12.3 16 | 21.5K 

4 2.7 | 7.1K 14.3 K 19.9 23.6   
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Table 110. Penetrometer station locations for block 1 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                          

PLOT MECHANICAL RESISTANCE 

PLOT# | TYPE LINE# LOCATION 

1} 2] 3] 4] 3] 2] 1 
~-~- ft ~-- 

32 Disturbed 1 8.1 | 11.4] 13.7] 1401; 160) 18.0) 21.0 

2 8.0 | 10.5 | 13.7; 14.1 | 15.6] 18.2 { 20.1 

3 2.6 5.2 7.5 8.3 | 11.3 | 13.1 | 15.4 

4 1.4 3.0; 60); 6.8 8.4} 11.0) 13.1 

30 Disturbed 1 7.5 | 10.4 | 12.9{ 13.8) 15.3 | 17.9} 20.3 

2 9.0} 11.0] 13.9} 15.3 | 17.8) 19.1 | 21.4 

3 8.1 | 10.4} 13.41 14.0] 15.8] 18.5 | 20.3 

4 4.3 69} 88] 9.4] 11.9] 142] 16.6 

28 Disturbed 1 1.1 3.3 6.1 8.0 9.0}; 11.3} 13.6 

2 2.3 4.3 5.8] 7.2 9.6 | 11.6} 13.8 

3 0.1 3.11 5.2} 5.9 8.0; 9.3 | 13.2 

4 3.0 6.0 7.9) 9.1 | 12.0| 15.1] 17.5 

24 Disturbed 1 2.2 4.9! 6.7 [| 7.7 9.6} 12.6| 14.0 

2 7.5 8.2 9.5} 10.8; 12.4] 15.7] 17.9 

3 11.0; 14.0; 16.3} 17.3 | 18.6] 21.4] 23.4 

4 10.9 | 13.5 | 16.0; 18.3 | 19.8] 22.3] 23.7 

31 Undisturbed 1 2.0 8.3 | 14.2] 18.0) 22.0! 246] 7.0 

2 1.9 3.5 7.9} 11.1] 14.5 | 19.7) 23.0 

3 2.4 4.9) 7.7} 10.7) 14.5) 20.5 | 24.0 

4 3.4 5.5 8.4 | 15.3 | 18.7) 21.3 | 23.7 

25 Undisturbed 1 2.0 4.3} 11.7] 146] 16.9; 20.6; 24.0 

2 1.1 5.1 7.5 9.9 | 18.3} 20.6 | 23.0 

3 1.8 4.9{ 81] 12.1] 15.4] 18.7] 24.3 

4 2.0 3.2 | 10.4} 15.5 | 21.6] 22.3 | 23.0 

26 Undisturbed 1 0.4 2.3 5.0} 65} 11.2} 15.4] 183 

| 2 0.7 3.4 7.6} 11.5] 13.2} 14.9} 16.7 

3 1.9 4.2 7.7 | 12.7) 14.2) 16.5 | 22.4 

4 1.6 4.5 7.7) 9.4] 18.0] 20.3 | 22.1 

27 Undisturbed ] 0.8 2.5 6.9 | 14.5 | 16.1 | 20.4 | 21.8 

2 0.5 5.1 6.8 | 10.8] 13.6] 18.4] 21.4 

3 2.7 7.4 | 10.7) 15.6] 17.8} 20.4 { 23.6 

4 0.4 1.9 4.1 8.2 | 17.4] 21.0; 24.4     
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Table 111. Penetrometer station locations for block 2 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                            

PLOT MECHANICAL RESISTANCE 
PLOT#| TYPE |LINE# LOCATION 

1; 2] 3{f 41 3] 2] 1 
~--- ft oo 

48 | Disturbed 1 9.8 | 12.1 | 15.6| 163 { 18.7 | 22.1] 24.2 
2 10.3 | 13.9] 17.6] 18.7 | 19.1 | 22.3 | 243 
3 7.0{ 9.3 | 12.2] 13.2] 16.5 | 18.8] 20.6 
4 5.8| 84] 11.1] 13.1 [ 15.2] 16.0] 18.2 

47 |Disturbed 1 6.9| 9.3 | 12.8! 14.7| 16.2 | 19.5 | 22.0 
2 9.6 | 13.0 | 14.7] 17.3 | 18.4] 20.9 | 23.6 
3 6.9 | 10.0} 12.0] 14.0] 15.7} 17.2 | 20.1 
4 5.9 | 9.4] 11.0] 13.7] 14.9} 17.1 | 19.5 

37 ‘| Disturbed 1 10.4] 14.0 | 15.3] 17.6] 18.6 | 20.7 | 23.8 
2 11.0] 14.0.| 16.0] 17.8] 18.5] 22.8} 24.1 
3 6.1 | 7.8] 11.5] 12.4] 14.6] 18.0} 19.9 
4 7.2 | 10.3 | 13.1] 13.5] 14.7] 17.6} 22.8 

38  |Disturbed 1 48} 8.0] 9.0] 11.6] 13.2] 14.7} 18.2 
2 4.7] 7.3] 99] 13.0] 13.7} 15.2} 183 
3 5.6| 85] 10.4] 13.7] 14.5 | 17.2 | 18.7 
4 3.4| 5.0] 83] 10.3| 11.8} 15.5 | 16.9 

40 |Undisturbed 1 13] 3.8] 64] 10.3} 13.6} 17.2 | 20.7 
2 4.21 6.2 { 10.5] 13.9] 16.9} 21.0] 24.1 
3 251 36 59| 86] 182} 21.6| 23.6 
4 2.0| 5.1 | 10.2] 14.8] 19.7 | 20.7 | 22.6 

33 | Undisturbed 1 0.4[ 44] 96/ 18.0] 19.5 | 22.1 | 243 
2 23| 44 | 61 | 13.4] 15.9} 17.8| 20.9 
3 3.5 [ 66] 10.3 | 12.7[ 168] 18.9 | 21.4 
4 0.3} 3.6] 11.4| 16.3 | 18.9 | 21.3 | 24.2 

34  |Undisturbed 1 0.7/ 4.2] 60! 81] 16.3 | 20.8} 23.0 
2 5.3| 9.1] 12.2] 14.2] 18.4} 22.0] 24.2 
3 07] 2.6 | 48] 10.4] 16.2] 181) 21.3 
4 45 | 86| 11.2] 13.9] 164] 19.9 | 24.6 

35  |Undisturbed 1 2.8 | 9.6] 12.3] 14.7] 17.8} 21.0 | 23.0 
2 3.4] 48] 10.2/ 13.7] 15.4] 19.0] 20.8 
3 19] 2.5] 11.5] 14.4] 18.3 | 20.7 | 23.7 
4 0.6] 3.2] 5.1] 13.9] 15.4} 184] 24.4 
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Table 112. Penetrometer station locations for block 3 of the rutted study. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                            

PLOT MECHANICAL RESISTANCE 
PLOT# TYPE | LINE# LOCATION 

1; 2] 3] 4] 3{ 2{[ 1 
a ft ---- 

56 _| Disturbed 1 3.9 | 86] 11.2] 13.0] 14.8] 16.4] 21.4 
2 2.4] 81] 9.7] 11.3] 13.7] 17.6] 19.6 
3 2.7/| 7.6| 9.4{ 12.2 | 12.9} 16.1 | 20.7 
4 4.9 | 10.3 | 13.1 [ 13.6] 15.6} 18.7 | 23.9 

57 | Disturbed 1 48] 7.3 | 12.2| 13.5] 15.1] 18.9} 23.9 
2 5.2 | 10.5 | 16.3] 17.8} 18.7] 21.4 | 24.4 
3 6.3 | 10.6 | 13.9| 16.1] 17.6] 21.0] 24.9 
4 41} 5.8 | 11.6] 12.9| 14.5 | 18.2 | 21.3 

49 | Disturbed 1 3.2 | 7.0] 9.0{ 11.1] 14.3] 16.0} 20.5 
2 41] 7.5] 99] 12.0] 14.3] 18.1] 20.7 
3 1.6] 6.7] 87} 10.2] 12.8] 16.0} 18.7 
4 1.3{ 5.5] 87] 108 | 13.0] 15.2 | 19.0 

50 ‘| Disturbed 1 7.0 | 10.3 | 11.9{ 13.1] 16.5 | 19.8 | 23.4 
2 5.7 | 10.5 | 12.3 | 14.3 | 16.9] 21.7 | 23.2 
3 7.4 | 14.0 | 15.4] 16.5} 18.6 | 22.7] 23.9 
4 6.9} 11.4} 12.6| 15.3 | 17.6 | 22.2] 23.8 

59 | Undisturbed 1 3.5 | 5.8] 83] 10.8] 13.6} 18.4 | 19.2 
2 0.4] 28] 88] 10.9] 15.1} 18.3 | 21.9 
3 07/ 29] 47] 81] 15.3] 18.8] 23.6 
4 23 | 34] 64 | 8.0] 13.3] 16.2 | 17.8 

58  |Undisturbed 1 0.7; 4.7{ 81] 13.2} 16.6] 19.9 | 24.0 
2 17{ 45] 88] 109] 15.4] 184 | 21.3 
3 2.0] 43 | 12.0] 13.5] 169] 19.7] 21.7 
4 52} 58] 82] 11.0} 13.6] 14.9} 24.7 

61 | Undisturbed 1 12| 67] 9.6] 13.2} 17.4] 20.1 | 22.6 
2 54 | 86 | 10.9{ 13.1} 15.3 | 18.9 | 23.6 
3 3.5 | 4.7] 84 { 12.2 | 166 | 20.2 | 22.3 
4 3.9} 56] 9.3} 11.3] 15.6] 19.1] 22.0 

62 | Undisturbed 1 1.9] 41] 68] 14.4] 16.5 | 21.1} 23.3 
2 0.6] 5.7] 8&5] 14.7] 18.4] 20.4] 23.6 
3 0.6] 3.0] 11.8{ 15.3] 17.9| 20.9| 22.5 
4 0.4} 54] 9.0] 11.6} 19.4| 21.1} 24.4   
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Appendix E. Site Maps 
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