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by 

David P. Preston 
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Forestry 

(ABSTRACT) 

Wet pine flats are some of the most productive and intensively-managed wetland 

forests in the eastern United States. Wet-weather logging of these sites causes 

extensive rutting and churning of the soil surface and may alter the subsurface flow of 

soil water. An operational-scale experiment was established in 20-year-old loblolly 

pine (Pinus taeda) plantations to determine the hydrologic response of wet pine flats to 

wet- and dry-weather harvesting operations. Three 19-ha treatment blocks were 

established in the coastal plain near Charleston, South Carolina. Site hydrology was 

monitored monthly with a 20 x 20 m grid of water table wells for 18 months prior to 

treatment installation. Three treatments were applied to each block: wet-weather 

harvesting, dry-weather harvesting, and a control (nonharvested). Prior to harvesting, 

the water table depths followed a uniform pattern throughout the sites with seasonal 

fluctuations between 5 and 75 cm below the soil surface. The uniform pattern and 

poor inherent drainage of the site prior to harvest was due to lack of surface 

topography and impedance of internal vertical drainage by a restricting Btg soil 

horizon. After harvesting, the hydrologic pattern changed by the degree of soil 

disturbance as defined by soil physical properties and microtopographic changes. Such 

hydrologic changes could influence long-term site productivity and interfere with 

management of this wetland ecosystem.



Acknowledgements 

I would like to thank the sponsors of this project, Westvaco, NCASI, and the 

USDA Forest Service. I would also like to thank my committee members, Steve 

Patterson, Mike Aust, and Naraine Persaud for their time and effort. I give special 

thanks to my committee chairman, Jim Burger, for his persistence and motivation. My 

appreciation also extends to Kathie Hollandsworth, Nancy Chapman, Peggy 

Quarterman, and Sue Snow. 

This project required a tremendous amount of field work, and many other graduate 

students took time out of their schedules to help me in my futility. I want to thank 

Greg Scheerer, Tim Burdick, John Groninger, Beast, John Torbert, Dave Mitchem, and 

Catherine Merz. I appreciated all the help. I want to thank Masato for the cayun 

recipes and all the help he gave to me. Don, we were able to laugh while we were 

facing our doom, and in some weird way, it was fun. Last but not least, Dan and 

Polly helped me most in my time of need. I hope our friendship only gets stronger 

with time. 

Finally, the one person who deserves most, if not all, of my appreciation is my 

wife, Kathleen. This project was harder on her because she had to put up with me. 

Thank God she did. 

iil



TABLE OF CONTENTS 

LIST OF FIGURES ...... .. Vil 

LIST OF TABLES .... ... X 

INTRODUCTION .. 2.002000 .0 20000000 eee ] 
Objectives 2... ee 3 

LITERATURE REVIEW .... 0.002000 00 es 4 

Forested Wetlands .........020200 0000 00 00 ee 4 

Hydrology of Wet Pine Flats .........................0.. 4 

Forested Wetland Function and Value ..................... 5 

Intensive Management of Forested Wetlands ...................... 6 

Drainage 2... eee 8 

Harvesting During Wet Soil Conditions .................... 10 
Soil Compaction ......0.0.0.0.00 0.000000 0 cee ee 11 

Soil Rutting and Puddling ...........0..2..2...0......0.... 13 

In-situ Hydraulic Conductivity Slug Test ...............0... 15 

Harvesting Disturbance Effect on Productivity ............... 16 

Duration of Disturbance Effects .............0.....0.00..... 17 

SUMMAPY 2. ee 18 

METHODS ... 0.0.00. eee 19 

Project History .. 0.00.00 0.0000 ce ee 19 

Site Description... ee 19 
Pre-treatment Characterization ............0.0 00.0000. 23 

Procedures 2.2... 0. ee 25 

Disturbance Classification ...........0.0.0. 00.000 000000005 25 

Water Table Measurements ................. 0.0.00 .0005. 26 

Bulk Density, Total Porosity, and Hydraulic Conductivity ....... 33 

Slug Tests 2.0.0. ee ee 34 
Volume estimates from cruise data .....................0.. 39 

Statistical Analysis 2.0.00. 00 ee ee | 

RESULTS AND DISCUSSION ....0..0.0 0000000000000 be 45 
Disturbance Effect on Water Table ............................ 45 

Effect of Disturbance on Soil Physical Properties .................. 51 

The Spatial Impact of Disturbance ............0. 0.000.200 0 0005. 57 

In-situ Hydraulic Conductivity ........0.0 000000000002 cee 59 

Soil Water Controls Productivity .... 0.2.00 02.2...0.....2-2-..2..-.. 63 

1V



SUMMARY AND CONCLUSIONS ......00.0..0 0200.00 00 000 2c eee 

LITERATURE CITED ..........0. 000000000 eee 

APPENDIX A: ARC SINE TRANSFORMATION COVER CLASS 
STANDARDS SHEET ... 2.2.0.0 .0. 0.000000 0 ee 

APPENDIX B: DIAMETER-TREE DENSITY RELATIONSHIP 

REGRESSION 2.2.0.0... eee 

APPENDIX C: EXAMPLE GLM ANOVA RESULTS FOR WET VS. DRY 

COMPARISON OF ADJUSTED DEPTH TO WATER TABLE FOR 

THE OVERALL STUDY FROM ONE MEASUREMENT PERIOD ..... 

APPENDIX D: EXAMPLE GLM ANOVA RESULTS FOR WET VS. DRY 

COMPARISON OF WATER TABLE HEIGHT FOR OVERALL 
STUDY FROM ONE MEASUREMENT PERIOD .................. 

APPENDIX E: EXAMPLE GLM ANOVA RESULTS FOR WET-HARVEST 

DISTURBANCE COMPARISON OF WATER TABLE HEIGHT FOR 

OVERALL STUDY FROM ONE MEASUREMENT PERIOD .......... 

APPENDIX F: EXAMPLE GLM ANOVA RESULTS FOR DRY-HARVEST 

DISTURBANCE COMPARISON OF ADJUSTED DEPTH TO WATER 

TABLE FOR OVERALL STUDY FROM ONE MEASUREMENT 

PERIOD .. 0.0... eee 

APPENDIX G: EXAMPLE GLM ANOVA RESULTS FOR DRY-HARVEST 

DISTURBANCE COMPARISON OF WATER TABLE HEIGHT FOR 

OVERALL STUDY FROM ONE MEASUREMENT PERIOD .......... 

APPENDIX H: EXAMPLE GLM ANOVA RESULTS FOR WET-HARVEST 

DISTURBANCE COMPARISON OF SOIL PHYSICAL PROPERTIES 

USING BULK DENSITY FROM THE OVERALL STUDY .......... 101 

APPENDIX I: EXAMPLE GLM ANOVA RESULTS FOR DRY-HARVEST 

DISTURBANCE COMPARISON OF SOIL PHYSICAL PROPERTIES 
USING BULK DENSITY FROM THE OVERALL STUDY .......... 103 

APPENDIX J: EXAMPLE GLM ANOVA RESULTS FOR WET-HARVEST 
DISTURBANCE COMPARISON OF IN-SITU SLUG TESTS FOR



OVERALL STUDY .. 1.0.0.2... 02000000 ce ee 105 

APPENDIX K: EXAMPLE GLM ANOVA RESULTS FOR DRY-HARVEST 

DISTURBANCE COMPARISON OF IN-SITU SLUG TESTS FOR 

OVERALL STUDY ........ 0.0000 .0 02 ee 107 

APPENDIX L: TREND SURFACE ANALYSIS REGRESSION RESULTS 

FOR EACH BLOCK .......... 02.0020 0 200 be eee 109 

APPENDIX M: RESULTS OF REGRESSION EQUATION USED TO 

DERIVE THE RESPONSE SURFACE FOR INDIVIDUAL TREE 

VOLUME AS AFFECTED BY DEPTH TO THE WATER TABLE 

AND THE Btg HORIZON ..........02.2.0 0.000.000 0b eee ee 112 

APPENDIX N: DISTURBANCE CONTOUR MAPS FOR ALL PLOTS ....... 114 

v1



LIST OF FIGURES 

Figure 1. Generalized influence of soil water on productivity (from Hansen, 1977). 

Figure 2. Location of study (not to scale). ........0.0..0 0.00.0... 00004. 

Figure 3. Generalized study layout of the 18 treatment plots (each treatment 

plot=3.2 ha)... 2... eee 

Figure 4. Idealized layout for well location in one treatment plot. ............ 

Figure 5. Diagram showing harvesting disturbance on a poorly drained wet pine 

flat in South Carolina. The dashed line represents the soil surface after 

disturbance. 2.2... 0... eee 

Figure 6. Derivation of adjustment factor used to remove inherent variation 

from measured water table depths. ........................00.. 

Figure 7. Potential point to point variation between depth to the water table 

from the soil surface and height of water table above a common datum. . . 

Figure 8. Example of graph used to determine the percent of time the water 

table was above a critical level. ......0.020000 0.00.0... 0 00000005 

Figure 9. Geometry and symbols for slug test on partially penetrating, partially 
screened well in unconfined aquifer with developed zone around screen 

from Bouwer (1988). 2... 20 ee 

Figure 10. Example graph of log y, versus t from Bouwer (1988). ............ 

Figure 11. Schematic of addition of water (hatched section) to borehole with 

equilibrium water level below top of screen or perforated section, with 

outflow of water into vadose zone (horizontal arrows)(From Bouwer, 

1988). cece bebe ebb t bee e even eee. 

Figure 12. (A) Diameter-tree density relationship for loblolly pine on wet pine 

flats in South Carolina. (B) Diameter with removal of density effects. ... 

Figure 13. Wet and dry harvesting effects on water table represented as (a) 

height above reference datum and (b) adjusted depth from soil surface. 

vil 

7 

22 

24 

31 

36 

42



(c) Corresponding precipitation data, measured on site. .............. 46 

Figure 14. Wet-harvest disturbance effect on water table represented as 

(a)height above reference datum and (b)adjusted depth from soil surface. 

(c)Each bar represents cumulative precipitation since last well 
measurement. ©... 20.0.0... ee 48 

Figure 15. Dry-harvest disturbance effect on water table represented as 

(a)height above reference datum and (b)adjusted depth from soil surface. 

(c)Each bar represents cumulative precipitation since last well 

measurement. 2... ee 49 

Figure 16. Wet-harvest disturbance effect on soil physical properties related to 

drainage. 26. ee 52 

Figure 17. Dry-harvest disturbance effect on soil physical properties related to 
drainage.. ©... ee 54 

Figure 18. Contour maps representing disturbance from a wet-weather harvest 

and a dry-weather harvest on wet pine flats in South Carolina (block 1, 
plot 1(wet) and plot S(dry)). 2... ee 58 

Figure 19. Contour maps representative of wet-harvest disturbance from block 

1 plot 1,block 2 plot 6, and block 3 plot 4 (left to right, respectively). ... 60 

Figure 20.Wet and dry-harvest in-situ hydraulic conductivities, determined 
through slug-test analyis, across 5 disturbance classes.. .............. 62 

Figure 21. Volume per tree versus adjusted depth to water table during the 

dormant season and growing season. ...........0. 0.0000 cee ee 65 

Figure 22. Volume per tree versus percent of time water table was within 5, 15, 

25, 35, and 45 cm of the soil surface between May '92 and June '93. .... 66 

Figure 23. Predicted response surface for individual tree volume as affected by 

depth to the water table and the Btg horizon on an intensively managed 
wet pine flat in South Carolina. ........2.0..... 0. ..0.00020055 67 

Figure 24. Generalized curve showing the influence of soil water on 

productivity, and the relative position of study sites on the response 

surface (adapted from Hansen, 1977). .........0.0 0.000.000 000 eee 70 

vill



Figure 25. Depth to water table for deep and shallow water tables from May 

'92 to June '93. Each bar represents cumulative precipitation since last 

well measurement... 2... 2.0 ee 7) 

1X



LIST OF TABLES 

Table 1. Pre-harvest textural classes and average bulk density, total porosity, 
macroporosity, and saturated hydraulic conductivity for each horizon . . 

Table 2. Disturbance class distribution for wet and dry-weather harvests



INTRODUCTION 

Among the most critical challenges facing humanity are the conservation, 

restoration, and wise management of the earth's resources in order to sustain our ever- 

increasing population. According to the Ecological Society of America and their 

Sustainable Biosphere Initiative, "the need to ameliorate the rapidly deteriorating state 

of the environment and enhance its capacity to sustain the needs of the world's 

population has become a paramount concern" (Lubchenco et al., 1991). The 

sustainability of the forest resource is one major area of concern. It is imperative that 

forest management practices be conducive with long-term sustainability. 

Some of the most productive forest land in the United States are located on poorly 

drained mineral soils comprising approximately 10 million hectares along the Atlantic 

and Gulf Coastal Plain (Allen and Campbell, 1988). Pine plantation management 

comprises about 1 million hectares of poorly drained mineral soils. Normally, growth 

of the commercially important loblolly pine (Pinus taeda L.) on these soils is poor due 

to high water tables and low soil fertility. High productivity is attained through some 

of the most intensive forest management practices in the world (Allen and Campbell, 

1988). 

Intensive forest management practices used in the Atlantic and Gulf Coastal Plain 

include harvesting, tillage, bedding, drainage, fertilization, weed control, and planting. 

The benefits of these activities are well documented (Haines et al., 1975; Campbell 

and Hughes, 1981; Pritchett and Comerford, 1982; Burton and Snow, 1985). 

However, the subjection of forest soils to compacting traffic, soil erosion, and soil 

drainage impediments can adversely affect inherent soil properties on which sustained 

productivity depends. During wet periods, soil damage resulting from logging or site 

preparation activities can reduce site index (base age 25) by 3 meters or more and may 

only be partially offset by subsequent ameliorative treatments (Terry and Campbell,



1981). When soils are trafficked and tilled, water infiltration and water-holding 

capacity decrease (Burger et al., 1989) and site hydrology may be altered (Aust et al., 

1993a). 

Wetlands are areas that are flooded all or part of the year, and they vary according 

to their origin, geographic location, water regime, chemistry, dominant plants, and soil 

sediment characteristics. They occupy an estimated 6 per cent of the world's land 

surface and are regarded as some of the most productive ecosystems in the world 

(Maltby, 1988). A study conducted by the U.S. Fish and Wildlife Service showed that 

by the mid-1970s, of the original 250 million acres of wetlands in the lower 48 states, 

only 46 percent or 99 million acres remained (Tiner, 1984). Two-thirds of these 

conversions occurred in forested wetlands, with most occurring in the southern region. 

Activities on areas considered wetlands are mandated by law through the Clean 

Water Act of 1972 (PL 92-500, 86 Stat. 816, 33 USC 1251 et seq.). This Act was 

issued to "protect the physical, biological, and chemical integrity of ‘waters’ of the 

United States". In 1977, following a series of court decisions, the term ‘waters of the 

United States’ was determined to include wetlands. Section 404 of the 1977 Clean 

Water Act amendment contained an extremely important provision relevant to the 

forest community. In 404(f)(1), “normal farming, silviculture, and ranching activities" 

are specifically exempt from permitting requirements. 

Now there continues a debate in both the scientific and political communities as to 

the exact definition of what constitutes a wetland. However, there is agreement that 

the determining characteristics should include some level of hydrophytic vegetation, 

hydric soils, and hydrology (Federal Interagency Committee for Wetland Delineation, 

1989; National Technical Committee for Hydric Soils,1987; Reed, 1988). Central to 

these determining factors is the hydrology of a wetland. The hydrologic properties of 

an area determine the type of vegetation which will survive and play a distinctive role 

in determining soil properties. It is important for the forest community to guarantee 

that intensive forest management practices will not negatively impact the integrity of



the waters of the United States. 

Based on the increasing public scrutiny of forest management on hydric soils, the 

importance of forested wetlands to forest productivity in the U.S., the concern of 

foresters about the effects of wet-weather logging disturbance on site productivity, and 

the importance of hydrology to the characteristics of forested wetlands, it is prudent 

that members of the forestry profession analyze the effects of intensive management 

practices on the hydrology of wetlands. 

Objectives 

The objectives of this project were to study the effects of wet weather harvesting 

versus dry weather harvesting on the hydrologic properties of a forested wetland. This 

project was part of a long-term (approximately 25 years) study concerned with the 

effects of wet weather logging and site preparation techniques on the long-term 

sustainability of intensively managed plantation forests. 

The long-term study involves the investigation of two hypotheses. First, wet-site 

or dry-site logging disturbances decrease site productivity. Second, mechanical 

mitigation techniques (mole sub-soiling, bedding) have an ameliorative effect on site 

productivity damaged by wet-weather logging. 

For this short-term project, the following hypotheses were tested: 

(Ha-1) Harvesting under wet soil conditions versus dry soil conditions changes soil 

water gradients (as measured by water table across disturbance classes) that could 

affect pine productivity. 

(Ha-2) Harvesting under wet soil conditions versus dry soil conditions adversely 

affects soil properties and processes (i.e. bulk density, porosity, in-situ saturated 

hydraulic conductivity) which affect soil drainage. 

(Ha-3) Soil water (as measured by water table prior to harvest) controls 

productivity.



LITERATURE REVIEW 

Cowardin et al. (1979) define wetlands as lands where saturation with water is the 

dominant factor determining the nature of soil development and the types of plant and 

animal communities living in the soil and on its surface. The frequency, timing, and 

duration of inundation and soil saturation are the driving forces behind the processes 

that affect both soil genesis and species composition (Faulkner et al, 1989). Given the 

importance of hydrology to wetland functions, the study of forest harvesting impacts 

on a forested wetland ecosystem should logically center on the effects of those impacts 

on site hydrology. 

Forested Wetlands 

Forested wetlands of the southeastern coastal plain region are commonly referred 

to as muck swamps, peat swamps, wet flats, red river bottoms, black river bottoms, 

branch bottoms, bay forests, head water forests, and cypress stringers and domes 

(Kellison et al., 1981). Approximately ten percent (1 million ha) of the forested 

wetlands are wet pine flats and are classified as palustrine wetlands by the federal 

regulatory agencies (Cubbage and Flather, 1993). Wet pine flats occupy the broad, 

level, interstream areas of the lower coastal plain and flatwoods section (Klawitter, 

1977). 

Hydrology of Wet Pine Flats   

Palustrine type wetlands are located in humid regions where annual precipitation 

exceeds evapotranspiration (ET). The soils are relatively wet during periods when 

precipitation exceeds ET because subsurface lateral and vertical water movement rates 

are variously limited by combinations of flat or low-lying terrain, low soil hydraulic 
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conductivity (except in surface layers), and fine-textured restrictive layers (Gregory, 

1988). Vertical seepage is minimal to none from the near surface ground water to 

regional ground-water systems. Water removal is mainly by ET during the growing 

season (Gregory, 1988). 

Forested Wetland Function and Value 

According to Walbridge (1993), a wetland function is an "ecological, hydrological, 

or other phenomenon that contributes to the self-maintenance of the wetland 

39 ecosystem.” This function continues whether society uses the wetland or not, but 

societal use can affect the continued efficiency of that function. The problem arises as 

forested wetlands become more valuable to society. 

A value connotes "something worthy, desirable, or useful to humans" (Mitsch and 

Gosselink, 1986). For southern wet pine flats, value translates to flood mitigation, 

groundwater recharge, recreational hunting, sportfishing, and timber production 

(Mitsch and Gosselink, 1986; Linder et al., 1985; Hubbard and Linder, 1986). The 

majority of southern forested wetlands contribute little to either storm abatement or 

groundwater recharge (Mitsch and Gosselink, 1986). Timber production would, 

therefore, be considered one of the most important values of forested wetlands in the 

southeast. 

The National Wetlands Policy Forum recognizes appropriate forest management as 

a compatible use of wetlands while maintaining other wetland functions (Conservation 

Foundation, 1988). However, some research has provided indications that site 

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

properties due to intensive forest management practices (Hatchell et al., 1970; Lockaby 

and Vidrine, 1984; Wert and Thomas, 1981; Murphy, 1983). With the potential for 

long-term impact, foresters and land managers are concerned about the effect of 

intensive forest management on soil physical properties and site productivity (Sirois et 

al., 1985).



Intensive Management of Forested W etlands 

The growth of trees is primarily affected by the amount of soil occupied by tree 

roots and by the availability of soil moisture and nutrients in this space; the effective 

rooting depth being most important (Spurr and Barnes, 1980). Coile (1952) also 

defined available rooting volume as one of the principal features of the soil profile that 

influences site quality. In forested wetlands, the available rooting volume 1s often 

limited by hydrology. Specifically, large fluctuations in water table depths can be 

harmful to tree roots. Prolonged flooding may cause root pruning and create an 

imbalance in the root-shoot ratio. Jt has been shown that tree survival and growth are 

affected by depth, duration, seasonality, and frequency of the water table for several 

forested wetlands (McKnight et al, 1981; Mohanty and Dash, 1982; Niering, 1988). 

A diagram by Hansen (1977) defines the potential effect of moisture availability 

on productivity (Figure 1). Productivity increases and decreases as a site moves from 

excessively dry to excessively wet. This suggests an optimum point at which site 

moisture should be maintained and deviating in either direction from that level will 

result in a loss in productivity. 

According to Gresham and Williams (1977), to produce optimum growth on Lynn 

Haven soil type on the coastal plain of South Carolina a system would have to supply 

water to maintain the water table during periods of drought as well as drainage during 

periods of high rainfall. Maximum height growth of loblolly pine occurred with an 

average depth to water table of 64 cm while maximum diameter growth occurred at an 

average depth of 72 cm. All their data showed that growth drops off as the water 

table moves from optimum in either direction. 

White and Pritchett (1970) showed that water table control with fertilization 

produced greater growth response in five-year-old loblolly pine than when the water 

table was not held constant. Maintaining the water table at 46 cm resulted in larger 

average height and diameter growths of 1.1 m and 3.1 cm, respectively. Stubbs and
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Figure 1. Generalized influence of soil water on productivity (from Hansen, 1977).



McKee (1976) showed similar results. 

Barnes and Ralston (1955) studied soil moisture related to the growth and yield of 

slash pine. They concluded that as long as the water table was at least 50 cm below 

the soil surface, aeration was not seriously reduced and moisture was drawn to the 

upper horizons through capillary action. Both Metz (1950) and Zahner (1968) found 

that site index increased steadily as surface soil depth increased from 15 to 60 cm. 

Drainage also has the potential of becoming excessive. In a drainage experiment 

on Leon fine sand, a coastal plain Aeric Alaquod, seven-year-old slash pine growth 

was not improved by 0.5 or 1.5 m deep ditches. Excessive removal of groundwater, 

particularly during dry periods, apparently resulted in poor growth near ditches 

(Kaufman et al., 1977). 

Maintaining a constant water table level for intensive pine management on 

forested wetlands is currently not a viable management option. The cost of irrigation 

is prohibitive. Therefore, management has concentrated on controlling the excess in 

site moisture. 

Drainage 

The main objective of intensive forest management on wet pine flats in the 

Southeast is to ameliorate the problem of excess moisture and improve forest 

productivity. Many studies have determined that excess moisture on very wet sites 1s 

the factor most limiting to tree growth (Terry and Hughes, 1975; McKee, 1977; 

Langdon and Hatchell, 1977). For more than two centuries, foresters in various parts 

of the world have attempted to improve the productivity of certain types of forested 

wetland ecosystems through drainage (Heikurainen, 1983). Terry and Hughes (1975) 

reported that fiber volumes could be improved 170 percent over natural forest stands 

through drainage and conversion to pine plantations. Many other researchers have 

concluded that drainage increases loblolly pine growth (Pruitt, 1947; Miller and Maki, 

1957; and Maki, 1955; 1968; 1971; Klawitter and Young, 1965; Coile, 1952; Ralston,



1965). 

Ditch drainage is the process of excavating a channel to drain a site. Drainage 

removes excess water, increasing oxygen movement, providing greater rooting soil 

volume and increasing organic matter mineralization (Wells and Crutchfield, 1974; 

Hewlett, 1972; Pritchett and Fisher, 1987). Drainage also provides greater site access 

for silvicultural equipment operations (Allen and Campbell, 1988; Hewlett, 1972), but 

the primary result of drainage is tree survival and growth. The most successful 

drainage efforts have been imposed on very flat but somewhat elevated areas of the 

lower coastal plain of the South (Smith, 1986). Secondary ditching has also been used 

to improve tree growth (Ralston, 1965). 

Terry and Hughes (1975) reviewed six studies on drainage regimes and their 

effects on tree growth. The sites were poorly- and very-poorly-drained, and all had 

increased growth with increased depth to the water table. The growth response to 

artificial drainage ranged from 80 to 1200 percent greater than the growth of trees in 

adjacent undrained areas. 

The value of drainage is also substantiated through studies reporting a decrease in 

loblolly pine growth on poorly drained soil with increasing distance from drainage 

ditches. According to Terry and Hughes (1977), a square plantation block, when 

viewed from above, shows the ‘saucer effect’ with tall trees on the edges and very 

short trees in the center. Heights near a drainage ditch averaged 11 m at age 14 

whereas the trees further away were only 7 m high (Campbell, 1976). On a poorly 

drained site established in 1967 with the aid of ditching, the site index (base age 25) 

of loblolly pine at age 10 years was 17-18+ m at the edge of the drain and 12 m in 

the middle of the plantation (Terry and Hughes, 1977). 

Implementation of drainage systems does not completely ameliorate the 

managment problems related to excess site water. Surface drainage ditches may not 

remove water from soils of the wet flats very effectively (Pritchett and Fisher, 1987). 

The draw-down of the groundwater table along the ditch may extend only a few



meters inland from the ditch causing the ‘saucer effect’ mentioned earlier. This is 

especially true during periods of heavy precipitation during the dormant season. At 

these times, site disturbance due to heavy machinery used in forest management 

becomes an important consideration. The effect this practice has on site hydrology 

through compaction, rutting, and puddling is the main consideration of this study. 

Harvesting During Wet Soil Conditions 

Harvesting during wet conditions often causes compaction, rutting, and puddling. 

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 

depression where the machinery tires have trafficked. Soil puddling is caused by the 

kneading action of machinery and logs. This activity obliterates the soil structure 

(Froehlich and McNabb, 1984) by destroying soil aggregates and peds and churning 

the soil into a liquid paste (Beacher and Strickling, 1955; Swanson et al. 1955; 

Buehrer and Rose, 1943). 

Hatchell et al. (1970) surveyed nine tractor skidder logged areas in South Carolina 

and Virginia, and reported an average total soil disturbance of 34 percent. Prior 

research by Aust et al. (1993) determined that rubber-tired felling equipment and 

skidders may traffic over 50 percent of a site and may result in soil compaction or 

rutting, particularly if logging occurs when soils are wet. The probability of 

compaction, rutting, and puddling when harvesting on wet sites has been well 

documented (Incerti et al., 1987; Karr et al., 1990; McKee et al., 1991). Saturated 

soils have lower cohesive properties with increased wetting of soil particles. Saturated 

soils tend to flow under pressure and have a lower load-bearing capacity than a drier 

soil (Greacen and Sands, 1980). A study in southeastern Arkansas determined that 

dry-weather logging did not significantly affect bulk density or porosity of silt loam 
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soils, but wet-weather logging increased bulk density from 1.24 to 1.40 Mg m”, 

decreased aeration porosity 49 percent, and decreased total porosity 11 percent 

(Moehring and Rawls, 1970). 

Aust et al. (1993b) reported that an increase in water tables after harvest was a 

result of decreased subsurface water movement. The rutted areas, where total porosity 

and saturated hydraulic conductivity were drastically reduced, impeded the lateral flow 

of water through the porous surface soil horizons above the clay layer. Another study 

by Aust et al. (1993a) concluded that both compaction and rutting altered soil drainage 

and aeration which adversely affected root growth. Both macropore space and 

saturated hydraulic conductivity were decreased. These reductions in macropore space 

and saturated hydraulic conductivity due to wet-site harvesting have been found by 

other researchers (Burger et al. 1989; Gent et al., 1983; Incerti et al., 1987). However, 

definitive conclusions with regard to long term sustainability of the forest resource are 

lacking. 

Soil Compaction 

Soil compaction is followed by a decrease in total pore space and macropores 

(those greater than 50 1m), an increase in micropore space, decrease in infiltration rate 

and rate of diffusion of gases, and an increase in bulk density (Greacen and Sands, 

1980; Kozlowski, 1986). Clay soils are especially prone to compaction, particularly 

when wet (Hatchell et al., 1970; Drew, 1983). 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 (Akram and Kemper, 1979). 

Green et al. (1983) compared combinations of skidder and tire sizes and the effect 

on soil compaction under dry (19% soil moisture) and wet (30-34% soil moisture) soil 

conditions. The study was done on a fine-loamy, mixed, thermic Fluvaquentic 

Dystrochrept. Ali skidder and tire combinations increased compaction with increasing 

number of passes. Koger et al. (1984) found similar results in relation to tire size and 
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number of passes on soil compaction in soil bins. 

Soil compaction is seldom measured directly. A common procedure is to 

determine the change in a property or set of properties as a consequence of a given 

force (Marshall and Holmes, 1979; Chancellor, 1977). Bulk density, the soil mass per 

unit volume, is commonly used as a measure of soil compaction. During compaction, 

soil aggregates are compressed, increasing the bulk density and strength and 

decreasing porosity and hydraulic conductivity (Greacen and Sands, 1980; Gent et al., 

1983; Gameda et al., 1987). Decreased void and pore space within the compacted soil 

are a result. This will most likely inhibit root growth as individual roots only penetrate 

those soil pores that have a diameter greater than that of the root. Lower water uptake 

by roots in compacted soils is associated with reduced availability of water, decreased 

root elongation, and changes in root permeability by high CO, content in the soil 

(Kramer and Kozlowski, 1979). As the percentage of micropores increases, gaseous 

exchange will decrease and hydraulic conductivity will be inhibited decreasing soil 

drainage. 

Alban et al. (1994) studied the response of soil to compaction due to harvesting. 

The soil was a Cutaway loamy sand (Loamy, mixed, Arenic Eutroboralf). Compaction 

significantly increased bulk density and soil strength and decreased infiltration rate 

over a similar site harvested without compaction. The study was part of a nationwide 

long-term soil productivity study being undertaken by the U.S. Forest Service dealing 

with compaction and organic matter removal due to harvesting.. 

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

physical properties of Lower Coastal Plain forest soils. The soils included a fine 

loamy siliceous, thermic Spodic Paleudult and a fine loamy, siliceous, thermic Typic 

Paleaquult. Bulk density was significantly increased and macroporosity was 

significantly decreased in the skid trail. Saturated hydraulic conductivity was 

decreased by 72 percent to a depth of 8 cm in the skid trail. 

Hatcheli et al. (1970) studied harvesting impact on Lower Coastal Plain soils 
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having a wide range of surface textures. Simulated tree-length skidding caused a 

sharp increase in the bulk density of surface soils from 0.92 (undisturbed) to 1.12 Mg 

m” after one or two trips. There was a more gradual increase in density to 1.23 Mg 

m™ as the number of trips increased to nine. 

The impact of intensive forest management practices on soil bulk density, macro- 

porosity, and saturated hydraulic conductivity was examined to a depth of 0.3 m ona 

Piedmont site in North Carolina (Gent et al., 1984). The soil was a Cecil (clayey, 

kaolinitic, thermic, Typic Hapludult) series, and the forest stand was a 22-year-old 

loblolly pine plantation. Harvesting caused significant changes in soil physical 

properties to an average depth of 0.17 m in whole-tree harvest plots and 0.22 m in 

skid trail plots. 

Campbell et al. (1973) reported a significant increase in bulk density and a 

decrease in macroporosity following a harvest operation on a Georgia piedmont soil. 

The surface soil was a sandy loam and the subsoil was a clay. There were significant 

differences between undisturbed areas and secondary skid trails, primary skid trails, 

and log decks. 

Soil Rutting and Puddling   

Rutting and puddling usually occur when harvesting under conditions greater than 

field capacity, approaching saturation (Akram and Kemper, 1979). The mass flow of 

soil at the liquid limit is due to moisture films around the soil particles becoming so 

thick that cohesion is decreased. The increased water content acts as a lubricant 

between soil particles to allow them to align and slide past one another. 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 De Datta, 1985). Decreases in hydraulic conductivity 

and percolation rates in puddled soils have been discovered (Wickham and Singh, 
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1978). According to Bodman and Rubin (1948), these decreases were due to the 

destruction of soil aggregates and the subsequent elimination of macroporosity 

responsible for the movement of soil water. 

The effects of rutting or puddling on bulk density are not always predictable. The 

changes depend on the soil aggregation status prior to the disturbance (Sharma and De 

Datta, 1986). Bulk density will increase for a well aggregated soil which exhibits 

closely packed structure after disturbance, but bulk density will not change drastically 

when a closely packed soil structure is puddled (Aylmore and Quirk, 1962). 

Therefore, the well aggregated surface layers are more prone to bulk density increases 

from harvesting traffic. 

In a comparison between compaction and puddling, it was concluded that the total 

pore space (micro + macro) was reduced by both types of disturbance (Aust et al., 

1993a). The potential increase in soil strength, increase in bulk density, decrease in 

macro-porosity, and decrease in saturated hydraulic conductivity could all have 

negative impacts on seedling growth and survival and long term productivity of the 

site. The important difference between compaction and puddling is the reason for the 

loss in macropores and increase in micropores. Compaction physically compresses a 

soil and causes the change in porosity. During puddling, soil structure is destroyed 

and total porosity is thus decreased over that of compaction. 

When considering the possible effects of rutting and puddling on the hydrology of 

wet pine flats, it is important to remember that wet pine flats typically have a coarser 

textured surface horizon over a finer textured (clayey) subsurface. Water movement is 

generally restricted to the surface horizon due to the extremely low hydraulic 

conductivity and macroporosity values of the subsurface. Harvesting disturbance 

under wet conditions puddles the surface horizon in heavily trafficked areas and ruts 

down into the clayey subsurface. This may create an internal drainage problem as the 

ruts restrict lateral water movement, and the puddled surface compounds the restriction 

(Aust et al., 1993a). 
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Alteration of soil physical properties and hydrology was found on a wet pine flat 

in South Carolina following skidder salvage logging under wet soil conditions (Aust et 

al., 1993a). The soil was a clayey, mixed, thermic Typic Paleaquult. The harvesting 

resulted in decreased saturated hydraulic conductivity, increased bulk density, and an 

increased water table on the primary skid trails. It was suggested that the network of 

primary skid trails caused the higher water table due to reduced internal drainage. 

In-situ Hydraulic Conductivity Slug Test 

A measurement of in-situ hydraulic conductivity should provide a more complete 

characterization of hydraulic conductivity over that of simply analyzing soil cores in 

the lab. For this reason, a slug test analysis was used in this study. According to 

Widdowson et al. (1990), slug testing is a cost-effective and time-efficient field 

technique for the quantification of hydraulic conductivity. This field characterization 

should provide a clearer evaluation of the internal drainage problems related to wet- 

weather harvesting disturbance. Though not used in many forestry research projects, 

slug tests are used in many hydrogeologic investigations (Chirlin, 1989; Fetter, 1988). 

According to Chirlin (1989), a slug test is perhaps the most frequently used field 

procedure in hydrogeologic studies. He states that single-well aquifer tests are 

conducted as a part of many hydrogeologic investigations due to their speed, economy, 

and simplicity. The original model was by Hvorslev (1951), and the technique has 

been revised by others depending on their applications (Ferris and Knowles, 1954; 

Ferris et al., 1962; Cooper et al., 1967; Melville et al., 1989; Bouwer and Rice, 1976). 

For this study, the Bouwer and Rice (1976) method was used. This method 

allows for varying types of well parameters. The requirements state that the wells 

may be partially or completely perforated, screened, or otherwise open along their 

periphery. The method is also particularly designed for unconfined aquifers. The 

water table above the clay layer on these study sites is considered unconfined, and the 

wells used to monitor the water table fit the stated requirements. The ability to test a 
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soil volume in-situ and along the entire depth of the well will provide a much broader 

characterization of the disturbance effect on internal drainage. 

Harvesting Disturbance Effect on Productivity   

Soil physical changes such as the ones discussed could potentially lower the 

carrying capacity of the site (Powers, 1989). These reductions in carrying capacity 

will most likely compound after subsequent wet harvests. 

Vomocil and Flocker (1961) concluded that macroporosity that is less than ten 

percent can restrict root growth and plant development due to inadequate soil air 

exchange. Furthermore, soil compaction induced through intensive forest management 

tends to increase plant moisture stress due to increases in soil moisture tension. 

Greacen and Sands (1980) reported that a complex interaction between soil strength, 

water and nutrient availability, and aeration may affect root growth. Kozlowski (1986) 

stated that plants subjected to anaerobic soil conditions associated with compacted 

and/or flooded soils show a rapid decrease in the rate of photosynthesis. 

Moehring and Rawls (1970) reported that logging in wet weather resulted in 

compaction of an imperfectly-drained silt loam and reduction in diameter growth of 

loblolly pine. According to Hatchell et al. (1970), first-year stocking and height 

growth of naturally regenerated loblolly pine were significantly reduced on primary 

skid trails in the Lower Coastal Plain. The study also concluded that detrimental 

effects were particularly severe on finer-textured soils. Stocking decreased from 

Aarnnn 

+ 

seedlings per acre on primary skid trails (bulk density = 1.08 Mg m”). Establishment 

and growth was even less successful on log decks, which had a bulk density of 1.14 

Mg m™. 

A study on the coastal plains of Louisiana showed a 39 to 59 percent reduction in 

height growth of young lobiolly pine on log decks and primary skid trails relative to 

similar undisturbed areas (Lockaby and Vidrine, 1984). Increased bulk density and 
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soil strength reportedly caused the loss in height growth. The soils were fine loamy, 

siliceous, thermic Typic Paleudults. Mitchell (1982) found that increasing the bulk 

density above 1.40 Mg m® in a sandy loam soil caused the average root system 

surface area of loblolly pine to decrease significantly. Seedling height was found to 

be inversely proportional to bulk density. 

A study in the coastal plain of Arkansas examined the impact of puddled corridors 

due to thinning (Powell, 1992). The sites consisted of sandy loam surface horizons 

over clayey subsurface horizons. Deep ruts which bisected the sandy loam surface 

reduced thinning growth increases for a four to five year period. 

Duration of Disturbance Effects 

This potential reduction in productivity due to harvesting impacts 1s compounded 

by the reported duration of the disturbance to the soil physical properties. It is very 

difficult to restore compacted, rutted, and puddled soils to their original condition. 

Natural soil recovery takes decades and artificial restoration of soils is difficult. 

According to Voorhees (1991), soils that have been subjected to intensive wheel 

traffic due to forest management may remain compacted for decades after cessation of 

traffic. Froelich et al. (1985) reported increased bulk density at 15 cm depth in 

logging skid trails 23 years after logging. 

Hakansson et al. (1987) reported on data from long-term field experiments 

conducted in North America and Europe. In these experiments, wheel traffic load of 

at least 10 tons per axle were applied only at the beginning of long-term field 

experiments. The surface 20 to 30 cm was then intensively tilled to eliminate surface 

compaction, and all subsequent wheel traffic did not exceed 5 tons per axle. Subsoil 

compaction persisted despite annual freezing and thawing and adversely affected crop 

yields for a number of years. Hakansson et al. (1988) concluded that even though 

gross soil parameters, such as bulk density, may not exhibit compaction persistence, 

the structure of individual soil units. may be affected for some time, adversely 
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influencing establishment and water and nutrient uptake. 

Hatchell et al. (1970) and Dickerson (1976) observed that freeze/thaw cycles, root 

activity, and wet/dry cycles result in gradual recovery of compacted surface soils. 

Recovery ranged from 8 to 50 years, depending on the level of disturbance and the 

site. Due to these recovery rates, several cultural treatments, such as plowing, disking, 

subsoiling, and landshaping, are used to ameliorate compacted and rutted areas 

(Moehring and Rawls, 1970). This phase of this study will not deal with the 

amelioration process, but preventing the need for extensive cultural treatments through 

timely operations and sound management decisions would only be beneficial. 

Summary 

Intensive forest management practices in forested wetlands can significantly alter 

soil physical properties and site hydrology. The potential for disturbance increases 

with increasing soil water content. The resulting compaction, rutting, and puddling 

negatively affects soil properties important to successful tree growth and site 

hydrology. Bulk density is increased, macroporosity and hydraulic conductivity are 

reduced, and internal drainage is altered. 

Pine plantations located on poorly drained mineral soils of the Atlantic and Gulf 

Coastal Plain have become some of the most productive forests in the world; the 

implementation of drainage ditches to remove excess moisture is the primary reason. 

A common hypothesis is that deep soil disturbance associated with intensive forest 

management will have a detrimental impact on long-term sustainability of forested 

wetlands by reversing the advantages gained from drainage. There is not a significant 

amount of research available to substantiate this long-term effect. Combine this with 

the fact that society is becoming more and more critical of wetland management, and 

it becomes apparent that scientifically sound research must address this potential for 

long-term disturbance. 
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METHODS 

Project History 

A long-term project to determine the sustainability of managed forests was started 

in 1992 as a cooperative effort among Westvaco Corporation, Virginia Polytechnic 

Institute and State University, and the USDA Forest Service. Within the past year, the 

National Council for Air and Stream Improvement has also provided funding. The 

project will encompass a complete rotation and is being done on an operational scale. 

The objectives of the overall project are to determine whether or not organic residue 

removal/redistribution and soil physical disturbance from operational logging change 

hydrologic function or damage site productivity, and determine if the hydrology and 

productivity can be restored by tillage operations. 

The pre-treatment characterization of soil, hydrologic, and site properties that may 

influence wet-weather logging disturbance was completed by Burger (1994). He used 

these characteristics to define a wetland trafficability hazard index for his Master of 

Science thesis. 

The part of the project being addressed in this thesis involved the determination of 

harvesting impacts on site hydrology and soil properties and processes related to soil 

drainage. Another objective was to determine the relationship between soil water (as 

measured by water table prior to harvest) and productivity. 

Site Description 

The pre-treatment stands were established following a clear-cut harvest of a first 

rotation pine plantation. After harvesting, the sites were raked, windrowed, and 
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burned. The sites were then bedded and planted. 

The study is composed of three blocks (North Horeseshoe, South Horseshoe, and 

Sycamore) on the lower Atlantic coastal plain on Westvaco property near Cottageville, 

SC., latitude 32°55", longitude 80°30' (Figure 2). The area is low-lying (3 to 10 m 

above msl) and has a subtropical climate. Average annual rainfall is 133 cm, with 82 

cm falling between March and October. Average temperature between March and 

October is 28.3°C and between November and February is 17.2°C (Stuck, 1980). Soil 

parent materials are marine and fluvial deposits. Higher areas have longleaf pine 

(Pinus palustris L.); low-lying fluvial areas have bottomland hardwoods, and pine and 

mixed pine-hardwoods. 

The actual study sites are loblolly pine plantations in jurisdictional wetlands 

(Cowardin Classification = Evergreen Palustrine wetland) (Cowardin et al., 1979). 

Sites were selected and the treatment main plots identified and located to minimize 

cross-over surface drainage. They are composed of three similar blocks with each 

block divided into six, 3.2 ha treatment plots (Figure 3), Three plots in each block 

were harvested under wet conditions during the spring (1994), two were harvested 

under dry conditions during the fall (1993), and one was left as a non-harvested 

control. "Wet" and "Dry" conditions are defined, respectively, as a moisture content 

between the liquid and plastic limits of the soil, and a moisture content at or below 50 

percent field capacity. The harvested stands ranged in age from 20-22 years. The 

plots were site-prepared in the fall of 1995. One randomly-selected wet-harvest plot in 

each block was mole subsoiled; then, it and two additional harvested plots (one dry 

and one wet-harvest) were bedded. All plots were operationally planted to loblolly 

pine during the winter of 1995. 

The mid- and understories consisted of red maple (Acer rubrum L.), black gum 

(Nyssa sylvatica), water oak (Quercus nigra), green ash (Fraxinus pennsylvanica), 

laurel oak (Quercus laurifolia), sweetgum (Liquidambar styraciflua L.), switchcane 

(Arundinaria gigantea), Easter baccharis (Baccharis balimifolia)and southern bayberry     
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(Myrica cerifera).   

Soils on all blocks are Typic Ochraqualf and/or Typic Umbraquults formed on 

unconsolidated marine sediments. All have A plus E Horizons with a sandy 

loam texture overlying a sandy-clay-loam or clay-loam Btg horizon. A plus E horizon 

depths range from 30-45 cm. All sites are poorly drained. The subsoil structure is 

massive, which causes extremely slow permeability. Water movement is via slow 

subsurface flow during the late spring through fall, and a combination of surface and 

subsurface flow during the wetter winter and spring months. 

The poorly-drained designation is due to the elevation near mean sea level, the 

nearly level topography (0-2% slope), and deposits of fine clays. The soils are all 

defined as hydric according to the Soil Survey Staff (1992) and the National Technical 

Committee for Hydric Soils (1987). During the growing season, water tables are 

within 60 cm of the surface for 21 consecutive days, and the vegetation is 

predominantly species adapted to surviving in saturated conditions. Water tables 

remain within 25 cm of the soil surface for most of the year. This creates a narrow 

window for management operations. Ditching has been used to improve drainage. 

Pre-treatment Characterization 

Pre-treatment characterization sampling was oriented on a 20 by 20-m network 

laid out at right angles to adjacent roads and proposed skid trails (Figure 4). The grid 

pattern was surveyed level and the ground elevations of each point were determined 

with a transit. A transit was also run between blocks to relate elevations for the entire 

study. A 4-cm diameter, 75-cm deep, PVC well was installed at each point. On a 40 

by 40-m grid, 2-m deep wells were installed immediately adjacent to the shallow 

wells. The shallow wells are used to measure changes in the water table above the 

Btg horizon, while the deep wells are used to monitor the permanent water table. The 

wells were peforated with 0.5 cm thick slits in order to allow water entry. The deep 
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wells were perforated below the E horizon. A seal around the deep well at the 

juncture of the E and Btg soil horizons allows monitoring of both piezometric 

surfaces. 
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Figure 4. Idealized layout for well location in one treatment plot. 

The 20 by 20-m grid system was reinstalled, along with determination of point 

elevations, immediately after the wet and dry harvests. The wells were created with a 

gasoline-powered auger equipped with a 3.8 cm diameter auger bit. A brief 

interruption of complete water table measurements was necessary due to the time 

involved with reinstallation. The 40 by 40-m grid system of deep wells was not 

reinstalled. It was determined that the water table above the clay layer was more 

important for evaluating potential disturbance effects on long-term productivity and 

sustainability. The additional information obtained through monitoring the deep wells 

did not aid in that evaluation during pre-treatment characterization. 

Pre-treatment characterization also included the accumulation of soil core samples 

at every other point within the 40 by 40-m grid. Samples were taken from each 
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horizon using the double-cylinder, hammer-driven core sampler described by Blake 

and Hartge (1986). The core samples were used to determine bulk density, hydraulic 

conductivity, and total porosity (see Procedures). 

Another pre-treatment characterization involved determination of horizon depths. 

Horizon depths were measured at each point on the 20 by 20-m grid to the nearest cm 

and delineated according to the surface feature (bed, inter-bed, or furrow) on which 

the 75 cm well was located. 

The final element of pre-treatment characterization involved a timber inventory. 

Every point on the 20 x 20 m grid was sampled. The shallow well was used as the 

center of a 1/50 acre subplot ( r = 5.08 m). The diameter of all pine trees within the 

subplot were measured with a diameter tape. The height of one median diameter pine 

tree was measured with a clinometer. If a tree had excessive disease, broken top, etc., 

another tree within the subplot with a similar diameter was measured instead. The 

diameter of all hardwood trees greater than 3.8 cm diameter that fell within the 

subplot was also measured and recorded by species. 

Procedures 

Disturbance Classification 

Immediately after harvest, each point on the 20 by 20-m grid was characterized 

according to a disturbance classification system composed of 5 soil disturbance classes 

(Figure 5). These classes are: 

(0) Undisturbed 

(1) Compression Track 

a. soil compacted without plastic or liquid movement resulting in one of the 

following options: 

i. litter still in place 

ii. litter removed and mineral soil exposed 
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ili. mineral soil and litter mixed 

iv. mineral soil deposited on top of litter 

(2) Shallow Rut 

a. < 20 cm deep 

(3) Deep Rut 

a. > 20 cm deep 

(4) Churn 

a. soil disturbed in such a way that it causes puddling as defined by 

Brady(1990),"dense massive soil artificially compacted when wet and having no 

aggregated structure." 

Each plot around the point on the 20 by 20-m grid was divided into quadrats with 

a 5 m radius from the center of the point (75 cm deep well) and a visual estimation of 

percent disturbance was assessed for each quarter. These percentages were based on 

an arc sine transformation cover diagram (Appendix A). These four quadrat 

percentages were averaged for the plot disturbance class estimate. 

Water Table Measurements 

Water rable measurements were made at each point on the 20 by 20-m grid at 

least monthly and more often when certain rain events contributed data to establish 

temporal response surfaces. These measurements were made through time across 

disturbance classes wiihin treatment units. 

Surface variation adjustment: Pre-harvest water table measurements were adjusted for 

the variation of well locations on the soil surface. The soil surface of the study sites 

was composed of beds, inter-beds, and furrows. The trees are located on beds, and the 

relative location of the wells compared to the beds was important when evaluating the 

relationship between depth to the water table and productivity. In order to account for 
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Figure 5. Diagram showing harvesting disturbance on a poorly drained wet pine flat in 

South Carolina. The dashed line represents the soil surface after disturbance. 
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the relative location of the wells, trend surface analysis was used to develop response 

surfaces for well elevation as a function of x and y coordinates. The response surfaces 

were used to remove microsite variation due to individual well locations. By 

developing “whole block” response surfaces, elevations predicted at each well location 

would be more representative of the general surface features of each 1/50th acre plot 

surrounding each well point. 

With trend surface analysis, regression models of increasingly higher order 

complexity were fit to the elevation and coordinate data until the best fit model was 

found. Individual point elevations were predicted, and the residuals were used to 

remove microsite variation created by the beds, inter-beds, and furrows. The same 

adjustment was used for depth to the Btg horizon. 

Inherent variation adjustment: The depth measured in the field was depth to the water 

table from the soil surface. This could also be thought of as available rooting volume 

given the frequently high water table of these poorly-drained sites. Several 

adjustments to these measurements were used for analytical purposes. First, the water 

table depths were adjusted to remove the inherent variation (ie., topographic, 

elevational, microsite drainage, etc.) between points in order to analyze the variation in 

available rooting volume due directly to harvesting disturbance (Figure 6). Pre-harvest 

water table measurements were averaged for each plot and compared to each pre- 

harvest point average within that plot. The differences were used as point specific 

adjustment factors and added to each post-harvest water table measurement. Most of 

the variation still existing between points could then be attributed to the various levels 

of harvesting disturbance. 

Water table height adjustment: Another adjustment was used to provide a water table 

comparison without regard to the soil surface. Harvesting disturbance could decrease 

depth to the water table as the soil surface is compacted or rutted while the actual 
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water table level is not changed (Figure 7). Therefore, it is important to compare 

water table heights rather than just depth from the soil surface. Water table heights 

were derived using the adjusted depths from above and referencing them from a 

common datum. As mentioned earlier in the pre-characterization section, elevations 

were determined for each point before and after harvest. The common datum was 

derived using the elevation of the lowest point of the entire study minus 100 cm, the 

maximum depth measurable in a shallow well. All adjusted water table measurements 

were then calculated as height in centimeters above this common datum. This method 

provided a comparison of water table heights which are adjusted for inherent variation. 

Percent of time above critical depth: A third construction of the water table values 

was used to analyze the amount of time the water table at each point (adjusted for 

inherent variation) was within a certain depth from the soil surface. This was done in 

order to capture the continuous aspect of the water table measurements over time 

rather than a single point in time value from each measurement. This method 

involved the use of a SAS program developed by Paul Doruska, a PhD candidate in 

Forest Biometrics from Virginia Tech. The program formed a continuous line segment 

with straight lines between actual data points and calculated the percentage of time the 

line segment was above an arbitrary critical level (Figure 8). The program divides the 

X axis into intervals of 0.001. The percent value is then derived as the number of 

0.001 segments on the line that are located above the critical level. These values were 

used to evaluate the effect of hydrology, as represented by water table measurements, 

on productivity. 

Choosing the appropriate critical level was the first step. This analysis, involving 

water table measurements from several plots, calculated the percent values derived 

from Doruska's program for a range in critical levels from -5 to -45 cm. The goal was 

to determine the critical level which resulted in percentages that most uniformly 

covered the range from 0 to 100 percent above the critical level. It was believed the 
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broadest spread of points would provide a higher probability of discovering a moisture 

related effect on productivity. The analysis established that critical levels that deviated 

from -25 cm caused the dataset to concentrate toward 0 or 100 percent. In other 

words, a critical level indicating extremely wet conditions (i.e. -5 cm) would result in 

a dataset concentrated toward zero percent because fewer points maintained a water 

table within 5 cm of the soil surface. Using that critical level would make it more 

difficult to distinguish between points during analysis as they would all be 

concentrated toward zero percent. 

Bulk Density, Total Porosity, and Hydraulic Conductivity 

Soil core samples were collected based on sufficient replication across disturbance 

classes using the single-cylinder, hammer-driven core sampler. The cores have a 

length of 5.08 cm and a cross sectional area of 20.26 cm’. 

Samples were taken at 20 points (5 disturbance classes x 4 replications) within 

each wet-harvest plot and at 8 points (2 disturbance classes x 4 replications) within 

each dry-harvest plot. Cores were capped and taken to the lab for analysis of bulk 

density, hydraulic conductivity, total porosity, capillary porosity, and noncapillary 

porosity. 

Using the soil cores, samples (in their cylinders) were oven-dried at 105° C for 24 

hours and weighed to the nearest 0.1 gram. To calculate bulk density, the following 

formula was used: 

bulk density(g/cm>) = (total wt. - cylinder wt.)/(cylinder volume) (1) 

Using the bulk density cores, saturated hydraulic conductivity was measured, 

before oven drying, by the constant-head method (Klute and Kirksen, 1986). A 

hydraulic head was imposed on the soil column, and the resulting flux of water was 
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measured. The following equation was used to calculate hydraulic conductivity: 

K (cm hr’) = QL/[At(H, - H,)] (2) 

where K = hydraulic conductivity (cm hr’); A = cross-sectional area of sample ( 20.26 

cm’); L= length of the sample (5.08 cm); Q = volume of water (cm’°) passing through 

the sample in a known time (t) (hr); (H,-H,) = hydraulic head difference (cm) (Klute 

and Kirksen, 1986). 

The portion of a soil that is occupied by air or water is referred to as porosity 

(Danielson and Sutherland, 1986). Soil pores are divided into macro-pores and 

micro-pores. Micro-pores are less than 0.06 mm in diameter, and macro-pores are 

greater than 0.06 mm (Brady, 1990). Soil macro-porosity and micro-porosity was 

determined with the tension table where a 50 cm water column drains all macropores. 

Porosity was calculated using the following equation: 

(saturated wt. - equilibrium wt.) * 100 
macro-porosity(%) = [ 

(core volume) 
  

(equilibrium wt. -O.D. wt.) «100 (3) 

(core volume) 
  micro —porosity(%) =[ 

total -porosity(%) = [macro—porosity(%) + micro—porosity(%)| 

Slug Tests 

The slug test developed by Bouwer and Rice (1976) permits the measurement of 

saturated hydraulic conductivity (K) of aquifer materials with a single well. The 

method consists of quickly lowering or raising the water level in a well from 
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equilibrium and measuring its subsequent rate of rise or fall, respectively. The method 

was designed to measure K of the aquifer around the screen or otherwise open portion 

of the well for fully or partially penetrating wells in unconfined aquifers (Bouwer, 

1988). 

The slug is the object, for this study a section of metal pipe filled with concrete, 

used to displace a volume of water. The slug was dropped into the shallow water 

table well and either left in the well or quickly removed. If the slug was left in the 

well, the subsequent fall of the water level in the well was monitored over time as 

water seeped back into the surrounding soil. When the slug was quickly removed, the 

rise of the water level in the well was monitored as water moved from the surrounding 

soil into the well. One of the two methods was used in every shallow well on the 20 

x 20 m grid before and after harvest. 

Geometry and symbols of a slug-tested well are shown in Figure 9. The following 

equation (Bouwer, 1988) was used to solve for K: 

2 In R, r. in— 
r (4) K-17 

2L 4 y, 

where r, = the radius of the casing or other section of the well where the rise of the 

water level is measured; R, = effective radial distance over which y is dissipated; r,, = 

radial distance of undisturbed portion of aquifer from centerline; L, = length of 

perforated section of well; y = vertical difference between water level inside well and 

static water table outside well; y, = y at time zero; y, = y at time t. 

Values of R, were determined with an electrical resistance network analog for 

different values of r,, L., L,,, and H (Bouwer, 1988; Bouwer, 1967). The results of 

the analog analyses were expressed in the dimensionless ratio In(R,/r,,). For 
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Figure 9. Geometry and symbols for slug test on partially penetrating, partially 

screened well in unconfined aquifer with developed zone around screen from Bouwer 
(1988). 
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determination of effective radius (R,), an equation for the case where the depth from 

the water table to the impermeable layer (H) is equal to the depth from the water table 

to the bottom of the well (L,,) was used 

  In 
R, 11 Cc 
r, L (S) 

where C is a dimensionless number plotted as a function of L,/r,, in Bouwer (1988). 

Equation (4) requires at least two measurements of y and t (y, at t = 0 and y, at t). 

A number of y and t measurements can be taken and [In(y,/y,)]/t determined as the 

slope of the best-fitting line through the y versus t points on semilogarithmic paper 

(Figure 10). For this study, two measurements were taken at each well. This 

provided enough time to obtain measurements at every point. 

Values obtained from point A-1 in block 1, plot 1 are used in the following 

example. The static water table was at a depth where L,, = 86 cm. The well 

dimensions are constant for the entire study with r,= 2.05 cm, r,= 2.45 cm, and L,= 72 

cm. The dimensionless parameter C = 2.1 was determined as a function of L,/r,, 

(Bouwer,, 1988). A slug, metal pipe filled with concrete, was dropped into the well. 

When the water level returned to equilibrium, the slug was quickly removed. The 

initial change in depth from equilibrium resulted in y, = 15 cm. The second reading 

obtained y, = 6 cm with t = 712 seconds. Applying these values to equation (4) 

results in K = .38 cm/hour. 

The use of the slug test under the well conditions present in this study violate 

some of the guidelines for well establishment (Bouwer, 1988; Bouwer and Rice, 

1976). In particular, the well's screened section is not gravel packed and the well 

casing is not always fully sealed at the soil surface. The first condition could result in 
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Figure 10. Example graph of log y, versus t from Bouwer (1988). 

38



slower estimates of K as water movement is restricted by the limited amount of well 

perforations and the possibility some of the perforations were sealed with smeared clay 

during installation. Under ideal conditions a gravel pack would be used around a fully 

perforated screen providing unhindered contact for water movement between the well 

and the surrounding soil. 

The second condition, improper seal between well casing and soil surface, would 

result in elevated K values. The void created between the well and soil acts as a 

highly permeable zone around the well which quickly sends water into the well 

immediately after the water level in the well has been lowered. 

Another potential cause of exaggerated K values could result when a volume of 

water is quickly added to a well and flow is measured from the well to the soil 

(Bouwer, 1988). An overestimate of K could result if the equilibrium water level is 

above the screened section of the well. If the equilibrium water level in the borehole 

is below the top of the screened section, and water is added, the subsequent flow of 

water into the aquifer due to the falling water level not only takes place through the 

screen or perforations below the original water table, but also through the vadose zone 

above the original water table (Figure 11). This increases the rate of fall of the water 

level in the borehole beyond that caused by inflow into the aquifer and leads to an 

overestirnation of K. 

Volume estimates from cruise data 

A volume equation derived by Flowers (1978) for loblolly pine in the Atlantic 

Coastal Plain was used to estimate stand volume from the timber cruise data obtained 

during the pre-characterization phase of the study 

In(V) = -5.5326 + 1.8945 In[diameter(inches)] + .9288 ln[height(feet)] (6) 
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Figure 11. Schematic of addition of water (hatched section) to borehole with 

equilibrium water level below top of screen or perforated section, with outflow of 

water into vadose zone (horizontal arrows)(From Bouwer, 1988). 
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where V equals volume in ft®?. The average subplot diameter and the one measured 

height from each subplot were used for the equation. Because diameter is not 

independent of plot density, regression techniques were used to find the functional 

relationship between average plot diameter and plot density (Figure 12, A). Adding 

the overall mean of the data set to the regression residual of each data point (mean 

diameter for a subplot) provided a variable that was independent of plot density 

(Figure 12, B). The remaining variation in the data was then due to factors other than 

density, including variation in site hydrology. The density-adjusted diameter was used 

in the volume equation. 

Statistical Analysis 

The overall study design is a randomized complete block design consisting of 

three blocks of three treatments. The treatments are wet-weather harvest, dry-weather 

harvest, and control (Figure 3). For this phase of the study, the control treatments 

were not included in the analyses. Within each block, three plots were wet-weather 

harvested and two plots were dry-weather harvested. Wet-weather harvests contained 

five disturbance classes and dry-weather harvests contained two disturbance classes. 

Four buik density samples were obtained for each disturbance class in each plot. 

Slug tests were taken at each shallow well before and after harvest and grouped 

according to the disturbance class associated with that well. Water table 

measurernents were also grouped according to disturbance classes. 

An analysis of variance was completed for each variable using the Statistical 

Analysis System (SAS, 1990). Due to the unbalanced design (ie., two dry-weather 

harvests and three wet-weather harvests; two disturbance classes per dry harvest and 

five disturbance classes per wet harvest; and missing values), the GLM (General 

Linear Model) procedure was used in SAS instead of ANOVA to perform analysis of 

variance. According to SAS (1990),"the GLM procedure should be used in 
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Figure 12. (A) Diameter-tree density relationship for loblolly pine on wet pine flats in 

South Carolina. (B) Diameter with removal of density effects. 
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unbalanced situations, that is, models where there are unequal numbers of observations 

for the different combinations of CLASS variables specified in the MODEL 

statement." An idealized ANOVA for comparison of bulk density core samples across 

harvests and disturbance classes follows: 

Source of Variation Degrees of Freedom 

Block (b-1) = 2 

Rep (Block) r(b-1) = 6 

Treatment (t-1) = 1 

Disturbance (Treatment) t(d-1) = 8 

Treatment x Block (t-1)(b-1) = 2 

Dist (Trt) x Block t(d-1) x (b-1) = 16 

Error 

Trt x Rep(Block) (t-1) x r(b-1) = 6 

Dist(Trt) x Rep(Block) t(d-1) x r(b-1) = 48 

Total brtd-1 = 89 

Analysis of variance was used to determine treatment effects on soil physical 

properties, water table characteristics, and slug tests. Duncan's multiple range test 

procedures were applied where significant differences in responses were detected. 

Regression analyses were used to predict diameters of loblolly pine based on depth to 

the water table and depth to the Btg horizon. Regression techniques were also used to 

find the functional relationship between average plot diameter and plot density (Figure 

12). 

Hypothesis Testing: To test Ho-1,"Harvesting under wet soil conditions versus 

dry soil conditions has no effect on soil water," piezometric surfaces above the clay 

layer were monitored through time across disturbance classes within treatment units. 

Water table levels were measured on the grid at least monthly for nine months and 

more often when certain rain events contributed data to establish complete temporal 
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response surfaces. 

To test Ho-2,"Site Disturbance caused by harvesting operations will have no effect 

on soil properties and processes that affect soil drainage,” a slug test (Bouwer and 

Rice, 1976) was conducted in each shallow well on the 20 by 20-m grid to estimate 

the effect of disturbance on saturated hydraulic conductivity. A deterministic test of 

the perched water table as a function of conductivity was made to test the hypothesis 

that logging disturbance impedes lateral drainage by reducing saturated conductivity. 

Bulk density cores were taken randomly across the study area based on sufficient 

replication within the site disturbance classes. Each point on the 20 by 20-m grid was 

characterized according to a specific disturbance class. These bulk density cores were 

used to determine porosity, available soil water, bulk density, and saturated hydraulic 

conductivity across disturbance classes and soil horizons. These core samples 

provided a correlation between harvesting disturbance and soil properties (soil strength, 

water holding capacity, and saturated hydraulic conductivity) related to drainage. 

To test Ho-3,"Soil water has no effect on productivity," pre-treatment 

determination of stand volume at each well point was compared to the water table 

measurements at that well point. 
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RESULTS AND DISCUSSION 

Disturbance Effect on Water Table 

Water table was represented by both adjusted depth to the water table from the 

soil surface and height of the water table above a reference datum as measured from 

July '94 to April '95. Water table heights tended to be higher for wet-harvested areas 

throughout the measurement period, but at no time was the difference significant 

(Figure 13 (a)). The water table was closer to the surface on wet-harvested plots 

during summer months, and closer to the surface on dry-harvested plots during the 

winter months (Figure 13 (b)). The largest difference occurred during the drier period. 

The wet harvest water table height averaged 23 cm higher than the dry harvest from 

July to September. The adjusted depth to water table averaged 13 cm less for wet 

harvests compared to the dry harvests for the same time period. 

The higher water table for wet-harvests during the summer months was anticipated 

due to the increased disturbance on wet-harvests and corresponds to increases in water 

table reported by Aust et al. (1993b) following skidder logging under wet soil 

conditions on a wet pine flat in South Carolina. The dry-harvest plots were wetter 

than the wet-harvest plots during the fall and winter months. This crossover may have 

been caused by a difference in evapotranspiration rates between wet and dry-harvested 

plots. The majority of wet-harvesting was completed only a few months before post- 

harvest measurement of the water table began in July ‘94. The dry-harvest plots were 

harvested during the summer of ‘93. When post-harvest water table measurements 

started, the dry-harvest plots were heavily revegetated, and the wet-harvest plots had a 

significant amount of exposed mineral soil and minimal vegetation. It is hypothesized 

jhat increased transpiration rates on the dry-harvest plots most likely increased the 

difference in the water table relative to the wet-harvest plots during the summer 
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Figure 13. Wet and dry harvesting effects on water table represented as (a) height 

above reference datum and (b) adjusted depth from soil surface. (c) Corresponding 
precipitation data, measured on site. 

' Same letter indicates no significant difference for parameter (Duncan's Multiple 

Range Test, p < 0.10). 
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months. The crossover occurred as vegetation such as switchcane, devil’s walking 

stick (Aralia spinosa), and bull thistle (Cirsium vulgare) die off during the fall and     

winter causing a decrease in evapotranspiration rates. At that time, evaporation was 

most likely greater on the wet-harvest plots due to the exposed mineral soil while the 

surface of the dry-harvest plots was covered with an insulating litter layer. 

Researchers have established that an ideal water table would be maintained at a 

constant level for the best growth potential. White and Pritchett (1970) reported the 

best growth response when the water table was maintained at 46 cm. In a study by 

Gresham and Williams (1977), maximum height of loblolly pine occurred at an 

average depth to water table of 64 cm, and growth decreased when the water table 

deviated in either direction. An average rise in water table of 23 cm and an average 

reduction in available rooting volume of 13 cm due to wet-weather harvesting could 

have a negative impact on growth of loblolly pine based on these previous findings. 

The water table was already within 45 cm of the soil surface during the entire 

measurement period, and bringing the water table any closer to the soil surface could 

result in a reduction in productivity. 

The change in water table was also compared across disturbance classes for wet- 

harvests (Figure 14) and dry-harvests (Figure 15). For wet-harvests, the highest level 

of disturbance, defined as churned, had a significant effect on water table levels for 

both the adjusted water table and water table height above reference datum (Figure 

14). Churning appears to increase the amount of available rooting volume as 

represented by adjusted depth to the water table (Figure 14 (b)). During the wettest 

portion of the measurement period, the water table in churned areas was significantly 

lower than the undisturbed areas and all other disturbance levels. During this four- 

month period, the water table in churned areas averaged -11 cm while the undisturbed 

areas averaged -3 cm. The other disturbance classes were not significantly different 

from the undisturbed areas during the same four month period except for the deep 

rutted areas being 3 cm lower for the February measurement. For dry-harvests, there 
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Figure 15. Dry-harvest disturbance effect on water table represented as (a)height above 

reference datum and (b)adjusted depth from soil surface. (c)Each bar represents 

cumulative precipitation since last well measurement. 
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was no significant difference between adjusted water table depths for undisturbed and 

disturbed areas at any time during the measurement period (Figure 15 (b)). 

The water table as represented by height above a reference datum had a different 

response than adjusted depth to the water table due to wet-harvest disturbance (Figure 

14 (a)). For the entire measurement period, the churned areas maintained the highest 

water tables, and the rutted areas, both shallow and deep, maintained the lowest. 

Water tables in churned areas averaged 15 cm higher than undisturbed areas, and 

rutted areas averaged 8 cm less than undisturbed areas. Dry-harvest disturbance, on 

the other hand, resulted in no significant difference between water table heights for 

undisturbed and disturbed areas for the entire measurement period (Figure 15 (a)). 

When evaluating the effect of disturbance on water table levels it is important to 

study the water table from different perspectives. In terms of rooting volume, it is 

important to account for the inherent variation between points and evaluate the change 

in water table due to disturbance. The adjustment removes some of the inherent 

topographic and microsite variation between points. However, harvesting not only 

disturbs soil physical properties, it also affects the microtopography. Rutted areas 

result in a lower soil surface and churned areas often result in an elevated soil surface. 

The majority of churned areas are near the deck due to the continual traffic in that 

area. Combined with the churning are logs and other debris. These materials get 

mixed in with the soil and often create a mound. The result is an increase in elevation 

after drying. For this study, points located in churned areas had an average elevation 

15 cm higher than points located in undisturbed areas. Prior to harvesting, the 

churned area points were 3 cm lower than undisturbed points which means the 

disturbance due to harvesting raised the elevation of churned areas an average of 18 

cm. Water table height increases while depth to the water table from the elevated soil 

surface also increases. However, this raised soil profile is composed of churned soil 

material. The churning process destroys soil aggregates and reduces macroporosity 

(Bodman and Rubin, 1948). Technically, more available rooting volume has been 
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created, but the composition of that new rooting volume may not provide sufficient 

macroporosity for air and water movement. Roots may have a difficult time taking 

advantage of this additional soil volume. 

Overall, wet harvesting creates changes in the water table compared to dry 

harvesting. Within a wet harvest, the varying degrees of disturbance, except for 

churning and some deep rutting, do not appear to have a noticeable effect on the water 

table compared to undisturbed areas, and within a dry harvest, disturbance does not 

significantly change the water table relative to undisturbed areas. The change in 

internal drainage mentioned by Aust et al (1993a) may affect the water table across 

the entire site and make it difficult to separate various disturbance categories within 

the overall area. Tippett (1992) determined a significant difference in water table for 

only one somewhat-poorly drained study block. He attributed the lack of significant 

disturbance effect on the other two blocks to their poorly drained soil characteristics. 

He stated the already poorly drained conditions masked the disturbance effects. The 

combination of changes to internal drainage and the poorly drained status of the study 

blocks may be masking the variation between disturbance classes. That is why it is 

important to determine the changes in soil physical properties related to each 

disturbance class. 

Effect of Disturbance on Soil Physical Properties 

Bulk density, macroporosity, and hydraulic conductivity were significantly affected 

by all levels of wet-harvesting disturbance (Figure 16). Bulk density increased to an 

average of 1.44 Mg m” compared to the undisturbed level of 1.24 Mg m”. 

Macroporosity decreased to an average of 7 percent compared to the undisturbed level 

of 14 percent. Saturated hydraulic conductivity on disturbed sites dropped to an 

average of 0.6 cm hr’ compared to 3.4 cm hr" for undisturbed core samples. 

Compaction reduced total porosity from 51.5 percent for undisturbed to 46.4 percent 
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Figure 16. Wet-harvest disturbance effect on soil physical properties related to 

drainage. 

’ Same letters indicate no significant difference for parameter (Duncan's Multiple 

Range Test, p < 0.10). 
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for disturbed. 

Dry-harvest disturbance also affected soil physical properties with macroporosity 

being significantly reduced (Figure 17). Macroporosity decreased to 7 percent 

compared to the undisturbed level of 12 percent. Bulk density increased from 1.17 

Mg m°® for undisturbed to 1.39 Mg m® in compacted areas. Saturated hydraulic 

conductivity was reduced to 0.35 cm hr’ on disturbed sites compared to 4.75 cm hr’ 

on undisturbed areas. Total porosity was reduced from 53.3 percent for undisturbed to 

47.5 percent due to compaction. The lack of statistical significance for three of the 

properties may be due to insufficient replications. Dry-harvest treatments were 

replicated twice per block while wet-harvest treatments were replicated three times per 

block. The reported differences between undisturbed (disturbance class 0) and 

compression track (disturbance class 1) were similar for wet and dry harvests. 

During harvesting, soil aggregates are compressed, increasing the bulk density and 

decreasing porosity and hydraulic conductivity (Greacen and Sands, 1980; Gent et al., 

1983; Gameda et al., 1987). Decreased void and pore space are a result. According 

to Kramer and Kozlowski (1979), root growth, water uptake, gas exchange, and soil 

drainage will all be inhibited. The potential for disturbance is greater during saturated 

soil conditions. A study in southeastern Arkansas determined that dry-weather logging 

did not significantly affect bulk density or porosity, but wet-weather logging increased 

bulk density form 1.24 to 1.40 Mg m”, decreased macroporosity 49 percent, and 

decreased total porosity 11 percent (Moehring and Rawls, 1970). The results obtained 

in this study fit well with Moehring and Rawls results except that compaction during 

dry-weather logging significantly reduced macroporosity for this study. 

A pre-harvest characterization for the A, E, and Btg horizons was completed by 

Mark Burger (1994)(Table 1). A comparison of these pre-harvest values with the 

post-harvest disturbance values leads to the conclusion that wet-weather harvesting is 

creating soil physical conditions in the surface more representative of the E and Btg 
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Figure 17. Dry-harvest disturbance effect on soil physical properties related to 

drainage. 
' Same letters indicate no significant difference for parameter (Duncan's Multiple 
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layers instead of the productive surface horizon. Site preparation may ameliorate 

some of this disturbance, but there is the potential for similar disturbance at the end of 

the next 20-year rotation. The cumulative aspects of this process are not yet known. 

Table 1. Pre-harvest textural classes and average bulk density, total porosity, 
macroporosity, and saturated hydraulic conductivity for each horizon. 

  

  

  

Horizon | Texture Bulk Total Macro- Sat. hydraulic 

density porosity porosity conductivity 

(Mg m”™) (%) (%) (em hr”) 

A sandy 1.17 53.4 14.4 12.50 

loam 

E sandy 1.62 35.4 10.6 0.85 

loam 

Btg sandy 1.52 44.7 4.0 0.0005 

clay 
loam                 

These results also show that disturbance beyond compaction has little additional 

effect on soil physical properties. This corresponds to similar results by other 

researchers. Koger et al. (1984) found that the largest increase in bulk density 

occurred with the first vehicle pass over the soils. Burger et al. (1985) reported that 

surface bulk density of a sandy clay loam Piedmont soil increased sharply with the 

first three passes of harvesting machinery, after which further passes resulted in much 

smaller increases. 

A further comparison of the soil physical properties related to wet-harvest 

disturbance and the pre-treatment characterization values gives an indication of a 
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reason for choosing these sites over others for wet-weather harvesting. The soil core 

samples were taken from the surface of an area representative of a particular 

disturbance class. Therefore, samples corresponding to deep ruts were taken from the 

bottom of the ruts which were down into the Btg horizon. A direct comparison 

between the soil physical properties from deeply rutted areas and the pre-harvest Btg 

horizon gives an indication of the resistance of this horizon to damage from wet- 

weather harvesting operations. 

The volumetric moisture content within the surface 15 cm was measured across 

each site just before harvesting operations began (no more than 6 hours before) with 

the average being 30 to 35 percent. Considering the 15 cm depth, most of these 

measurements were obtained from the A and E horizons (both sandy loams). This 

would make it safe to assume that the Btg horizon had an even higher moisture 

content due to its poor drainage characteristics. If the Btg horizon had a volumetric 

moisture content of 35 percent, this would correspond to 80 percent of the pore space 

being filled with water because the total average pore space was 44.7 percent (Table 

1). The actual value was most likely closer to 100 percent of the pore space 

considering the poor drainage characteristics of the Btg horizon, but even at 80 

percent, with the majority of pores being capillary (40.7 of the 44.7) and filled with 

water, this horizon was resistant to the negative effects of compaction. 

When a soil is compacted, the most significant reduction is not in total porosity 

but in the loss of macropores. Therefore, a soil horizon with a low percentage of 

macropores is more resistant to the effects of compaction, and if saturated with water, 

becomes still more resistant as water alone will not compact. Compared to the 

characterization values in Table 1, the deep ruts had a lower bulk density (1.49 Mg 

m”), higher saturated hydraulic conductivity (0.125 cm hr’), higher total porosity (48.8 

percent) and noncapillary porosity (5.16 percent). These results somewhat substantiate 

the reasoning behind using these sites for wet-weather harvesting. 
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The Spatial Impact of Disturbance 

When considering the various levels of disturbance, it is important to also think 

about the spatial aspect of disturbance. Every point on the 20 by 20-m grid was 

characterized according to the five disturbance classes used for this study (Figure 5). 

From this dataset, a SAS Graph package was used to create maps of each plot with 

contour lines related to the levels of disturbance (SAS, 1991)(Figure 18). This 

provided a spatial presentation which aids in evaluation of disturbance impact on the 

landscape. The disparity between wet and dry harvests quickly becomes apparent. 

Compaction is the only disturbance resulting from a dry-weather harvest. Rutting 

and churning require certain soil moisture percentages. Wet-weather harvesting not 

only creates a similar degree of impact on soil physical properties and site hydrology, 

but it also impacts a much larger area (Figure 18 and Table 2). Dry-weather logging 

disturbed only 8 percent of the area while wet-weather harvests disturbed 77 percent 

of the harvested area. Increasing disturbance intensity from compaction to rutting and 

churning may not significantly increase the detrimental effect on soil physical 

properties important to site hydrology, but a much larger percentage of area is 

disturbed during a wet-weather harvest. This large spatial impact may be the larger 

problem associated with wet-weather logging. Hatchell et al. (1970) surveyed nine 

skidder-logged areas in South Carolina and Virginia, and reported an average total site 

disturbance of 34 percent. Aust et al. (1993b) determined that rubber-tired felling 

equipment and skidders may traffic over 50 percent of a site. 

As can be seen in the block comparison in Table 2, there is also variation between 

the wet-weather harvests. Another set of disturbance contour maps is shown in 

Figure 19. Variation in this case is still due partially to variations in site hydrology 

and different site soil moisture percentages at time of harvest. Some of the variation 

can also be attributed to logger variability due to different levels of experience, 
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Figure 18. Contour maps representing disturbance from a wet-weather harvest and a 

dry-weather harvest on wet pine flats in South Carolina (block 1, plot 1(wet) and plot 

5(dry)). 
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knowledge, finances, concern, etc. When a site is excessively wet, this variation can 

result in a significantly different impact on the forest site. 

Table 2. Disturbance class distribution for wet- and dry-weather harvests. Averages 

are separated by block and study. 

     

   
    

Percent area 
  

Disturbance 
Class Wet harvest blocks Dry harvest blocks 

I 2 3 ] 

  

       

  

     
avg     

    

  

  

  

                      

0.Undisturbed 

1.Compression track 20 | 23 | 22 | 22 11 4 8 8 

2.Shallow rut (<20 cm) 25 | 40 | 30 | 31 0 0 0 0 

3.Deep rut (>20 cm) 18 | 19 | 23 | 20 0 0 0 0 

4.Churn (puddled) 1 ] 11 4 0 0 0 0 
  

In-situ Hydraulic Conductivity 

The slug test analysis was used in an attempt to characterize changes in internal 

drainage created during a wet-weather or dry-weather harvest. Aust et al. (1993a) 

suggested this as being the cause for a rise in water tables across the site after a wet- 

weather logging operation. Saturated hydraulic conductivity is often used to determine 

the drainage potential of an area. It is a measure of the ability of a soil to transmit 

water. Both vertical and horizontal movement is important for proper drainage, and 

this three-dimensional process is not sufficiently evaluated through an analysis of soil 

core samples. It was believed that this in-situ method would provide a more complete 

evaluation. The wells were at sufficient depth to incorporate the three horizons, and a 
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Figure 19. Contour maps representative of wet-harvest disturbance from block 1 plot 

1,block 2 plot 6, and block 3 plot 4 (left to nght, respectively). 
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region around the well, beyond the well diameter, is monitored with this slug test 

method. The in-situ hydraulic conductivities represent integrated values for all three 

horizons; the values were between the pre-characterization hydraulic conductivities for 

the A and Btg horizons (13 and 0.0005 cm hr’, respectively). 

The results from the wet-harvest slug test analysis showed that only the churned 

areas had a significantly lower saturated hydraulic conductivity (Figure 20). The 

undisturbed areas had an in-situ conductivity of 1.71 cm hr’ while the churned areas 

were 0.76 cm hr''. The dry-harvest analysis showed a potential reduction in 

conductivity due to compaction, but the results were not significant. 

Gent et al. (1983) reported that saturated hydraulic conductivity decreased by 72 

percent in skid trails on a Lower Coastal Plain forest soil. In general, soil physical 

properties important to hydraulic conductivity are degraded with increasing levels of 

disturbance and saturated hydraulic conductivity is reduced (Campbell et al., 1973; 

Gent et al., 1984; Alban et al., 1994). This slug test method provided different results 

with only churning resulting in a significant reduction. 

Many studies of disturbance caused by harvesting operations concentrate on the 

areas of disturbance. Samples are taken directly from compacted, rutted, and churned 

areas, as were the soil cores in this study. The slug tests were performed around 

disturbed areas, but usually were not directly in them. As mentioned in the methods 

section, points in this study were placed in a disturbance category based on the 

percentage of area disturbed. In-situ conductivity wells could be located in a deeply 

rutted area without being directly in a deep rut, which is why the in-situ method was 

used. Because the slug test involves a certain soil volume around the well, it was 

believed a more complete evaluation of the horizontal movement of water through the 

soil would be obtained. This horizontal movement above the clay layer is more 

important to drainage on these sites than vertical movement through the profile. The 

results suggest that heavily rutted areas-do not reduce a site’s ability to drain properly 

until significant churning occurs. This result is different from the result determined 
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Figure 20.Wet and dry-harvest in-situ hydraulic conductivities, determined through 

slug-test analyis, across 5 disturbance classes. ' Same letters indicate no significant 

difference for parameter (Duncan's, p<0.10). 
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using soil core samples across disturbance classes (Figure 16). However, it is similar 

to the effect of wet-harvest disturbance on the water table (Figure 14) where only the 

water table in churned areas was significantly different from the undisturbed areas for 

the majority of the measurement period. The similarity in results between the two in- 

situ methods of measurement (i.e., slug tests and water table measurements) supports 

their value as appropriate methods in determining the effect of disturbance on site 

hydrology. 

There is a potential for error due to the application of the slug-test analysis. As 

mentioned in the methods section, the water table wells used for this test did not fit all 

the design parameters for an ideal slug test. Also, it should be noted that small in-situ 

well diameters (4 cm) measure only a small region around the well (Bouwer, 1988). 

Furthermore, during installation, the sides of the hole would often get smeared with 

clay. The occurrence of borehole smearing is mentioned by Jones (1993). He states 

that slug tests only sample a small region around the well and may be more 

representative of the disturbance of well installation or development than in-situ 

conductivity. With these factors in mind, it still appears that the slug-test procedure 

provided a sufficient evaluation of the effect of disturbance on in-situ saturated 

hydraulic conductivity based on similar results from the water table measurements 

across disturbance classes. However, to evaluate the response of a larger area around 

the well a much wider diameter should be used, and using fewer wells would result in 

better control over well installation. 

Soil Water Controls Productivity 

Soil water directly affects the establishment and growth of trees. Many 

researchers have reported an increase in loblolly pine growth after ditch drainage 

(Pruitt, 1947; Miller and Maki, 1957; Klawitter and Young, 1965; Coile, 1952; 

Ralston, 1965). On the other hand, excessive drainage can also be detrimental. 
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Kaufman et al. (1977) stated that excessive removal of groundwater, particularly 

during dry periods, apparently resulted in poor growth near ditches. 

An analysis was performed to assess the effect of growing and dormant season 

water table on pre-harvest productivity (Figure 21). Adjusted individual tree volume 

was not noticeably affected by depth to the water table during the growing season or 

dormant season, and it was thought that the water table should be represented as a 

more continuous variable rather than a single measurement in time. Based on the 

importance of a critical value relative to depth to the water table (White and Pritchett, 

1970; Gresham and Williams, 1977; Barnes and Ralston, 1955), it was believed that 

percent of time above a critical value would be a better indicator of a site’s productive 

potential relative to its moisture regime. Percent of time above various critical depths 

below the surface was compared to productivity (Figure 22). Again, no relationship 

was apparent. Other estimates of productivity such as density-adjusted diameter, 

volume per hectare, and height were also tested for a cause and effect relationship 

with water table height; none were significantly related. 

Given the complicated relationship between site properties and productivity, it 

was hypothesized that the relationship was more than two-dimensional. Multiple 

regressions including all available water table, site, and productivity variables were 

performed, and the most significant relationship was derived using average adjusted 

depth to water table for the year and adjusted depth to the Btg horizon to predict 

volume per tree (Figure 23). It is important to establish a connection between 

previous site hydrology and productivity. If the site hydrology is altered through 

harvesting practices, it would then be logical to assume that productivity would also be 

affected. 

The model is significant. Although, only 5 percent of the variation in 

productivity is explained. The model does result in a hyperbolic curve where the 

extremes in depth to the water table begin to show negative trends with regard to 

productivity. 
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Figure 21. Volume per tree versus adjusted depth to water table during the dormant 

season and growing season. 
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There may be several reasons why the model is not more predictive. First, there 

are other site properties affecting productivity which were not measured in this study. 

Specifically, no soil chemical or foliar analyses were performed. These analyses are 

currently being done, and the results will most likely indicate no major variation in 

fertility across the study sites given the uniform climate, soil, geology, and generally 

high productivity of the area. Other possible reasons for the lack of prediction are that 

these sites had been intensively managed, and they are very productive. There was an 

aggressive strategy to ameliorate the problem of excessive moisture through ditch 

draining, bedding, and improved genetics. Much of the potential effect of soil water 

on productivity was mitigated by these treatments. 

Even with the range in productivity seen in Figure 21, on average these sites are 

considered very productive. In general, forested wetlands are some of the most 

productive forests in the world. These sites are at the top of that list for growing 

loblolly pine. They are classified as alfilsols, and the calcareous marl parent material 

provides a ready source of base cations. These sites are classified as site index 80 to 

90 base age 25. There are very few limiting factors for the loblolly pines growing on 

these study sites. 

Nevertheless, these sites would be considered extremely wet areas for pine 

plantations. White and Pritchett (1970) reported that the best growth response of a 

slash pine plantation was attained with a water table maintained at 46 cm. Gresham 

and Williams (1977) reported that maximum height of loblolly pine occurred at an 

average depth to water table of 64 cm. Barnes and Ralston (1955) concluded that as 

long as the water table was at least 50 cm below the soil surface, aeration was not 

seriously reduced and moisture was drawn to the upper horizons through capillary 

action. Both Metz (1950) and Zahner (1968) found that site index increased steadily 

as surface soil depth increased from 15 to 60 cm. For much of the year the water 

table on these sites is above the desired value of 50 to 60 cm. 

This is an important characterization with regard to the continued research being 
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done on this study. Applying these sites to Hansen's (1977) graph would result in 

their being considered outliers (Figure 24). They are extremely wet and very 

productive at the same time. It is possible that productivity is so high that the 

buffering capacity against disturbance due to wet-weather harvesting may negate any 

detrimental impact. These considerations should be taken into account as more results 

become available. 

Another possible reason for the exceptional growth in such a wet area may 

involve the relationship between the deep and shallow water tables (Figure 25). It was 

mentioned in the methods section that the deep wells were not reinstalled after harvest 

due to the lack of correlation between deep water table measurements and 

productivity. Also, the importance of the shallow water table (< 70 cm from the soil 

surface) to productivity is well documented (White and Pritchett, 1970; Gresham and 

Williams, 1977; Stubbs and McKee, 1976; Barnes and Ralston, 1955; Metz, 1950; 

Zahner, 1968). However, when the deep and shallow water tables are plotted together 

over time, there is a delayed reaction between the rise of the perched water table and 

the deeper aquifer. The available rooting volume in the clay layer between the 

saturated zones may provide enough aerated soil for extended periods of nutrient and 

moisture uptake. 

Many of the poorly drained forests which have been researched in the past had 

completely saturated soil profiles as the water table approached the surface because 

they did not have a clay layer separating the water tables; in addition, many sites were 

also located on ultisols and entisols with low nutrient availability. The extended 

period of soil aeration associated with the clay layer of this study is associated with 

high fertility common to alfisols. This combination of high fertility and extended 

aeration provides much more buffering capacity compared to the nutrient deficient 

ultisols and entisols of prior studies. This would explain the lack of a water table 

effect on productivity. 
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SUMMARY AND CONCLUSIONS 

Wet-weather harvesting altered site hydrology by bringing the water table close to 

the soil surface during the growing season. The water table on dry-harvested plots 

was deeper during the growing season and closer to the soil surface during the 

dormant season. Water table depths varied significantly among wet-harvest 

disturbance classes, but churning resulted in higher water tables throughout the 

measurement period, July to April. In addition, because of debris piles, the churned 

areas appeared to provide more rooting volume during wetter months. Dry-harvest 

disturbance did not significantly affect the water table. 

The monthly water table measurements were often within the 50 to 70 cm critical 

depth range for maximum productivity reported in other research on poorly drained 

sites; however, the implications for this observation are not clear given the complex 

interaction between water table fluctuations and nutrient availability. 

Disturbance due to harvesting operations increased bulk density and decreased 

macroporosity and saturated hydraulic conductivity. The most significant impact 

occurred as soon as the sites were compacted. Increasing the degree of compaction to 

rutting and churning did not appreciably affect soil physical properties beyond the 

initial compaction. 

A significant decrease in saturated hydraulic conductivity was determined for 

churned areas with the in-situ slug test method. This method was chosen to measure 

saturated hydraulic conductivity because it provides a better evaluation of the 

horizontal and vertical movement of soil water compared to laboratory methods. The 

simuarity between the results of this method and the effect of disturbance on the water 

table provides a strong indication that the effect of disturbance on site hydrology, as 

measured by water table wells and in-situ slug test, is not significant until churning 

occurs. These results differ from those obtained using soil core samples from each 
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disturbance class. Given the spatial importance of disturbance relative to site 

hydrology, it is believed the in-situ methods, slug test and water table measurements, 

are more representative of the actual effect of disturbance on site hydrology. 

A regression combining depth to the water table and depth to the Btg layer 

explained a small but significant amount of variation in productivity. Overall, 

however, a definitive relationship between site hydrology and loblolly pine 

productivity was not found. The lack of a relationship was most likely due to a 

combination of (a) amelioration of site hydrology through site preparation, and (b) the 

inherent fertility of the sites. 

This initial evaluation of the effects of harvesting on poorly drained wet pine flats 

suggests that harvesting does not significantly effect site hydrology until churning 

occurs. This is especially important with regard to wet versus dry harvesting because 

churning does not occur when soils are dry. Wet-weather harvests also disturb a much 

larger area than dry-weather harvests. It is this spatial aspect of the disturbance that 

must be captured in order to properly evaluate the effects of harvesting on poorly 

drained sites. Simply measuring properties/processes within a rut will not provide 

enough information with regard to overall site hydrology, rather properties/processes 

must be measured using techniques that allow for spatial extrapolation. 

It should be noted that the conclusions drawn from these results must be made 

with some reservation due to the lack of knowledge with regard to the management 

history of these sites. The study sites were not established on undisturbed wet pine 

flats. At least one prior harvesting operation had occurred on all the sites, and site 

preparation techniques were used in stand establishment. Therefore, the effects of 

disturbance on site hydrology measured in this study may have been influenced by 

disturbance from prior management. 

Site preparation techniques may ameliorate some of the site specific problems 

associated with harvesting disturbance. The real test of site preparation effectiveness 

is how the spatial characteristics of site drainage are affected. With the poorly drained 
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properties of this site, any negative impact on site hydrology could result in a 

reduction of site potential. Reducing site potential may offset any possible gains made 

by using improved genetic stock and/or fertilization. 

On the other hand, these sites are very productive, and one could make the 

argument that these are “super sites” representing the high end of soil moisture and 

soil fertility. The tremendous potential for biomass production combined with 

ameliorative techniques used to mitigate soil disturbance and drainage problems may 

be enough to maintain productivity on these areas. 

The spatial extent and degree of disturbance is the most significant difference 

between wet and dry-weather harvesting. Wet-weather harvesting disturbed much 

more area to a greater degree compared to dry-weather harvesting. The implications 

of these disturbances are clear in terms of their potential to reduce productivity; but 

the lack of knowledge with regard to prior management inhibits our ability to draw 

definitive conclusions from this initial evaluation. Definitive answers will not 

manifest themselves until rotation age (20 to 25 years). This work characterized 

harvesting impacts on site hydrology, and will serve as the baseline for continuing and 

future studies on this rotation length project. 
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APPENDIX B: DIAMETER-TREE DENSITY RELATIONSHIP REGRESSION 
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Analysis of Variance 

Sum of Mean 

Source DF Squares Square F Value Prob>F 

Model ] 1188035.3969 1188035.3969 990.560 0.0001 
Error 1379 1653913.4075 1199.3570 

C Total 1380 2841948 8044 

Root MSE 34.63174 | R-square 0.4180 

Dep Mean =.280.63230 Adj R-sq 0.4176 

CLV. 12.34061 

Parameter Estimates 

Parameter Standard T for HO: 
Variable DF Estimate Error Parameter=0 Prob > |T| 

INTERCEP 1  367.705939  2.91933934 125.955 0.0001 
LNTREES  1_ -55.648693 1.76813137 -31.473 0.0001 
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APPENDIX C: EXAMPLE GLM ANOVA FOR WET VS. DRY COMPARISON OF 

ADJUSTED DEPTH TO WATER TABLE FOR THE OVERALL STUDY FROM 

ONE MEASUREMENT PERIOD 
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Source DF 

Model 11 

Error 3 

Corrected Total 14 

R-Square 

0.956156 

Source 

BLOCK 

REP(BLOCK) 

HARVEST 

BLOCK*HARVEST 

Source 

BLOCK 

REP(BLOCK) 

HARVEST 

BLOCK*HARVEST 

Sum of Mean 

Squares Square F Value 

2086.8782 189.7162 5.95 
95.6936 31.8979 

2182.5717 

C.V. Root MSE 
-32.64434 5.6478 

DF TypeISS Mean Square 

2 1715.6345 857.8173 

6 163.4505 27.2418 

Il 121.8915 121.8915 

2 85.9016 42.9508 

DF Type HI SS Mean Square 
2 1460.7401 730.3701 

6 113.7489 18.9582 
] 121.8915 121.8915 

2 85.9016 42.9508 
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Pr>F 

0.0844 

WT02 Mean 

-17.301 

F Value Pr>F 

26.89 0.0121 

0.85 0.6041 

3.82 0.1456 

1.35 0.3825 

F Value Pr >F 

22.90 0.0152 

0.59 0.7312 

3,82 0.1456 

1.35 0.3825



APPENDIX D: EXAMPLE GLM ANOVA RESULTS FOR WET VS. DRY 

COMPARISON OF WATER TABLE HEIGHT FOR OVERALL STUDY FROM 

ONE MEASUREMENT PERIOD



Source 

Model 

Error 

General Linear Models Procedure 

DF 

11 

3 

Corrected Total 14 

Source 

BLOCK 

REP(BLOCK) 
HARVEST 

R-Square 

0.750476 

BLOCK*HARVEST 

Source 

BLOCK 

REP(BLOCK) 
HARVEST 
BLOCK*HARVEST 

Sum of Mean 

Squares Square F Value Pr>F 

5002.6288 454.7844 0.82 0.6513 

1663.3110 554.4370 

6665.9397 

CV. Root MSE WT02 Mean 

17.48038 23.546 134.70 

Type I SS Mean Square F Value 

1505.3323 752.6662 1.36 

1609.2572 268.2095 0.48 

1086.0077 1086.0077 1.96 

802.0316 401.0158 0.72 

Type III SS.» Mean Square F Value 

1560.6314 780.3157 1.41 

1410.1337 235.0223 0.42 
1086.0077 1086.0077 1.96 

802.0316 401.0158 0.72 
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Pr>F 

0.3803 

0.7939 
0.2561 

0.5542 

Pr>F 

0.3706 

0.8293 
0.2561 

0.5542



APPENDIX E: EXAMPLE GLM ANOVA RESULTS FOR WET-HARVEST 

DISTURBANCE COMPARISON OF WATER TABLE HEIGHT FOR OVERALL 

STUDY FROM ONE MEASUREMENT PERIOD 
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General Linear Models Procedure 

Sum of Mean 

Source DF Squares Square F Value Pr>F 

Model 20 9404.7209 470.2360 3.16 0.0067 

Error 20 2980.5026 149.0251 

Corrected Total 40 12385.2235 

R-Square C.V. Root MSE WT02 Mean 

0.759350 8.562087 12.208 142.58 

Source DF TypelISS Mean Square _-F Value 

BLOCK 2 782.5134 391.2567 2.63 

REP(BLOCK) 6 5114.7802 852.4634 5.72 

ALLTRT 4 2046.5574 511.6394 3.43 

BLOCK*DC(HARVEST) — 8 1460.8699 182.6087 1.23 

Source DF Type WI SS Mean Square  F Value 

BLOCK 2 630.5533 315.2767 2.12 
REP(BLOCK) 6 A4101.0587 683.5098 4.59 
ALLTRT 0 0.0000 . . , 

BLOCK*DC(HARVEST) — 8 1460.8699 182.6087 1.23 

96 

Pr>F 

0.0972 

0.0013 

0.0272 

0.3347 

Pr>F 

0.1467 

0.0044 

0.3347



APPENDIX F; EXAMPLE GLM ANOVA RESULTS FOR DRY-HARVEST 
DISTURBANCE COMPARISON OF ADJUSTED DEPTH TO WATER TABLE FOR 

OVERALL STUDY FROM ONE MEASUREMENT PERIOD 
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General Linear Models Procedure 

Sum of Mean 

Source DF Squares Square  F Value Pr>F 

Model 8 1906.7735 238.3467 3.85 0.1475 

Error 3 185.7037 61.9012 

Corrected Total 11 2092.4772 

R-Square C.V. Root MSE WTO02 Mean 

0.911252  -43.33850 7.8677 -18.154 

Source DF Type ISS Mean Square’ F Value 

BLOCK 2 1372.1958 686.0979 11.08 

REP(BLOCK) 3 161.7073 53.9024 0.87 

ALLTRT 1 185.0401 185.0401 2.99 

BLOCK*DC(HARVEST) = 2 187.8303 93.915] 1.52 

Source DF Type HI SS Mean Square’ F Value 

BLOCK 2 1372.1958 686.0979 11.08 

REP(BLOCK) 3 161.7073 53.9024 0.87 

ALLTRT 0 0.0000 , . . 

BLOCK*DC(HARVEST) = 2 187.8303 93.9151 1.52 
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Pr>F 

0.0412 

0.5439 

0.1823 

0.3505 

Pr>F 

0.0412 
0.5439 

0.3505



APPENDIX G: EXAMPLE GLM ANOVA RESULTS FOR DRY-HARVEST 

DISTURBANCE COMPARISON OF WATER TABLE HEIGHT FOR OVERALL 

STUDY FROM ONE MEASUREMENT PERIOD 
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General Linear Models Procedure 

Source DF 

Model 8 

Error 3 

Corrected Total 11 

R-Square 

0.915749 

Source 

BLOCK 
REP(BLOCK) 
ALLTRT 
BLOCK*DC(HARVEST) 

Source 

BLOCK 
REP(BLOCK) 
ALLTRT 
BLOCK*DC(HAR VEST) 

Sum of Mean 

Squares Square F Value Pr>F 

11670.173 1458.772 4.08 0.1376 

1073 .685 357.895 

12743 .858 

CV. Root MSE WT02 Mean 

15.06963 18.918 125.54 

DF TypeISS Mean Square’ F Value 

2 5896.9273  2948.4636 8.24 

3 5335.0180  1778.3393 4.97 

l 13.7114 13.7114 0.04 

2 424.5162 212.258] 0.59 

DF Type HI SS Mean Square’ F Value 

2 5896.9273  2948.4636 8.24 

3 5335.0180  1778.3393 4.97 

0 0.0000 . . . 
2 424.5162 212.2581 0.59 
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Pr>F 

0.0605 

0.1104 

0.8573 

0.6067 

Pr>F 

0.0605 

0.1104 

0.6067



APPENDIX H: EXAMPLE GLM ANOVA RESULTS FOR WET-HARVEST 

DISTURBANCE COMPARISON OF SOIL PHYSICAL PROPERTIES USING BULK 

DENSITY FROM THE OVERALL STUDY 
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Source DF 

Model 20 

Error 24 

Corrected Total 44 

R-Square 

0.746715 

Source 

BLOCK 

REP(BLOCK) 

DC(HARVEST) 

BLOCK*DC(HARVEST) 

Source 

BLOCK 

REP(BLOCK) 

DC(HARVEST) 

BLOCK*DC(HARVEST) 

Sum of Mean 

Squares Square F Value Pr>F 

0.9959652 0.0497983 3.54 0.0019 

0.3378303 0.0140763 

1.3337955 

C.V. Root MSE BULKDS Mean 

8.268134 0.1186 1.4349 

DF Type ISS Mean Square’ F Value Pr>F 

2 0.1492659 0.0746329 5.30 0.0124 

6 0.1871873 0.0311979 2.22 0.0766 

4 0.2828893 0.0707223 5.02 0.0044 

8 0.3766227 0.0470778 3.34 0.0103 

DF Type III SS Mean Square F Value Pr>F 

2 0.1492659 0.0746329 5.30 0.0124 

6 0.1871873 0.0311979 2.22 0.0766 

4 0.2828893 0.0707223 5.02 0.0044 

8 0.3766227 0.0470778 3.34 0.0103 
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APPENDIX I: EXAMPLE GLM ANOVA RESULTS FOR DRY-HARVEST 

DISTURBANCE COMPARISON OF SOIL PHYSICAL PROPERTIES USING BULK 

DENSITY FROM THE OVERALL STUDY 
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General Linear Models Procedure 

Source DF 

Model 8 

Error 3 

Corrected Total 11 

R-Square 

0.897976 

Source 

BLOCK 

REP(BLOCK) 

ALLTRT 

BLOCK*DC(HARVEST) 

Source 

BLOCK 

REP(BLOCK) 

ALLTRT 

BLOCK*DC(HAR VEST) 

Sum of Mean 

Squares Square F Value Pr>F 

0.2195719 0.0274465 3.30 0.1774 

0.0249469 =0.0083156 

0.2445188 

C.V. Root MSE BULKD2 Mean 

7.117272 0.0912 1.2813 

DF Type ISS Mean Square’ F Value 

2 0.0012781  0.0006391 0.08 

3 0.0452844 0.0150948 1.82 
I 0.1518750 0.1518750 18.26 

2 0.0211344 0.0105672 1.27 

DF Type HI SS Mean Square F Value 

2 0.0012781 0.0006391 0.08 

3 0.0452844 0.0150948 1.82 
0 0.0000000 si. . 

2 0.0211344 0.0105672 1.27 
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Pr>F 

0.9278 

0.3183 

0.0235 

0.3983 

Pr>F 

0.9278 
0.3183 

0.3983



APPENDIX J: EXAMPLE GLM ANOVA RESULTS FOR WET-HARVEST 

DISTURBANCE COMPARISON OF IN-SITU SLUG TESTS FOR OVERALL 

STUDY 
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NOTE: ANALYSIS WAS PERFORMED ON NATURAL LOG OF THE 

CONDUCTIVITY VALUES. THE GRAPH AND AVERAGES ARE PRESENTED 

AS ACTUAL VALUES. 

Sum of Mean 

Source DF = Squares Square F Value Pr>F 

Model 19 16.223312 0.853859 3.32 0.0052 

Error 20 5.138443 0.256922 

Corrected Total 39 =. 21.361755 

R-Square CV. Root MSE LNKSAT2 Mean 

0.759456 = -47.05979 0.5069 -1.0771 

Source DF TypeISS Mean Square’ F Value 

BLOCK 2 4.0072599  2.0036300 7.80 

REP(BLOCK) 6 5.9564577  0.9927429 3.86 

ALLTRT 4 3.1650389  0.7912597 3.08 

BLOCK*DC(HARVEST) = 7 3.0945557 0.4420794 1.72 

Source DF Type III SS Mean Square’ F Value 

BLOCK 2 49036108  2.4518054 9.54 

REP(BLOCK) 6 5.8285368  0.9714228 3.78 

ALLTRT ) 0.0000000 , . 

BLOCK*DC(HARVEST) = 7 3.0945557 0.4420794 1.72 
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Pr>F 

0.0031 

0.0101 

0.0396 

0.1609 

Pr>F 

0.0012 

0.0111 

0.1609



APPENDIX K: EXAMPLE GLM ANOVA RESULTS FOR DRY-HARVEST 
DISTURBANCE COMPARISON OF IN-SITU SLUG TESTS FOR OVERALL 

STUDY 
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NOTE: ANALYSIS WAS PERFORMED ON NATURAL LOG OF THE 
CONDUCTIVITY VALUES. THE GRAPH AND AVERAGES ARE PRESENTED 

AS ACTUAL VALUES. 

Sum of Mean 

Source DF Squares Square F Value Pr>F 

Model 8 44730679 0.5591335 1.22 0.4813 

Error 3 1.3743776 0.4581259 

Corrected Total 11 5.8474455 

R-Square C.V. Root MSE LNKSAT2 Mean 

0.764961 -5] 22721 0.6768 -1.3213 

Source DF TypeISS Mean Square’ F Value 

BLOCK 2 3.1032080 1.5516040 3.39 
REP(BLOCK) 3 0.0714970  0.0238323 0.05 

ALLTRT l 1.2780661  1.2780661 2.79 

BLOCK*DC(HARVEST) 2 0.0202967 0.0101484 0.02 

Source DF Type II] SS Mean Square’ F Value 

BLOCK 2 3.1032080  1.5516040 3.39 

REP(BLOCK) 3 0.0714970  0.0238323 0.05 

ALLTRT 0 0.0000000 . 
BLOCK*DC(HARVEST) = _2 0.0202967 0.0101484 0.02 
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Pr>F 

0.1701 

0.9816 

0.1935 

0.9783 

Pr>F 

0.1701 

0.9816 

0.9783



APPENDIX L: TREND SURFACE ANALYSIS REGRESSION RESULTS FOR 

EACH BLOCK 
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Model: MODEL1 

Dependent Variable: ELEV 

Analysis of Variance 

Sum of Mean 
Source DF Squares Square F Value Prob>F 

Model 10 525.94637 52.59464 56.458 0.0001 

Error 467 435.04517 0.93157 

C Total 477 960.99154 

Root MSE 0.96518 | R-square 0.5473 

Dep Mean =101.30387 = Adj R-sq 0.5376 

    

C.V. 0.95276 

Parameter Standard T for HQ: 

Variable DF Estimate Error Parameter=O Prob > |T| 

INTERCEP 1 101.660724 0.41585444 244.462 0.0001 

x 1 -0.007485 0.00195088 -3.837 0.0001 

Y ] -0.003040 0.00157543 -1.930 0.0543 

X2 1 0.000025674  0.00000432 5.938 0.0001 

Y¥2 1 0.000005845 0.00000220 2.659 0.0081 

XY 1 0.000007641 0.00000168 4.547 0.0001 

X3 1 -2.856551E-8 0.00000000 -7.437 0.0001 

¥3 1 -2.772646E-9  0.00000000 -2.828 0.0049 

X2Y 1 -1.473039E-9 0.00000000 -2.277 0.0232 
XY2 1 -4.367279E-9  0.00000000 -4.746 0.0001 

x4 1 9.033714E-12 0.00000000 7.989 0.0001 

------- - BLOCK=2 -- - - 

Model: MODEL1 

Dependent Variable: ELEV 

Analysis of Variance 

Sum of Mean 

Source DF Squares Square F Value Prob>F 
Model 10 1015.23480 101.52348 379.176 0.0001 
Error ASS =. 121.82528 0.26775 

C Total 465 1137.06008 
Root MSE 0.51744  R-square 0.8929 

Dep Mean 98.28560 Adj R-sq 0.8905 
C.V. 0.52647 
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Parameter Standard T for HO: 

Variable DF Estimate Error Parameter=0 Prob > |T| 

INTERCEP 1 97.902612 0.20586552 475.566 0.0001 

x 1 -0.003907 0.00104464 -3.740 0.0002 

Y 1 -0.001264 0.00073426 -1.722 0.0858 
X2 1 0.000016643 0.00000218 7.630 0.0001 
Y2 1 0.000008289 0.00000121 6.868 0.0001 

XY 1 -0.000002962 0.00000077 -3.865 0.0001 

X3 1 -1.743493E-8 0.00000000 -10.081 0.0001 

Y3 1 -9.03803E-10 0.00000000 -1.340 0.1809 

X2Y 1 4.4260877E-9  0.00000000 11.586 0.0001 

xXY2 1 -5.422644E-9  0.00000000 -10.636 0.0001 

x4 1 4.771592E-12 0.00000000 10.499 0.0001 

manne enn e nnn n nnn nn nnn nnnnne = BLOCK=3 - -- 

Model: MODEL 1 
Dependent Variable: ELEV 

Analysis of Variance 

Sum of Mean 
Source DF Squares Square F Value Prob>F 

Model 10 632.49670 63.24967 145.988 0.0001 

Error 304. =131.70910 0.43325 

C Total 314 764.20579 

Root MSE 0.65822 R-square 0.8277 

Dep Mean 96.81902 Adj R-sq 0.8220 

C.V. 0.67985 
Parameter Standard T for HO: 

Variable DF Estimate Error Parameter=0 Prob > |T| 
INTERCEP 1 96.784834  0.86883419 111.396 0.0001 

x 1 0.000139 0.00330499 0.042 0.9665 

Y 1 0.007540 0.00304131 2.479 0.0137 

X2 1 0.000016796 0.00001153 1.457 0.1461 

Y2 1 -0.000016270 0.00000360 -4.514 0.0001 

XY 1 -0.000002446 0.00000316 -0.775 0.4388 

X3 1 -2.637999E-8 0.00000002 -1.523 0.1289 
Y3 1 6.4782317E-9 0.00000000 4.569 0.0001 

X2Y 1 6.103172E-10 0.00000000 0.38] 0.7034 

xXY2 1 3.1186195E-9  0.00000000 2.022 0.0440 

X4 1 9.649702E-12 0.00000000 1.111 0.2674 
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APPENDIX M: RESULTS OF REGRESSION EQUATION USED TO DERIVE THE 

RESPONSE SURFACE FOR INDIVIDUAL TREE VOLUME AS AFFECTED BY 

DEPTH TO THE WATER TABLE AND THE Btg HORIZON 
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Analysis of Variance 

Sum of Mean 

Source DF Squares Square F Value Prob>F 

Model 5 1.94167 0.38833 14.461 0.0001 

Error 1377 36.97838 0.02685 

C Total 1382 38.92005 

Root MSE 0.16387 R-square 0.0499 

Dep Mean (0.61596 Adj R-sq 0.0464 

C.V. 26.60464 

Parameter Estimates 

Parameter Standard T for HO: 
Variable DF _ Estimate Error Parameter=0 Prob>|T| 

INTERCEP 1 0.594625 0.01208656 49.197 0.0001 

ADJBT ] 0.000248 0.00054173 0.458 0.6473 
MEANW 1 -0.002073 0.00087665 -2.364 0.0182 

X2 1 -0,0000212218 0.00000896 -2.367 0.0180 

Y2 1 -0.000087257 0.00001762 -4.953 0.0001 

XY 1 -0.000083168  0.00002202 -3.777 0.0002 
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APPENDIX N: DISTURBANCE CLASS CONTOUR MAPS FOR ALL PLOTS 
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