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Soil moisture and temperature regimes during spring-summer 1996 were evaluated

in plots with compaction and organic residues treatments established in 1993 at three sites

in the Sierra National Forest after forest harvesting. The results indicate that the bare

condition (non-compacted soil with total removal of the harvesting residues and forest

floor), of these granitic derived soils, created a harsh environment for biological activity

due to high temperature at the top of the mineral soil (as high as 55 °C) and reduced water

availability in the first 15 cm of the mineral soil. The organic residues treatment

maintained significantly higher contents of water available. This treatment extended by

more than 1.5 months the residence time of water in the 0-15 cm of the mineral soil,

compared with the moisture levels in the bare soil condition. Maximum soil temperatures

were drastically reduced by the layer of organic residues. The compaction treatment

caused a modest increase in the moisture content, restricted to the first 30 to 40 days after

the last spring rainfall. Maximum temperatures also reached levels as high as 55 °C at the

top of the compacted mineral soil. The infiltration rate was reduced by about 50 % when

the bulk density was increased about 21 % in the 0-20 cm portion of the soil by the

compaction treatment.
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EFFECTS OF SOIL COMPACTION AND ORGANIC RESIDUES ON
SPRING..SUMMER SOIL MOISTURE AND TEMPERATURE
REGIMES IN SIERRA NATIONAL FOREST, CALIFORNIA

1. INTRODUCTION

1.1 Soil Moisture and Temperature, Biological Activity, and Forest Practices.

The productivity of a portion of land, in terms of its capacity to support vegetation

growth, is determined by a number of site factors. Within these factors, soil moisture and

temperature have shown to be among the most important in determining site productivity,

and at the same time to be highly susceptible of being modified by changes in the physical

environment of forest ecosystem caused by natural events or human intervention.

Essential physiological mechanisms in plants are very sensitive to water availability

in the soil. Also soil microorganisms drastically reduce their activity as the soil dries out.

Jones (1992) presented evidence from several studies that stomatal conductance (opening

and closening mechanisms) responds to soil water status rather than to leaf water status.

In radiata pine seedlings, elongation rates of needless were closely related to soil water

potential, even at high water potentials ( Sand & Correl 1976, cited by Sand & Mulligan

1990). In the same species, stem diameter and root growth were reduced by deficits in

soil water before transpiration and photosynthesis (Rook et al. 1977, cited by Sand &

Mulligan, 1990). Soil microbial activity, on the other hand (associated with organic matter

decomposition and nutrient mineralization), has been found to be optimal at water



potential around -0.0 1 and -0.03 Mpa, and decreases as soil gets drier (Paul & Clark

1996; Goncalves & Carlyle 1994; Tietema et al. 1992).

It is also known that rates of ecosystem processes are highly conditioned by

temperature. According to Jones (1992), most biological reactions show an optimum

temperature. At temperatures below the optimum, the rates of the reactions increase

exponentially when approaching the optimum. At temperatures above the optimum, rates

decrease persistently. Therefore, the moisture and temperature of the soil are major factors

in determining site productivity.

Water availability and temperature are in general determined by climate. The

modification of the top portion of the soil (organic and mineral), however, may cause

important changes in both moisture and temperature, that can create a significantly altered

scenario for biological activity in the soil, and so in the ecosystem. In forest ecosystems,

major changes to the topsoil occur during harvest activities. Changes in the amount of

organic material and compaction of the mineral soil are among the most important

changes. How these two types of alteration affect the moisture and temperature of the soil

during the growing season is the subject of this study.

1.2 Study Objectives

Given the importance of the soil moisture and temperature regimes in the dynamics

of site productivity, it is essential to understand how these regimes are controlled by soil

factors. This study is intended to quantifr changes in soil moisture and temperature

2



regimes associated with changes in forest floor and soil compaction caused by forest

practices.

1.3 This Study and The Overall Long Term Site Productivity Study

The Long Term Site Productivity study is a national research program led by

Robert Powers from the Pacific Southwest Research Station of the U.S.D.A Forest

Service. Nationwide there is a net of integrated research sites in which questions regarding

the long term productivity of forest ecosystems in relation to soil compaction and organic

residues are being studied. At three locations in the central Sierra Nevada Mountains in

California, within an agreement of cooperation between Dr. Robert Powers and Dr. James

Boyle (Forest Resources Department, Oregon State University), my study was developed

to specifically look at the effect of organic residues and compaction on the soil moisture

and temperature regimes. The treatments were established in the native mixed conifer

forest in 1992 by Dr. Powers and co-workers at three sites near Oakhurst, California:

Owl, Vista, and Central camp. Harvest activities were careflully implemented to eliminate

harvest-caused compaction or disturbance on treatment plots. Treatments of compaction

and of quantities of organic residues were thoroughly controlled in each 0.6 ha (1 acre)

treatment plot (Figure 1: Sierra National Forest key map (a), and location map for the

study sites (b)).

3
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1.4 Some Basics From The Literature

1.4.1 The Importance of Soil Water and Temperature on Biolo2ical activity.

All major biological processes in forest ecosystems are highly dependent on the

level of moisture in the soil. Some fundamental physiological mechanisms in higher plants

are highly susceptible to soil moisture. Jones (1992) indicated that stomatal conductance

(through closing and opening mechanisms) has been found to respond to soil water status

rather than to leaf water status. The same author stated that because of reduced cell

expansion and cell division, the major consequence of water stress is a decrease in leaves

size.

In radiata pine (Pinus radiata D. Don) seedlings, Sand and Correl (1976), cited by

Sand and Mulligan (1990), found that elongation rates of needles was "closely related to

the water potential of the rooting medium even when the water-potentials were quite

high". Another study in radiata pine found that stem diameter and root growth "were

reduced by soil water deficit before transpiration and photosynthesis were affected" (Rook

et al. 1977, cited by Sand and Mdlligan, 1990).

According to Paul and Clark (1996), the general microbial activity in soil is

optimal at 0.01 MPa and decreases as soil gets wetter (close to zero water potential) or

drier (at very negative water potentials). The same authors indicate that fungi can

generally tolerate greater water stress than bacteria. The rate of organic matter

decomposition, being mainly determined by the rate of microbial activity, is then also a

function of soil water content. The dependence of nutrient mineralization on soil water is

6
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well documented. Goncalves & Carlyle (1994) testing moisture from 0 to 100 % of field

capacity, found that the rates of nitrogen mineralization were the greatest between 80 and

100 % of the field capacity (field capacity is traditionally associated with soil water

potential of 0.01 or 0.03 Mpa). Equivalent results were found by Stanford & Epstein

(1973), with the highest rates found at soil water potential between 1/3 and 0.1 bar (0.03

and 0.01 Mpa). In lab incubations of conifer litter in Haplic Podsol and Haplic Arenosol

soils, Tietema et al. (1992) found that "net nitrogen mineralization increased linearly with

moisture content up to 140 % of the dry weight". According to Paul and Clark (1996), the

rate of "nitrification proceeds readily at -0.1 to -1.0 MPa moisture tension".

Temperature is the other major factor determining biological activity within forest

ecosystems. According to Jones (1992), most biological reactions show an optimum

temperature. At temperatures below the optimum, the rate of the reactions increases

exponentially when approaching the optimum. At temperatures above the optimum, the

rate decreases persistently, mainly due to enzyme denaturation. Goncalves & Carlyle

(1994), in their study of rates of nitrogen mineralization found that in the range between

5 and 25 C, the rates were the highest at 25 C and the lowest at 5 C.

It is therefore the interaction of soil moisture and temperature which most

profoundly detennine the majority of soil processes. Accordingly, Powers (1990) found,

in an altitudinal transect in northern California, that the relation between the rate of

nitrogen mineralization and temperature depends on the level of soil moisture (the linear



correlation of N mineralized and mean soil temperature found under anaerobic incubation

conditions did not hold under aerobic conditions).

1.4.2 Chanaes In Forest Floor and Soil ComDaction Caused by Forest
Practices.

Thinning, clearcutting and prescribed burning, are examples of forest practices

resulting in major impacts on forest floors. In a study carried out in a southern pine forest

in southwestern Mississippi, Miller & Sirois (1986) found that both skyline and skidder

logging caused a significant reduction in organic matter and available moisture holding

capacity, in 8 to 14 % of the logged area. The area presented difficult logging conditions

(for that region), with slopes ranging from 10 to 45 %, and silty loam or sandy loam soils

of very shallow depth in some areas. Similar results were found by Rab (1994) in

Australia, who found a reduction of soil organic matter (33% in the top soil and 66% in

the subsoil) after harvesting an eucalyptus plantation. The reduction affected about 58 %

of the harvested area, an area of cool temperate climate, steep to moderately steep hills

and a "red gradational" soil type. McClurkin et al. (1987), studying the effect of clearcut

and thinning in a Pinus taeda forest near Oxford, MS (typical upper Coastal Plain of

northern Mississippi and western Tennessee with slopes from 12 to 20 %), found that the

forest floor decreased from 28 Mg/ha to 15.2 Mg/ha, 21 months after the clearcut. They

found that thinning also reduced the amount of forest floor but at a smaller rate.

Compaction is one of the most clear consequences of the impact of forest harvest

on the properties of soil. The resistance to penetration is one way of measuring

8
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compaction. However, the most common way of assessing soil compaction has been

through measurements of bulk density. Soil compaction arises as a consequence of the

mechanical force exerted by the weight of machinery (or animals or logs). The

susceptibility of a soil to be compacted depends mainly on the particle size distribution, the

organic matter content, and the moisture content at the moment of being subjected to

compacting force.

Miller & Sirois (1986), studying the effect of cable yarding on the properties of a

silt loam soil, found an increase in soil compaction with values of bulk density increased

from 1.2 and 1.3 to 1.5 g/cm3, between 6 and 12 cm depth. Compaction was also

pronounced within the first 50 cm of the soil profile. In a 22-year-old lobloly pine

plantation in South Carolina (established on a clayey, kaolinitic, thermic, Typic Hapludult

soil), Gent et al. (1984) found that the bulk density increased significantly at different

depths in the skid trail left during a clearcut: from 1.12 to 1.52 g/cm3 between 0 and 8 cm

depth; from 1.39 to 1.67 g/cm3 between 8 and 15 cm depth; and from 1.54 to 1.66 g/cm3

between 15 and 23 cm depth. Cullen et al. (1991) also found significant increases in bulk

density due to forest harvest traffic, in a volcanic ash over limestone till soil. The increase

was from 0.61 to 0.97 g/cm3 at 5 cm depth, and from 0.53 to 0.93 g/cm3 at 15 cm depth.

In volcanic ash over quartzite till the increase was from 0.64 to 1.01 g/cm3 at 5 cm depth,

and in tertiary volcanic material it was from 1.3 to 1.58 glcm3 at 15 cm depth.

The number of times that soil is subjected to pressure also determines, the

magnitude of the compaction. Lenhard (1986), for instance, found in a soil formed from
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volcanic ash in the surface, that maximum values of bulk density were reached after 4 trips

with a rubber-tired skidder. The values increased from 0.6 and 0.7 g/cm3 to 0.8 and 0.9

g/cm3. He also found, however, that an index of pore size distribution continued

changing for up to 16 trips.

1.4.3 Effect of Forest Floor on Soil Moisture.

The main mechanism by which forest floor influences soil moisture content seems

to be the reduction in the rate of evaporation from the mineral soil. Kimmins (1987)

explains that the reduction in evaporation associated with forest floor is caused by

discontinuity of pores transmitting water from the mineral soil to the surface, where

evaporation occurs.

Forest floors maintain higher amounts of water in the mineral soil, compared with

those areas from which it has been removed (Hillman and Golding 1981; Jusoff and Majid

1992). Hillman and Golding (1981), studing forest floor characteristics in four different

forests in Alberta, Canada, found that the water holding capacity was significantly

correlated with forest floor litter thickness and dry weight. Jusoff& Majid (1992)

studying soil disturbance caused by logging operations in Malaysia, found that the soil

moisture content was higher in the undisturbed area which is covered by forest litter, and

lower in those areas with the mineral soil exposed. They also found that undisturbedareas

had the highest available water holding capacity, and those with exposed mineral soil the

lowest.
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Soil mulches have been found to have a similar effects to forest floors in slowing

down rates of evaporation. Himeick and Watson (1990) found increases in soil moisture

content after application of 3 inches of fresh wood chip mulch, in an oak forest in Illinois.

Bristow and Abrecht (1989) found that mulch decreased the rate of drying and maintained

seedbed temperatures well below those experienced under bare soil conditions, during a

drying cycle in a loamy sand and clay loam soil in a semi-arid, tropical environment. Flint

and Childs (1987), studying the effect of shading, mulching and vegetation control on

Douglas-fir seedling growth and soil water supply, found that the higher amount of water

loss (over 60 % of the total seasonal water loss) occurred in a scalp treatment which left

the soil surface bare.

1.4.4 The Effect of Soil Compaction on Soil Moisture

Soil compaction causes a reduction and rearrangement of the soil pore volume,

and so its most noticeable effect is a reduction in the infiltration capacity or hydraulic

conductivity of the soil. Donnelly & Shane (1986) found an increase in surface soil

moisture content in a sandy loam soil after compaction, which was associated with a

reduction in infiltration capacity. Hillel (1982) states that the decrease in the movement of

water and air through the soil is associated with a reduction in the number of large pores

because of compaction. The effect of compaction on the soil pore volume, and so on the

soil-water relationships, seems to be largely dependent upon particle size distribution and

soil structure. Soils with fine textures, and reduced proportions ofmacropores, are usually

more susceptible to reductions in water holding capacity. Cullen et al. (1991) found that
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"water retention at 0.002, 0.0 10, and 0.033 Mpa was significantly lower at the 15 cm

depth in trafficked than in nontrafficked areas of ash over limestone till". On forest soils of

Amazonia (oxisols), Grimaldi et al. (1993) found that compation caused by mechanical

deforestation and cattle trampling resulted in reduced pore space and available water.

In soils of coarser textures, the water holding capacity seems to be less affected, or

even be increased by soil compaction. Hager & Sieghardt (1984) found that the reduction

in water availability around saturation point due to soil compaction was three times

greater in the clay loam soil than it was in the sandy loam soil. Hulugalle et al. (1984)

found that the compaction (increase in bulk density) caused by mechanical clearing in an

Alfisol soil, resulted in a significant reduction in soil water content at 0 kPa water tension,

and in a increase in water content at -10 and -33 kPa of water tension (-0.01 and -0.033

Mpa). Powers (personal communication, USDA Forest Service, Pacific Southwest

Research Station, Redding, California) studying long term effect of forest practices after

clearcut in Sierra Nevada, California, found increases in moisture content in a coarse soil

subjected to compaction.



2. METHODS

2.1 The Study Sites

In 1992 three sites at the Sierra National Forest, near Oakhurst, California, were

harvested in order to study the effect of compaction and organic residues on site

productivity. The sites known as Vista, Central Camp, and Owl, are located in an area

with soils originated from granodiorite, at an altitude between 1477 and 1873 m above sea

level. No statistical differences in particle size distribution among the plots under study

were found from soil cores taken at both 0-10 and 10-20 cm depth at each plot. The

average values of each fraction are: 6.1 % clay, 20.6 % silt, 59.2 % sand, and 14.1 %

coarse material. Areas with high topographic gradients were avoided, so plots are located

in areas with moderate slopes. The table below provides more information about these

sites.

Characterization of the study sites.

Geology: Granodiorite
Soils: Dome Soil Series, Coarse-loamy, mixed, mesic Dystric Xerochrept

13

Central Camp 1496-1508 119° 28' 37° 20'
Owl 1800-1873 119°24' 37° 15'
Vista 1477- 1593 119° 34' 37° 23'

Elevation Site Coordinates
(m) NS EW
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The Sierra Nevada Mixed Conifer forest is natural in the area. Ponderosa pine

(Pinus ponderosa Doug!. cx Loud.), California white fir (Abies concolor (Gord. & Glend.)

Lindi.), sugar pine (Pinus lambertiana Doug!.), incense-cedar (Libocedrus decurrens Torr.)

and California black oak (Ouercus kelloggii Newb.) are the main tree species in this forest

type. Within the shrub species, greenleafmanzanita (Arctostaphylos patula), deerbrush

(Ceanothus integerrimus), and mountain whitethorn (Ceanothus cordulatus) are among the

most abundant (Tappeiner II, 1980).

The 1996 year precipitation reached 94 cm and its distribution is presented in

Figure 2, jointly with the maximum and minimum air temperatures for the same period.

This climatic information was recorded at the meteorological station of the USDA Forest

Service Minarets Ranger District located in the North Fork facilities. This station is close

to study sites (Figure 1); its elevation is 1024 m above the sea level. Because of

differences in altitude, precipitation at the study sites may have been a little bit higher and

the air temperatures a little bit lower than those registered at the base station.
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Jun30 8-1 10-8 11-27 1-16 3-6 4-25 6-14 Aug3

Figure 2. 1996 year precipitation and air maximum and minimum temperature for the
study area (source: Met. station USDA Forest Service met. station at Minarets Ranger
Disti-ict in North Fork, California).



2.2. Experimental Design

The overall study design, implemented by Dr. Robert Powers and co-workers, is a

blocked factorial, split plot design, with control and three levels each of compaction and

organic residues, created on 0.6 ha (one acre) plots. Each 0.6 ha plot was split to

implement control of shrub vegetation on half of each plot. Three replications are the three

blocks at the Owl, Vista and Central Camp locations.

My study was conducted specifically in those plots representing the extreme

conditions of the compaction and the organic residues treatments, in the portions of the

plots without shrub vegetation. Preliminary field work, including plot selection and field

conditions assessment, was conducted during summer 1995. Detailed field work and

sampling were done during spring and summer 1996. The organic matter effect was

studied at all three sites, having in total 3 plots with organic residues and three plots with

bare soil. The compaction effect was investigated only at two sites (Vista and Central

camp), having two plots with compacted soil and two plots with bare soil. For both

treatments the controls were bare soil plots.

Within each plot, sample points were randomly selected. The effect of vegetation

was not intended to be included in this study, so the areas or patches within each plot with

presence of shrubs or weeds were excluded. Soil moisture and temperature at 15 cm depth

were monitored at five sample points in each plot from May 27 to August 19. At three of

these points in each plot, one time measurements were made at two depths in the mineral

16
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soil (0-10 cm and 10-20 cm), to determine bulk density, moisture content, and infiltration

rate. Particle size distribution was determined from samples taken at one point in each plot

(at two depths: 0-10 and 10-20 cm). The thickness of the organic debris layer was

recorded at each of the five sample points in each plot.

2.3 Soil Variables and Measurement Procedures

Soil moisture and temperature throughout the study was indirectly determined by

measuring the electrical resistance of sensors installed in the soil profile. The electrical

resistance of the sensor, which theoretically after some time is in equilibrium with the

moisture in the soil, allows the estimation of the soil moisture content. A calibration curve

between the sensor electrical resistance and the soil moisture content had to be developed

for the soil under study. The electrical resistance in the sensor is measured with a meter.

Gardner (1986, pg 514) provides detailed information about this procedure and apparatus

involved. The meter and the sensors used in this study were the ones commercialized by

Soil Test Inc. In this study, the rectangular flat sensors (3.8 cmx 2.8 cm) were installed at

15 cm depth in the mineral soil.

After the intensive field reading season (May 27 to August 19, 1996), a calibration

curve was developed in the laboratory to relate sensor electrical resistance to soil moisture

content. A total of seven samples (2 from Owl, 2 from Central Camp, 3 from Vista) were

used to build the calibration curve for the study site. Because field readingswere made at

15 cm depth, samples used were from the 10-20 cm depth. Each sample for calibration
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was about 600 g dry weight. The resistance/temperature sensors were placed in the center

of each sample. Samples were initially saturated with water and allowed to slowly dry at

room temperature. Readings of electrical resistance and sample weights were made daily

for 20 days, at which time the soils were dry and the electrical resistance readings had

reached the maximum of the meter scale.

Soil temperature determinations at 15 cm depth also were done with the soil

sensor and meter. The apparatus provided direct measurement of soil temperature in a

Fahrenheit scale. Data were then transformed to Celsius. Measurements representing soil

surface temperature were made at the top 2 cm of the mineral soil with a soil

thermometer. Soil surface temperature measurements were made from July 7 to August

19, and it was necessary in this case, to use a sunshield in order to avoid direct heating of

the thermometer by solar radiation.

Particle size distribution was determined for soil samples with standard lab

techniques using the hydrometer method (Gee & Bauder, 1986), at the Oregon State

University Soil Physics laboratory. Bulk density was determined from soil cores taken

from 0-10 and 10-20 cm depth. Metal cylinders 7.95 cm long and 7.5 cm inner diameter

were used. Soil samples were oven-dried at 105 °C for 24 hours. Bulk density was

calculated with the sample dry mass and the cylinder inner volume. Thickness of the cover

of organic residues was measured with a ruler at each of the five sample points within each

plot.
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In situ infiltration measurements were made with a metal cylinder 8.5 cm in

diameter and 20 cm long. The cylinder was pounded 10 cm into the soil. This operation

was carried out carefully in order to minimize disruption of the soil structure. Water was

poured into the cylinder through a fine plastic tube connected to the water supply (a

plastic graduated cylinder). A constant 6 cm water head was maintained in the cylinder by

manually controlling the rate of water supply in the tube with a pressing valve. The

amount of water infiltrated was measured in the plastic cylinder, along with time. These

infiltration measurements were done for about 30 minutes each, at the 0-10 cm and 10-20

cm depths, at three sample points per plot. For detailed standard technique see Bouwer

(1986).

The soil moisture characteristic curve, relating the moisture content of the soil to

its matric potential (method described by Klute 1986), was determined for six samples

from the 10-20 cm portion of the soil (three from Central camp and three from Vista).

This determination was carried out by Will Austin at the Soil Physics Laboratoiy at

Oregon State University.

2.4 Statistical Analysis

The effect of the treatment, compaction or organic debris, in relation to the control

treatment, bare soil, was assessed at each point in time at which readings were made. A

two sample t-test was used to determine differences in soil moisture or temperature

caused by treatments. The difference was considered statistically significant for p-values <
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0.05. In this way, the values in the plots with organic residues were contrasted with the

values in the bare soil plots at all three sites/blocks. The readings in the compacted plots

were contrasted with the readings in the non-compacted plots, at two sites/blocks: (Vista

and Central Camp).



3. RESULTS

3.1 The Bare Soil Hydrothermal Regime

From May 16 (when a 4.2 cm rainfall occurred) to August 19, the soil moisture

content at 15 cm depth in bare soil conditions decreased persistently. Eleven days after the

rainfall the moisture content was around 21 % and on August 19 (95 days after the

rainfall) the value had dropped to about 7 % by mass (Figure 3.1 .A). In the same period

the maximum soil temperature at 15 cm increased from 17 °C to about 27 °C. The soil

surface temperature from July 7 to August 19 varied between 50 and 55 °C (Figure

3.1 .A). Daily maximum and minimum air temperatures for the period of study are also

presented for reference in Figure 3.1 .A.

The conditions found in the bare soil are rather harsh in ecological terms. Because

of the high rates of solar radiation, along with the high levels of air temperature shown in

Figure 3.1.A, the uppermost portion of the soil dried out very soon after the rainfall. The

moisture at 15 cm depth shown in Figure 3.1 .A is expected therefore to be the highest

level of moisture within the 0-15 cm zone of the mineral soil. This means, based on the

same figure, that the moisture in the 0-15 cm portion of the soil was below the permanent

wilting point (PWP), -1.5 Mpa of water tension, by June 6, 21 days after the rainfall.

21
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Soil surface temperature (measured in the top cm of the mineral soil), on the other

hand, might well have become a stressing factor for biological activity as early as June 5.

As can be seen in Figure 3.1 .A, measurements of surface temperature were made from

July 7 to August 19. In that period average temperatures were above 50 °C. On several

days the topsoil temperature exceeded the maximum of the scale of the soil thermometer

used, 55 °C. It is suspected that maximum soil temperature at the surface of the bare

mineral soil could reach temperatures as high as 60 °c in days of high solar radiation in

these areas. Considering the curves of soil temperature at 15 cm and maximum air

temperature, it seems reasonable to think that maximum temperature at the soil surface

may have reached 45 °C as early as June 5.

3.2 Soil Hydrothermal Regime Under Organic Residues and How It Compares
With the Bare Soil Condition

3.2.1 Soil hydrothermal regime in the presence of organic residues.

After 4 years since the treatment was established, the thickness of the organic layer

averaged 13.4 cm, including the L, F, and H horizons. When the measurements started on

May 27 (eleven days after the 4.2 cm rainfall), the soil moisture at 15 cm depth in the plots

with organic residues was found to be around 27 %. To provide a perspective for

comparison and discussion, the value 40 % moisture on May 16, in Figure 3.2.A, is an

assumed value for all the plots to represent a high degree of moisture in the soil when the

4.2 cm rainfall occurred. With some moisture remaining in the soil from previous rainfalls,

the zone from 0 cm to 15 cm depth was very likely saturated at that time. By
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Figure 3.1.A Soil hydrothermal regime in bare soil during the spring-summer 1996. The
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August 19, the moisture had decreased to values around 16 %. Soil temperature at 15 cm

during the same period varied from 9 to about 16 °C. The temperature at the top of the

mineral soil, below the layer of the organic debris, varied between 18 and 22 °C in the

period from July 7 to August 19.

3.2.2 The effect of orEanic residues on soil moisture

During the whole period of study, the moisture content at 15 cm depth in the plots

with organic debris was found to be significatively higher than that observed in bare soil

plots (two sample t-test, Appendix 1). On May 27, the average moisture content at 15

cm in plots with organic residues was about 6 % units higher than it was in bare soil plots

(26.9 vs 20.6% respectively). This value was also the smallest difference found between

the treatments. The maximum differences registered, 8.9 and 8.5 % moisture units, were

found between June 15 and July 4 (Figure 3.2.A). In summary, the soil moisture content

at 15 cm depth in the presence of organic residues remained between 6 and 9 % by mass

higher than the bare soil condition from May 27 to August 19, 1996.

In order to determine the impact of the treatment on ecosystem properties, the

results will be evaluated in reference to ecological parameters. For this study the relevant

parameter will be the range of moisture at which water is available for plants: -0.01 Mpa

to -1.5 Mpa (-0.1 to -15 bar) of water potential. These values are associated to the

traditional concepts of field capacity (FC) and permanent wilting point (PWP)

respectively, and the range of moisture between them is known as the available water



5
0

May16

PwP

20

6-5

FC

soil

with Organic res.

6-25 7-15 8-4 Aug24

Water
Potential
(MPa)

- 0.005

0.008

-0.14

-0.32

- 0.6

- Li

Figure 3.2.A. Soil moisture regime of plots with and without organic residues.

(Awl). Traditionally, the FC condition (soil moisture after two days of a rainfall or

irrigation) has been considered to be optimal for plant growth. It has also been found that

general biological activity in soils (activity of organic matter decomposer organisms) is

optimal at -0.01 Mpa (Paul & Clark 1996, pg 22; Stanford & Epstein 1973). Permanent

wilting point (PWP) represents very low moisture content in the soil; a condition that most

plants are unable to tolerate. Water potential of -1.5 Mpa is the value traditionally

associated with PWP.

In the soil under study, the equivalent moisture content for -0.01 Mpa and -1.5

Mpa are 27.6 % and 8.1 % by mass respectively (the moisture characteristic curve for

these soils is presented in Appendix 2). In this study, it took 21 days for the soil moisture
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in the bare soil treatment to drop below the 50 % of the available water, the region

between -0.01 and -1.5 Mpa (see Figure 3.2.B). In the soil with organic residues, the same

50 % of the available water level was not reached until after 74 days since the rainfall. In

other words, the layer of organic residues increased by more than 1.5 months (53 days),

the residence time of water at levels above 50 % of the available capacity, or 17.85 % by

mass (Figure 3.2.B).

To have an idea of what these results could mean for plant growth, consider some

results reported in the literature. Most plants have been found to exhibit increasing signs

of stress when moisture values drop from the FC level. Spollen et al. (1993) found 50 %

reduction in shoot elongation rate in maize when water dropped to potential values of-0. 1

Mpa in a vermiculite substratum. The same happened to soybeans, cotton, and squash

when water potential dropped to -0.2, -0.2, and -0.35 Mpa respectively. Forest species

show the same pattern. Zabner (1968), citing Sand & Rutter (1959), reported a 50 % drop

in shoot production in Pinus sylvestris seedlings in soils allowed to dry to 1.5 atmosphere

tension (-0.15 Mpa). The same author, citing Stransky & Wilson (1964), reported that

terminal elongation in Pinus taeda and Pinus echinata was inhibited by tensions not greater

than two atmospheres (-0.2 Mpa), and that elongation stopped completely as tensions

approaching 3.5 atmospheres (-0.35 Mpa).

Studies regarding soil moisture usually report the results in reference to the "plant

available water" zone, between PC and PWP. Figure 3.2.B presents the results of this

section in that fashion. The differences in water availability over time, between the soil



with and without organic residues, seems more evident in this figure. It can be seen for

instance, that the organic residues extended by more than a month the time in which the

soil moisture was above 75 % of the AW.

The results presented in the previous paragraphs are those found at 15 cm in the

mineral soil. The difference in moisture between the soil with and without organic

residues is more dramatic however, when the whole 0-20 cm portion of the mineral soil is

considered. Figure 3 .2.0 presents the average values of moisture content on June 14 for

the 0-10 and 10-20 cm soil depths in the bare soil and in the soil with organic residues (the

data were obtained from samples taken on June 14 at the 0-10 and 10-20 cm depths at

three sample points per plot, three plots per treatment level).

It can be seen in Figure 3 .2.0 that not only is the moisture in the 10-20 cm zone

higher in the organic residues treatment but also that in this treatment the moisture at 0-10

cm is as high as at 10-20 cm, while in the bare soil the value at 0-10 cm is only 57.3 % of

the value in the 10-20 cm zone. The data reveal that the total amount ofwater held by the

0-20 cm portion of the soil on June 14 is 2.26 cm of water (depth equivalent) in the bare

soil, and 4.07 cm of water in the soil with organic debris cover. In other words, at one

month after the rainfall, the total amount of water in the 0-20 cm zone was maintained 80

% higher by the layer of organic residues, compared with that in the bare soil.
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Figure 3.2.0 Soil moisture for the 0-10 and 10-20 cm depths of the mineral soil with and
without organic residues on June 14.
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The average difference of 8 % moisture units between treatments, measured at 15

cm depth (as shown in Figure 3.2.A), is then associated with an 80 % difference in the net

amount of water in the 0-20 cm zone for that date. The curves in Figure 3 .2.A are

therefore indicative of much more dramatic difference in the soil moisture regime between

the bare soil and the soil with organic residues during the 1996 growing season.

If we consider the PWP as a limit for biological activity, we could say that the organic

residues treatment, with soil moisture contents above the PWP at August 19, allows

biological activity in the 0-15 cm region of the mineral soil for more than 95 days beyond

the last spring rainfall.

3.2.3 The thickness of the organic layer and the soil moisture regime.

With the information of the amount of the organic residues measured by the

thickness of the organic layer (litter, fermentation and humus horizons) at each point in the

field, the relation between the amount of organic debris and the soil moisturewas fbrther

investigated. Figure 3 .2.D shows soil moisture at 15 cm depth versus the thickness of the

organic layer, at 3 three times during the drying cycle: May 27 (beginning of the field

measurements); August 19 (end of the field readings); and June 15 (middle of the drying

cycle, on the measurement date prior to a 3.5 mm rainfall that occurred on June 27).

Regression analysis suggest a linear relationship between the two variables observed in

this figure (regression details presented in Appendix 3).
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Using the equations shown in Figure 3.2.D, soil moisture was estimated for three

amounts of organic debris, 7, 15, and 23 cm thickness (values within the range found in

the field), and plotted against time. The results are shown in Figure 3.2.E. A value of 40

% moisture was assumed for all the plots after the last big rainfall (4.22 cm) occurred on

May 16.
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Figure 3 .2.IE. Moisture at 15 cm in the mineral soil under different levels of organic
residues during the 1996 spring/summer dzying cycle. The 40 % soil moisture for all the
points on May 16 is an assumed value base on the assumption of saturation after a 4.22
cm rainfall occurred on this date.



3.2.4 Effect of organic residues on soil temperature

During the whole period of study, the soil temperature at 15 cm was significantly

lower in plots with organic residues than it was under bare soil conditions (two sample t-

test, see Appendix 4). The average difference was around 11 °C between treatments. At

the top of the mineral soil, the presence or absence of organic residues caused much more

striking differences in temperature. Between July 7 and August 19, the temperature at the

top of the mineral soil was around 31 °C lower in the presence of organic residues

compared with the bare soil (Figure 3.2.F). The stressful conditions for biological activity

impose by high temperatures in the surface of the bare soil were totally alleviated in the

organic residues treatment. Temperatures between 14 and 22 °C observed most of the

time in the soil beneath the organic residues are much suitable for biological activity.
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Figure 3.2.F Soil temperature of treatments with and without organic residues.
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3.3 Soil Hydrothermal Regime in Compacted Soil and How it Compares with
the Non-Compacted Condition (with no residue cover).

3.3.1 Hydrothermal reme in comnacted soil

Soil moisture content at 15 cm in the compacted soil decreased persistently from

24 % on May 27 (11 days after the 4.2 cm rainfall) to 9 % on August 19. At the same time

the maximum soil temperature increased from 16 to around 28 °C. Maximum temperature

at the soil surface from July 7 to August 19 varied between 48 and 54 °C.

3.3.2 Effect of compaction on soil moisture

In the period from May 27 to June 15, soil moisture content at 15 cm depth

differed statistically between the compacted and non-compacted treatment (two sample t-

test, Appendix 5). In this period, the moisture content by mass was about 2.4 % moisture

units higher in the compacted soil (Figure 3.3 .A). Because of the higher bulk density in the

compacted soil, this difference translates to about 4.4 % by volume.

The values shown in figure 3.3.A correspond to average values of moisture at 15 cm

depth in 10 sample points per treatment/site, at Vista and Central Camp sites.

Some information about how these results relate to the moisture condition in the

whole 0-20 cm portion of the soil provides further insights about the effect of

compaction. Figure 3.3 .B shows actual water content on June 14, for the 0-10 cm and

10-20 cm soil depths, obtained from soil cores. The data are averages of three sample

points per plot, in two plots per treatment. In both treatments, the moisture content in the

0-10 cm region was found to be around 60 % lower than in the 10-20 cm region.
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Figure 3.3.B Moisture at 0-10 and 10-20 cm depth on June 14 in the compacted and
non-compacted treatments.
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At both depths, the moisture in the non-compacted soil was about 66 % lower than in the

compacted soil. Summarizing for the whole 0-20 cm portion, the amount of water in the

bare soil was 2.15 cm (water depth equivalent), and in the compacted soil 3.2 cm. This is

an increment of 49 % caused by the compaction treatment.

It is important to notice therefore, that an average difference of 2.4 % in moisture

at 15 cm depth is associated with a larger difference in the whole 0-20 cm portion of the

soil. The difference (observed on June 14) could be important for soil biological activity,

especially if it is descriptive of a pattern for the period May 27 to June 15, in which the

differences at 15 cm were significant between treatments. From July 4 to August 19 no

statistical differences were found in moisture at 15 cm between the compacted and the

non-compacted soils (Two sample t-test, Appendix 5, Figure D). Apparently compaction

caused a reduction in size of a fraction of pores (macropores) allowing the soil to hold

more water against gravity and evaporation during the first part of the drying cycle. In

summary, the compaction treatment improved, to a certain degree, the soil moisture

condition in the first part of the drying cycle.

3.3.3 Effect of comnaction on soil temperature

With the exception of the last reading, made on August 19, no statistical

differences were found in maximum soil temperature at 15 cm depth between the

compacted and the non-compacted treatments for the period May 27 to August 15 (two

sample t-test, Appendix 6). Something similar was observed for temperature at the soil

surface measured from July 7 to August 19. With the exception of the readings dated July



10, the soil surface temperature was not statistically different between compacted and

non-compacted treatments (Figure 3.3 .C). The results indicate that the harsh conditions

imposed by high surface temperatures in the control treatment (bare non-compacted soil),

as described in the section 3.1 of this chapter, are also present in the compaction

treatment.
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Figure 3.3.0 Soil maximum temperature in the compacted and non-compacted treatment
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3.3.4 Effect of compaction on bulk density and infiltration rate

Figure 3.3 .D shows the average values of bulk density (BD) in the bare soil and in

the compacted bare soil, for 0-10 cm and 10-20 cm depth. Bulk density in the compacted

soil was 1.25 g/cm3 on average (two depths combined), and 1.03 g/cm3 in the non-

compacted. The difference was found statistically significant (p-value < 0.00 1, two sample

t-test). The increase in bulk density by the compaction treatment was about 21 %.

Figure 3.3 .E shows the average rates of infiltration measured in the compacted

and non-compacted bare soil at 0-10 and 10-20 cm depth. It can be seen that the

infiltration for the whole 0-20 cm was reduced in about 50 % by the compacted treatment.

It has to be noticed that because these infiltration measurements were made in about 30

mm each, in rather dry soil conditions, and maintaining a constant water head of 6 cm,

they must be considered as maximum values of infiltration for these soils. Infiltration rates

may decrease considerably under the wet conditions of these soils during the rainy season.

Erosion is the main concern for soils with low infiltration rates, the situation observed in

the study area, particularly in the compacted bare plots.

3.3.5 Bulk density and infiltration rate relationship

Soil bulk density is the parameter commonly used to communicate levels of

compaction. It seems appropriate therefore to look at the relationship between bulk

density and the rates of infiltration. The previous results show that on average the

infiltration rate was reduced about 50 % by a 21 % increased in bulk density.
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Figure 3.3.F shows the scatter plot of infiltration rate versus bulk density. (Each

infiltration rate corresponds to the slope of the regression line describing infiltration over

time for each measurement. Both infiltration and bulk density values were obtained at

each soil depth, 0-10 cm and 10-20 cm, at each sample point.)

The model used to describe the relationship of BD and infiltration rate has the

form: INFILTRATION = a + b * (1/BD), with Infiltration in cm/mm and BD in g/cm3.
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Figure 3.3.F Infiltration rate versus soil bulk density. Scatterplot and adjusted model.
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The adjusted model is: INFILT (cm/mm) = - 3.02879 + 4.2253 5 (1/ BD).

The regression statistics are:

p-value (regression) <0.0001

Rsquare = 0.53

Standard error = 0.5528

Observations = 60



3.4 The Effect of a Small Ritinfail in the Middle of the Drying Season on the Soil
Moisture Regime

On June 27 a small rainfall (3 5 mm) was registered at the Minarets Ranger District

Station, which is close to the study sites, at an elevation of 1024 m above the sea level. At

Central Camp, one of the study sites/blocks, at an elevation of 1500 m, the rainfall must

have been somewhat more. Figure 3.3 .G show the moisture regime at 15 cm depth at

each of the treatments in Central Camp, the site at which the rainfall was more noticeable.

The rainfall was observed to have differential impact on the soil moisture depending on the

treatment, causing a departure from the trend of soil drying in each case. At 15 cm depth

in the soil, the rainfall caused an important increase of water content in the bare soil, a

modest increase in the compacted soil, and almost no effect on the soil underneath the

organic debris.

The high proportion of macropores in the bare soil treatment allowed the water to

penetrate into the profile. The reduction in the proportion of macropores by compaction

reduced the amount of water reaching 15 cm depth in comparison with the bare soil. The

water was therefore held in the upper-most portion of the soil, allowing more losses by

evaporation. In the organic residues treatment most of the rainfall was retained by the

layer of organic residues and prevented therefore from reaching the 15 cm depth in the

mineral soil. The fraction of water held by the surface residues must have been readily

evaporated. The rest of the water held by the deeper layers of organic material likely

contributed to keep high levels of moisture in the mineral soil for a longer time by

reducing the gradient of moisture between the mineral soil and the organic material.
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The results suggest that while "light" rainfall eventsmay temporarely wet bare soil

surfaces, and layers of organic residues, and may briefly reduce evapotranspiration

"demand" at a site, unless such events add water sufficient to penetrate to some depth in

the mineral soil and "recharge" soil water supply, they may be of little ecological

consequences for plant growth.
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4. CONCLUSIONS

Soil moisture and temperature regimes in the top 15 cm of bare mineral soil,

compacted bare soil, and soil with organic residues (non-compacted), were examined for

the growing season 1996 (May to August), in an area harvested in 1992. Having made the

evaluation in terms of biological parameters, the results indicate quite different outcomes

in soil moisture and temperature regimes depending on which of the three conditions is

applied to the soil after the forest harvesting. In the bare soil treatment (non-compacted

soil and all organic residues removed after the forest harvesting), harsh conditions created

by the reduced amount of available water and top-soil temperatures as high as 50 °C

constrain significantly the conditions considered suitable for biological activity. After only

22 days from the last spring rainfall, the moisture at 15 cm depth had dropped to 50 % of

the available water region, equivalent to a water potential of -0.45 Mpa. Permanent

wilting point at this depth was reached after 80 to 90 days following the last rainfall.

The compaction treatment (highly compacted soil with all the organic residues

removed after the forest harvesting) on these coarse soils, allowed them to hold more

water in the first 15 cm of the profile in comparison to non-compacted soils. The increase,

however, is relatively modest and constrained to the first part of the drying cycle, about 30

to 40 days after the last rainfall. The rest of the time no significant differences were found

between the compacted and non-compacted bare soil in the moisture content at 15 cm

depth. In this case the 50 % of the available water region at 15 cm depth was reached after

35 to 40 days after the last rainfall. The permanent wilting point at the same depth was
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reached after 95 to 100 days from the spring rainfall. Very high soil surface temperatures

(as high as those mentioned for the bare soil) are also a constraint for biological activity in

this treatment. It is recognized, however, beyond the factors considered in this thesis, that

without an evaluation of soil erosion, these results are only partial in describing the effects

of compaction and removal of residues on the ecological condition of the soil after forest

harvesting.

The organic residues treatment which kept all the organic residues on the site,

once the boles were removed during the forest harvesting, maintained the moisture

content in the 0-15 cm of the mineral soil within the 50 % of the available water region,

for about 2.5 months beyond the last spring rainfall. The moisture at 15 cm in this

treatment didn't drop to the permanent wilting point level by the end of this study, 95 days

from the last rainfall. The minimum, and last value registered, was about 35 % of the

available water region (15 % by mass). Temperatures ranging from 14 to 22 °C most of

the time during the period of study, also contributed to maintain conditions considered

suitable for biological activity in the mineral soil. Among the three soil conditions studied

(bare soils, compacted bare soil, and soil with organic residues) , the treatments which left

the organic residues on the soil after the forest harvesting provided the best moisture and

temperature conditions for biological activity in the upper 15 cm of the mineral soil.

Besides the positive effects of the organic residues on soil moisture and

temperature found in this study, the additional benefits regarding soil erosion and soil

nutrient capital associated with this treatment must also be considered. The conservation
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and redistribution of organic residues after the harvesting reduce the risk of erosion of

these granitic soils, naturally highly susceptible to this phenomenon, by increasing the

water absorption capacity of the soil as a whole and by eliminating the splash effect of

raindrops on the mineral soil. Additionally, keeping the organic residues after harvesting

maintains in the site most of the energy and nutrients that have been accumulated in the

organic material for many years. This aspect can be particularly important for the long

term productivity of these young soils, which naturally contain low levels of organic

matter in the profile. The results of this study therefore, indicate that the conservation of

the forest floor and the organic residues after harvesting is a recommendable management

practice when the forest is harvested in these areas.

Because of the harsh conditions created by the removal of the forest floor and the

organic residues after the harvesting in the bare soil treatment, avoiding such conditions is

recommended for this type of environment. The immediate effect of this treatment on soil

moisture and temperature regimes must also be linked to the long term effect that the

removal of organic residues may have on site productivity due to the lose of nutrients

and energy contained in the material removed. Furthermore, the risks of erosion are also a

concern associated with this treatment.

The results obtained in the compacted treatment do not allow a final conclusion.

The positive effect of this treatment, caused by a relatively modest increase in moisture in

the first 15 cm of the mineral soil, during the first part of the drying cycle, needs to be

contrasted with the risk of erosion in soils in which compaction has drastically reduced the
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rate of infiltration. A management recommendation, therefore, is not appropriate at this

time in relation to surface soil compaction. Further research, including evaluation of root

distribution of both trees and shrubs, should be part of the evaluation of compaction.
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Appendix 1. Two-sample t-test for organic residues effects on soil moisture.

(*) Stat. significant, p-values <0.05
t critical one tail 1.70
t critical two tail = 2.05
Observation per treatment £h date = 15

50

DATE DAY

Moisture at 15 cm in the mineral soil

Bare Soil Soil with Org. Resid.
AVG STDS AVG STDS Pool. SD SE t-stat

May27 11 20.56 3.59 26.89 3.13 3.37 1.23 5.153 *

May28 12 20.33 3.59 26.45 2.93 3.27 1.20 5.119 *
June 6 21 17.84 3.64 24.84 3.07 3.37 1.23 5.695 *

June 10 25 16.41 3.65 24.42 3.34 3.50 1.28 6.267 *
June 15 30 14.92 3.61 23.84 3.69 3.65 1.33 6.691 *
July 4 49 14.43 4.36 22.93 4.37 4.36 1.59 5.334 *
July 7 52 13.89 4.08 21.99 5.05 4.59 1.68 4.840 *
July 10 55 13.32 3.82 21.09 5.91 4.97 1.82 4.279 *
July 27 72 10.34 3.55 17.97 7.28 5.73 2.09 3.647 *
Aug 1 77 9.55 3.58 17.27 7.42 5.83 2.13 3.626 *
Aug 15 91 7.71 3.29 15.67 7.33 5.68 2.08 3.838 *
Aug 19 95 7.19 3.12 14.99 7.15 5.52 2.01 3.874 *



Appendix 2. Moisture characteristic curve for the soil under study.
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Appendix 3. Regression statistics for organic residues thickness versus soil moisture for
May 27, June 15, and August 19.

Regression Statistics Soil Moistu re on OM thickness Day 3 May27

Multiple R 0.663241
R Square 0.439888
Adjusted R Square 0.419884
Standard Error 3.519027
Observations 30

Analysis of Variance

df Sum of Mean S F Significance F
Regression i 272.3147 272.3147 21.99003 6.48E-05
Residual 28 346.7394 12.38355
Total 29 619.0541

Coeffici Standar t Statist P-value Lower 9 Upper 95.00%
Intercept 21.00453 0.865552 24.26721 0 19.23153 22.77753
xl 0.406143 0.08661 4.689353 6.O1E-05 0.228731 0.583555

Regression Statistics Soil Moisture on OM thickness Day22 Jun 15

Multiple R 0.646736
R Square 0.418267
Adjusted R Square 0.397491
Standard Error 4.333772
Observations 30

Analysis of Variance

df Sum of Mean S F Significance F
Regression i 378.1124 378.1124 20.13209 0.000113
Residual 25 525.8843 18.781 58
Total 29 903.9967

Coeffici Standar t Statist P-value Lower 9 Upper 95.00%
Intercept 15.18845 1.065949 14.24875 1.25E-14 13.00495 17.37194
xl 0.478579 0.106662 4.486879 0.000105 0.260092 0.697067



Appendix 3 (Continued).
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Analysis of Variance

df Sum of Mean S F Significance F
Regression 1 764.9286 764.9286 39.41456 8.69E-07
Residual 28 543.4033 19.40726
Total 29 1308.332

Coeffici Standar t Statist P-value Lower 9 Upper 95.00%
Intercept 6.537597 1.083559 6.033446 1 .45E-06 4.318026 8.757167
xl 0.680697 0.108424 6.2781 01 7.45E-07 0.458601 0.902794

Regression Statistics Soil Moisture on OM thickness Day 87 Aug 19

Multiple R 0.76463
R Square 0.584659
Adjusted R Square 0.569826
Standard Error 4.405367
Observations 30



Appendix 4. Two-sample t-test for organic residues effect on soil temperature.

Maximum soil temperature at 15 cm depth
Org. Res. effect

(*) : Stat. significant, p-value <0.05
t critical one tail = 1.7
t critical two tails = 2.05
Observations per treatment (at each date): 15

Top mineral soil maximum temperature
Effect of Org. residues

(*): Stat. significant, p-value < 0.05
t critical one tail = 1.7
t critical two tails = 2.05
Observations per treatment (at each date) =15
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Bare Soil Soil with Org. Resid.

Date Day AVG STDS AVG STDS Pool. SD SE t-stat

May27 11 17.5 2.299 9.4 1.765 2.049 0.748 10.723 *
May 28 12 18.5 1.987 9.6 1.299 1.679 0.613 14.394 *
June 6 21 26.2 1.070 14.1 1.520 1.315 0.480 25.307 *
June 10 25 26.4 1.202 14.4 1.322 1.263 0.461 25.957 *
June 15 30 25.8 1.077 14.2 1.275 1.180 0.431 26.943 *
July 4 49 27.7 1.064 14.8 1.310 1.193 0.436 29.430 *
July 7 52 28.0 1.082 15.3 1.281 1.186 0.433 29.424 *
July 10 55 27.8 1.143 15.7 1.206 1.175 0.429 28.197 *
July27 72 28.0 1.209 17.0 1.266 1.238 0.452 24.398 *
Aug 1 77 27.8 1.073 16.8 1.259 1.170 0.427 25.557 *
Aug 15 91 27.6 1.406 17.2 1.777 1.602 0.585 17.755 *
Aug 19 95 24.7 2.166 16.1 1.097 1.717 0.627 13.818 *

Bare soil Soil with Org. Resid.

Date Day AVG STDS AVG STDS Pool. SD SE t-stat

July 7 52 52.2 2.76 18.8 1.80 2.330 0.851 -39.303 *
July 10 55 50.1 3.80 20.5 1.77 2.962 1.082 -27.367 *
July 27 72 51.9 3.34 23.0 2.88 3.120 1.139 -25.383 *
Aug 1 77 54.4 0.70 22.4 2.10 1.567 0.572 -55.959 *
Aug 15 91 54.1 1.29 22.3 2.58 2.037 0.744 -42.785 *
Aug 19 95 51.3 3.59 20.3 1.89 2.868 1.047 -29.568 *



Appendix 5. Two-sample t-test for effect of compaction on soil moisture.

Moisture at 15 cm in the mineral soil

55

NS Non significant
(*): Stat. significant, p-values <0.05

t critical one tail = 1.73
t critical two tail = 2.1
Observations per treatment (each date) = 10

DATE DAY
Non-compacted

AVG STDS
Compacted

AVG STDS Pool. SD SE t-test

May27 11 21.55 1.92 23.75 2.44 2.20 0.98 2.23 *
May28 12 21.37 1.90 23.55 2.40 2.16 0.97 2.25 *
June 6 21 19.05 1.92 21.85 2.46 2.21 0.99 2.84 *
June 10 25 17.54 2.47 20.42 2.79 2.64 1.18 2.44 *
June 15 30 15.86 3.04 18.45 3.33 3.19 1.43 1.82 *
July 4 49 15.39 4.56 16.46 2.22 3.59 1.61 0.67 NS
July 7 52 14.73 4.23 15.49 2.23 3.38 1.51 0.50 NS
July 10 55 14.09 3.94 14.55 2.18 3.19 1.42 0.33 NS
July27 72 10.67 3.98 11.73 2.79 3.44 1.54 0.69 NS
Aug 1 77 9.91 3.88 11.06 2.74 3.36 1.50 0.77 NS
Aug 15 91 8.40 3.30 9.45 2.81 3.06 1.37 0.76 NS
Aug 19 95 7.98 3.11 8.88 2.75 2.93 1.31 0.69 NS



Appendix 6. Two-sample t-test for compaction effect on soil temperature.

Maximum soil temperature at 15 cm depth
Compaction effect

Compacted

AVG STDS Pool. SD SE t-stat

16.1 1.305 1.472 0.658 0.118 NS
17.0 1.231 1.276 0.571 0.588 NS
25.2 1.935 1.578 0.706 1.269 NS
25.2 1.793 1.493 0.668 1.331 NS
25.1 1.928 1.571 0.703 0.793 NS
26.8 1.750 1.498 0.670 1.693 NS
27.2 1.656 1.435 0.642 1.550 NS
27.8 1.596 1.434 0.641 0.306 NS
28.7 1.329 1.272 0.569 -0.575 NS
28.6 1.226 1.220 0.545 -1.568 NS
28.8 1.673 1.645 0.736 -1.562 NS
26.1 2.027 2.257 1.009 -1.855 *

(*) Stat. significant, p-value < 0.05
t critical one tail = 1.73
t critical two tails = 2.1
Observations per treatment (at each date) = 10
NS: Non significative

Top mineral soil maximum temperature
Effect of compaction

t-stat

1.209 NS
1.893 *

-1.153 NS
0.873 NS
1.120 NS
0.604 NS

(*): Stat. significant, p-calues < 0.05
t critical one tail = 1.73
t critical two tails = 2.1
Observations per treatment (at each date) = 10
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Non compacted Compacted

Date Day AVG STDS AVG STDS Sp SE

July 7 52 52.5 3.03 53.8 1.73 2.466 1.103
July 10 55 49.6 4.58 52.9 3.07 3.897 1.743
July 27 72 50.8 3.61 48.3 5.94 4.915 2.198
Aug 1 77 54.4 0.78 54.7 0.61 0.704 0.315
Aug 15 91 53.8 1.48 54.4 1.09 1.298 0.580
Aug 19 95 49.9 3.66 50.7 2.53 3.147 1.407

Non compacted

Date Day AVG STDS

May27 11 16.2 1.622
May28 12 17.4 1.320
June 6 21 26.1 1.112
June 10 25 26.0 1.116
June 15 30 25.7 1.105
July 4 49 27.9 1.195
July 7 52 28.2 1.173
July 10 55 28.0 1.250
July27 72 28.3 1.212
Aug 1 77 27.7 1.214
Aug 15 91 27.7 1.617
Aug 19 95 24.2 2.466


