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Abstract approved
Richard P. Dick

A variety of soil properties have been proposed and tested as potential

indicators of soil quality. This study was conducted in an effort to produce a

standardized soil quality index for systems in Oregon. Soils in both forested and

agricultural systems were sampled in a wide variety of locations, climates, and

management regimes in an attempt to represent the diversity across the state. Sites

were chosen such that managed and unmanaged treatments were paired at each

location. Soil properties were measured and the results were analyzed to produce

indices capable of differentiating between managed and unmanaged systems. Soil

physical properties, such as particle size distribution, aggregate stability, bulk

density, and water content were measured to characterize the soils in question.

Chemical properties extractable nitrogen (N) and phosphorous (P), total carbon (C),

and pH were measured to further describe the nature of the soil environment.

Finally, biological properties such as enzyme activities (-glucosidase,

arylsulfatase, and fluorescein diacetate hydrolysis, a broad measure of hydrolytic
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activity in the soil), total biomass C, total bacterial and fungal biomass, respiration,

and soil ergosterol (a sterol found almost exclusively in viable fungi) concentration

were measured to examine the activity of the microbial community. Canonical

Discriminant Analysis, a multivariate statistical technique for differentiating

between groups of measures, was used to suggest which parameters might be most

useful as an index differentiate between managed and unmanaged systems. The

index chosen for forested sites, soil ergosterol concentration normalized to total C,

indicates the pervasiveness of fungal influence in forest systems. In the agricultural

systems, a linear combination of enzyme activities, normalized to clay content was

the best discriminator between treatments. The index for agricultural sites correctly

assigned samples to the managed or unmanaged treatment 90% of the time. The

forest index was successful with 95% of sites sampled.

One of the enzyme activities included in the soil quality index for the

agricultural sites was 3-glucosidase. Previous research has shown that 3-

glucosidase activity can detect soil management effects and has potential as a soil

quality indicator. However, much remains unknown about the ability of this

enzyme to discriminate between treatments. Consequently, a secondary study was

conducted to determine how management affects the kinetics of this enzyme and its

stabilization on soil colloids using samples from three of the agricultural sites.

Microwave radiation was used to heat soil samples to denature the fraction of 13-

glucosidase associated with viable microorganisms in these soils and estimate the

extracellular (abiontic) activity of this enzyme stabilized in the soil.



The kinetic constants, Km and Vmax were determined for both the abiontic

and total -glucosidase activity at all sites. No significant differences were noted in

substrate affinity (Km values) with either microwave irradiation or management.

However, activity and maximum reaction velocity (Vmax) were decreased by both

management and heat stress. These results indicate that -g1ucosidase activity was

reduced by the agricultural management at two of three sites and that after

microwave irradiation, soils from all sites had lower activity in agricultural soils

than in unmanaged soils. The reduction in -glucosidase activity due to

agricultural disturbance was largely due to reduction in the immobilized fraction of

the enzyme, and not due to major differences in microbial biomass. There were

similar levels of total C between agricultural and unmanaged soils at one site,

suggesting that native soils have another mechanism for protecting soil enzymes

which may be due to differences in organic matter chemistry.
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Like air and water, soil is crucial to most life. Unlike air and water,

however, clear quality standards for soil have not been defined. There is a need for

a quantifiable index of soil quality because of the worldwide degradation of soils

and increasing demand for food and fiber production. At the same time, there is

growing interest in the conservation of the natural resource base. Such an index

would be invaluable to guide land managers, quantify investments in conservation

and natural resource, and assist policy makers in sustainable ecosystem

management.

The complexity of the soil system and the wide variability between soil

types, ecosystems, and management have made it difficult to accurately assess soil

quality. Nonetheless, many measures have been proposed to measure soil quality.

Soil physical properties such as texture, bulk density and water infiltration are

important to the functioning of the soil ecosystem. Chemical properties such as

extractable nutrients, soil organic matter (SaM), and pH are also useful indicators

of the functioning of the ecosystem and vital to plant growth. Soil biological

parameters such as the size, composition, and activity of the microbial community

are affected by the chemical and physical nature of the soil environment and, in

turn, affect decomposition and nutrient cycling. To thoroughly characterize a soil

using all these measures, however, can be expensive and time-intensive. Soil

enzyme activities have shown some promise as potential integrative indicators of

soil quality. The techniques used to measure them are relatively simple and

inexpensive, adding to their utility.



3

Soil can be viewed as a living system in which biochemical activities are

mediated by enzymes. Many enzymes have been detected in soils. They can be in

or on viable cells, or they can be stabilized on soil colloids (Nannipieri et al., 1996).

Many different soil enzymes have been shown to be sensitive to soil management

(Bolton et al., 1985; Dick et al., 1988a; Dick, 1994; Bergstrom et al., 1998;

Bandick and Dick, 1999). Since soil enzymes are of biological origin, their

activities reflect the activity of the soil biotic community. However, since they can

retain their activity after stabilization on humic substances and clays (Hope and

Burns, 1987; Nannipieri et al., 1996), they are less sensitive to short-term (on the

order of 1-2 growing seasons) fluctuations due to environmental conditions

(Bandick and Dick, 1999).

There is a preponderance of evidence suggesting that a significant fraction

of the enzyme activity measured in soil originates from abiontic enzymes

(extracellular enzymes in the soil solution or stabilized on the soil matrix). In

addition, these immobilized enzymes appear to be protected against denaturation by

both proteolytic enzymes and heat (Hayano and Katami, 1977; Hope and Burns,

1987; Lahdesmaki and Piispanen, 1992; Deng and Tabatabai, 1994; Nannipieri et

al., 1996; Rao et al., 2000). This allows soil enzymes to accumulate over time and

may be part of the reason that soil enzymes are less sensitive to temporal variation

than are some other biological measures such as microbial activity.

Soil enzyme activities have been shown to be sensitive to cultivation (Gupta

and Germida, 1988; Farrell et al., 1994; Masciandaro and Ceccanti, 1999) as well
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to management practices such as cover cropping and organic amendments

(Chantigny et al., 1997; Mendes and Bottomley, 1998; Bandick and Dick, 1999;

Mendes et al., 1999). Kuperman and Carreiro (1997) showed that soil enzyme

activities are also sensitive to contamination of soils by heavy metals. Thus, they

show promise for measuring many different stresses placed on the soil ecosystem.

This study focused on three enzymes, -glucosidase, arylsulfatase, and

fluorescein diacetate hydrolysis (FDA) as potential measures of soil quality.

Arylsulfatase catalyzes the hydrolysis of organic ester sulfates and is believed to be

involved in the S cycle, converting organic S to S042. A priori, it would be

expected to be related to the amount of fungal biomass in the soil, since fungal cells

are the primary source of organic ester sulfates in soil (Saggar et al., 1981). 13-

Glucosidase catalyzes the hydrolysis of the 13-1-4 linkages between glucose

molecules in the glucose dimer cellobiose. This is the final step in the conversion

of cellulose, a ubiquitous plant cell wall polymer, to glucose, a labile C source for

microorganisms. Previous work has shown 13-glucosidase and arylsulfatase to be

more sensitive to soil management than others (Bandick and Dick, 1999; Ndiaye et

al., 2000). Fluorescein diacetate (3', 6' diacetylfluorescein) can be hydrolyzed to

fluorescein by a variety of proteases, lipases, and esterases. FDA hydrolysis

activity has been correlated with some of the most accurate available measures of

microbial activity (Federle et al., 1990; Stubberfield and Shaw, 1990). It has also

been shown to be sensitive to agricultural management (Bandick and Dick, 1999;

Mendes et al., 1999).
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The objectives of this study were: (1) to evaluate soil quality indicators for

use in a variety of ecosystems, soil types, and management practices; and (2) to

study the mechanisms of the stabilization of 3-glucosidase enzyme on soil colloids.



CHAPTER 2

LITERATURE REVIEW

Timothy R. Knight

Department of Crop and Soil Science

Oregon State University
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INTRODUCTION

Brady and Weil (1999) observe that soils are "crucial to life on earth,"

which is largely unrecognized by the public. Along with water and air, soil

provides the basic framework upon which life depends. Unlike water and air,

however, there are no clearly defined criteria by which the health or quality of soil

can be judged. In part, this may be due to the variety of uses to which soil is put.

Brady and Weil (1999) list five primary ecological roles of soil: a medium for

plant growth, a system for water supply and purification, a habitat for soil

organisms, a recycling system for nutrients and organic wastes, and an engineering

medium. The performance of each of these roles can be quantified by different

measures.

Despite the complexity of the task, many attempts have been made to

quantify the quality of soil as a resource. The Natural Resources Conservation

Service (NRCS) defines soil quality as "the capacity of a specific kind of soil to

function (USDA, 2001)." Along with this definition, they offer a soil quality test

kit, which measures chemical, biological, and physical parameters to provide a

quantitative measure of soil quality. This kit requires significant investment of

time or money at the outset and requires extensive interpretation. Others (Doran

and Parkin, 1994; Larson and Pierce, 1994) have proposed similar indices based on

an extensive list of measures. Another approach, however, is to use soil biological

measures as integrative measurements of chemical and physical parameters.



With the possible exception of its use as an engineering medium, all of the

functions listed by Brady and Weil (1999) are biological in nature. Thus it seems

logical to measure biological parameters to quantify these soil functions. In

addition, the same variables that affect human uses of soils often affect soil

biology. Turco et al. (1994) discuss ways to use microbial indicators of soil

quality. Similarly, Linden et al. (1994) outline ways in which soil fauna can be

used to measure soil quality. A third, biological approach is based on the

measurement of soil enzyme activities.

Soil enzymes serve as catalysts for all the biochemical processes in soils.

They are found in living organisms as well as free in the environment. Most

enzymes released into the environment, either as truly extracellular enzymes or as a

result of cell death, are rapidly degraded. However, some are stabilized on soil

colloids (clay and organic matter) where they are protected from degradation and

can retain their activity (Skujins, 1976; Nannipieri et al., 1996). This suggests that

some soil enzyme activities may be useful as integrative measures of soil quality.

SOURCE AND LOCATION OF SOIL ENZYMES

It is known that 3-g1ucosidases are produced by a variety of organisms,

from plants and animals to fungi and bacteria (Esen, 1993). While it would be

highly unlikely for human -glucosidase to contribute significantly to the activity

of a field soil, it would be useful to know whether fungal or bacterial sources



dominate. To this end, Hayano and Katami (1977) and Rayano and Tubaki (1985)

determined pH optima of -glucosidase enzyme in a pea field and a tomato field

respectively. Hayano and Katami (1977) determined -glucosidase extracted from

a pea field soil had a pH optimum of about 5.5, similar to that of fungi (they

reported that bacterial pH optima are between 6 and 7, based on the literature).

Hayano and Tubaki (1985) took this technique a step further and measured the pH

optima and Qio values of -g1ucosidase in two soils as well as from a variety of

sources. Using this more detailed information, in conjunction with enzyme activity

after incubation with fungal or bacterial inhibitors (cycloheximide and

chloramphenicol, respectively), they also concluded that the 3-g1ucosidase in their

forest and tomato-field soils were of primarily fungal origin.

Burns (1982) described ten different categories where enzymes can be

found in soils. These are:

1. Enzymes within the cytoplasm of proliferating cells
2. Enzymes in the periplasmic space of Gram negative bacteria
3. Enzymes bound to the outer surface of viable cells
4. Enzymes secreted by living cells (the truly extracellular enzymes)
5. Enzymes within non-proliferating cells (e.g. spores and cysts)
6. Enzymes attached to dead cells or cell debris
7. Enzymes leaked from extant or lysed cells whose original functional

location was within the cell
8. Enzymes temporarily associated with enzyme-substrate complexes
9. Enzymes sorbed to clays
10. Enzymes associated with humic polymers.

Thus, Skujins (1976) coined the term abiontic which he defined as enzymes of

biological origin but no longer associated with living cells would fit within Burns'
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classes 4-10. Bums noted the use of "accumulated" to describe classes 5-10 and

"immobilized" to describe classes 9 and 10 (Burns, 1982).

There is a preponderance of evidence suggesting that a significant fraction

of many enzyme activities measured in soil is the result of these immobilized

enzymes. Busto and Perez-Mateos (1995) extracted humic compounds from the

soil and showed that the extract contained as much as 50% of the total -

glucosidase activity of the soil. Others have shown that a variety of enzymes

including acid phosphatase (Nannipieri et al., 1988; Rao et al., 1996; Rao et al.,

2000), J3-glucosidase (Hayano and Katami, 1977; Busto and Perez-Mateos, 2000),

urease (Gianfreda et al., 1995), and others (Sarkar, 1986; Ruggiero et al., 1989;

Grego et al., 1990; Lahdesmaki and Piispanen, 1992) can be stabilized on humic

and/or clay colloids in the soil and retain much of their activity. In addition, these

immobilized enzymes appear to be protected against denaturation by both

proteolytic enzymes and heat (Hayano and Katami, 1977; Hope and Bums, 1987;

Lahdesmaki and Piispanen, 1992; Deng and Tabatabai, 1994; Nannipieri et al.,

1996; Rao et al., 2000). Nannipieri et al. (1996) suggest that this may be due to

steric interference in the case of proteolysis and an increase in the rigidity of the

protein structure when complexed (and bonded to) humic colloids.

Another interesting approach to this problem has been the inhibition or

destruction of the active biomass, followed by measurement of the remaining

enzyme fraction. Techniques to measure enzyme activity in soil usually include the

addition of a compound to stop microbial growth during the incubation, the most
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common of which is toluene (Skujins, 1976). However, toluene has the additional

effect of rendering the cell membrane of microbes permeable, resulting in the

additional measurement of enzymes in Burn's classes 1 and 2. Klose and

Tabatabai (1999a; 1999b) used this to their advantage in the study of arylsulfatase

and urease in a variety of soils. They performed the incubation with and without

the addition of toluene in two sets of samples, those fumigated with CH3CI (which

causes cell lysis) and unfumigated samples. Thus, they proposed that the activity

of the fumigated samples, less the activity of the unfumigated samples incubated

without toluene, represented the fraction of the activity associated with living

biomass (presumably just classes 1 and 2, since class 3, enzymes on the cell

surface, presumably would be measured in the absence of toluene and thus be

subtracted away). Renella et al. (2002) performed a similar analysis with protease,

urease, alkaline and acid phosphomonoesterase, arylsulfatase, and -glucosidase.

They added a protease inhibitor to protect the enzymes from proteolysis after cell

lysis, and found that such proteolysis significantly reduced enzyme activity.

Paulson and Kurtz (1970) regressed urease activity on the number of

ureolytic microorganisms present, which produced a non-zero intercept. This

intercept was interpreted to be the urease activity due to all non-biological factors

in the soil (presumably Burns' classes 4-10). y-Sterilization has been proposed as a

method for determining the fraction of enzyme activity not associated with living

organisms. Lensi Ct al. (1991) sterilized soil with a 25 kGy dose of y-radiation.

They demonstrated that this was sufficient to kill all culturable organisms present
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in the soil. They measured residual -g1ucosidase (-P60% of total) activity and

denitrification potential ('-4 0% of total) after this sterilization procedure and

attributed the remaining activity to the fraction of these enzymes resistant to

denaturation by -y-radiation due to stabilization on soil colloids (Burns' classes 9

and 10). They related the loss of activity to the formation of oxidative compounds

as a result of y-irradiation.

Phospholipid fatty acid (PLFA) extracts have been used to determine

microbial community composition. Waldrop et al. (2000) compared soil PLFA

profiles, substrate utilization (BIOLOG), and microbial biomass (chloroform

fumigation, direct extraction), with the activities of lignocellulose-degrading

enzymes (3-glucosidase, cellobiohydrolase, 3-xylosidase, phenol oxidase, and

peroxidase). They found significant correlations between enzyme activities and

PLFA profiles (r=0.35-0.55). Correlations were even stronger when enzyme

activity was normalized to microbial biomass C. In particular, 3-glucosidase

activity was significantly correlated with 10 fatty acids, primarily Gram-negative

bacterial biomarkers. No correlations were found between -g1ucosidase activity

and fungal markers. Schutter and Dick (2000) also found significant correlations

between enzyme activities and fatty acid methylated ester microbial biomarkers

profiles.
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BIOCHEMICAL MEASURES AS SOIL QUALITY INDICATORS

Soil enzymes are involved in many vital functions including decomposition

of organic inputs, cycling of vital plant nutrients (e.g. N, P, K, and 5) as well as the

global C cycle, and detoxification of xenobiotics. Soil quality has been defined as

"the ability of the soil to perform functions that are required for the biological

components of an ecosystem within the constraints of local environmental factors"

(Dick, 1997). Consequently, the integrative nature of soil enzyme assays makes

them attractive as indicators of biological function. In addition, soil colloids have

the ability to stabilize enzymes outside of living cells, allowing them to maintain

their catalytic activity (Skujins, 1976; Hope and Bums, 1987; Nannipieri et al.,

1996). Thus, the enzyme activities measured in the lab are the result of the

combined activities of enzymes associated with living cells and those stabilized in

the soil matrix. Skujins (1976) proposed the name "abiontic" for these enzymes of

biotic origin no longer associated with living cells. For enzymes with a large

abiontic component, the soil itself can be viewed as an organism, capable of

performing biochemical transformations.

Soil enzyme activity has been shown to be sensitive to a variety of

ecosystem stresses. Kuperman and Carreiro (1997) studied a grassland ecosystem

contaminated with a wide range of heavy metal concentrations. Activities of a

wide variety of enzymes (N-acetylglucosaminidase, -glucosidase, endocellulase,

and acid and alkaline phosphatases) were shown to decrease with increasing soil
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heavy metal concentrations. Madejon et al. (2001) performed a similar experiment,

but amended soils with heavy metal-contaminated organic materials and incubated

them in the lab for 40 weeks. They observed a flush of microbial activity and a

concomitant increase in enzyme activity early in the incubation, but it was short-

lived and enzyme activities leveled off near or below beginning values. They

attribute the flush of activity to the addition of organic matter. The contrast

between this work and that of Kuperman and Carreiro (1997) suggests that the

reduction of enzyme activity by heavy metals requires a longer period of time than

the 40 week incubation period to become evident.

Soil enzymes have also been shown to be sensitive to cultivation. Gupta

and Germida (1988) studied the effect of 69 years of tillage on a Saskatchewan soil.

A comparison was made between a field cultivated for 69 years and an adjacent

native prairie. Both arylsulfatase and acid phosphatase activities were found to be

significantly lower in the cultivated field than in the native prairie. Farrell et al.

(1994) reported similar results in three different systems where they compared

native soil to a variety of lengths and intensities of cultivation. They found that

arylsulfatase activity was sensitive to tillage treatment in all cases. In addition,

they reported that increasing the length of time and intensity of cultivation further

reduced activity.

Many people have reported sensitivity of soil enzyme activities to the use of

organic soil amendments and green manures. Verstraete and Voets (1976)

compared the effect of four different organic fertilizer regimes with that of a
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control field. They found that phosphatase, -glucosidase, saccharase, and urease

activities were sensitive to these management techniques. Mendes et al. (1999)

found that both 3-glucosidase activity and FDA hydrolysis were able to

differentiate between a winter fallow treatment and two different cover crop

treatments. Dick et al. (1 988b) studied the effect of a variety of residue

management activities on soil enzyme properties. Straw was incorporated into the

soil in all treatments. Treatments included fall or spring bum, 0, 45, or 90 kg N

ha', pea vine (2.2 Mg ha1 y1), or manure (22.2 Mg ha1 y'). They found that acid

and alkaline phosphatase, arylsulfatase, -glucosidase, urease, and amidase

activities were sensitive to residue management. Bandick and Dick (1999) studied

the effect of over crops and manure amendments on soil enzyme activities at two

sites in Oregon. They found that a- and 3-glucosidase, a- and 3-galactosidase,

amidase, arylsulfatase, deaminase, FDA, invertase, cellulase, and urease were all

sensitive to these treatments at both sites.

-Glucosidase

The enzyme -glucosidase (3-D-glucoside glucohydrase, EC 3.2.1.21) is a

widespread enzyme, found in both prokaryotes and eukaryotes. It catalyzes the

hydrolysis of cellobiose (a 3-linked glucose dimer). In fungi and bacteria it is a
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member of the cellulase complex, a group of enzymes involved in cellulose and

cellobiose catabolism, breaking complex carbohydrates down to glucose which can

then be used as an energy source (Esen, 1993; Deng and Tabatabai, 1994). Thus it

is involved in a vital step in the decomposition of recalcitrant compounds and

recycling of nutrients from plant litter. As such, it plays an important role in the C

cycle, both locally and on a global scale. It is found in a wide range of soil

microorganisms, particularly among fungi. Soil microorganisms are involved in

important processes such as nutrient cycling and aggregate formation.

Management of the soil for human purposes tends to result in perturbations of this

system, which in turn affects the microorganisms and the activity of 3-glucosidase

and other soil enzymes.

For soil microorganisms, both bacteria and fungi, -glucosidase is the

terminal member of a complex of enzymes known as cellulases. The cellulase

complex as a whole reduces cellulose to glucose, a simple sugar, which can then be

metabolized by soil microorganisms. This enzyme has been studied in depth in

attempts to engineer the use of microorganisms for the industrial-scale conversion

of cellulose waste (e.g. paper products) to glucose, effectively removing it from the

soil (Clarke, 1997; Bucke, 1998).
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The Cellulase Complex

The cellulase complex consists of three major types of enzymes: endo-1-4-3-

glucanase (EC 3.2.1.4), which attacks the cellulose chains at random; exo-1 -4-3-

glucanase (EC 3.2.1.91), which removes glucose or cellobiose from the

nonreducing end of the cellulose chains; and 3-D-glucosidase, which hydrolyzes

cellobiose and other water soluble cellodextrins to glucose (Deng and Tabatabai,

1994) (Figure 2.1). -glucosidase is inhibited by the end product of this reaction,

glucose, which results in buildup of cellobiose and the inhibition of the entire

cellulase complex.
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Figure 2.1: Possible interactions between microorganisms during cellulose
degradation (from Lynch, 1989).



Cellulose, a polysaccharide consisting of linear 1 ,4--D-

anhydroglucopyranose chains, laterally associated by hydrogen bonds, is the most

abundant plant cell-wall polymer in nature (Hotcbkiss, 1989). As such, it is a

substantial component of plant litter. The basic repeating unit is cellobiose, a

glucose dimer, as illustrated in Figure 2.2 (Clarke, 1997). It is also an extremely

recalcitrant compound, resisting decomposition in soil (Sorenson, 1983; Requena et

al., 1997). It is far too complex a compound to be metabolized directly. It requires

the action of the entire cellulase complex to break it down to glucose, in which

form it can be metabolized. Thus, the cellulase complex plays a vital and

substantial role in the breakdown of organic matter in soil and in the recycling of

nutrients. -glucosidase catalyzes the final step in the breakdown of cellulose,

converting cellobiose and other water soluble cellodextrins to glucose (Withers and

Street, 1989; Esen, 1993; Deng and Tabatabai, 1994).

0 OH t4O
OH

OJ'Cd HO HO.

I__________

Figure 2.2: Structure of cellulose and cellobiose (from Clarke, 1997).
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Arylsulfatase

Arylsulfatase (EC 3.1.6.1) is an enzyme found in soil that catalyzes the

hydrolysis of organic ester sulfates. It is believed to be involved in the S cycle in

soils, converting organic S to S042. Since microbial ester sulfates are found

primarily in fungi (Saggar et al., 1981), its activity is likely related to fungal

biomass in soil.

Arylsulfatase activity is affected by a variety of management techniques.

Kiose et al.(1 999) studied the effect of crop rotations and N fertilization on

arylsulfatase activity in two long-term field experiments in Iowa. They found that

arylsulfatase activity was significantly affected by crop rotation, but not by N

fertilization. Gupta and Germida (1988) compared an untilled prairie with an

adjacent field that had been tilled for 69 years. They found that arylsulfatase was

significantly reduced in the tilled system. Farrell et al. (1994) did a similar study

and showed similar effects at the same site as well as two other sites. In addition,

they showed that shorter-term cultivation (5 years) produced a significant, but

lesser, reduction in arylsulfatase activity. Bergstrom et al. (1998) studied whether

this effect was reversible, looking at the recovery of arylsulfatase activity when a

soil was taken out of conventional tillage and placed into a no-till system. They

showed a significant difference between such a field and one still in conventional

tillage, suggesting that it is possible to recover arylsulfatase activity by reducing the

intensity of tillage.



20

Fluorescein Diacetate Hydrolysis (FDA)

FDA provides a broad-spectrum indicator of total microbial activity in soil.

Fluorescein diacetate (3', 6' diacetylfluorescein) can be hydrolyzed by many

enzymes such as proteases, lipases, and esterases. The activity necessary to

hydrolyze it has been found among many groups of soil bacteria and fungi (Dick et

al., 1996). Because of its ubiquitous nature, FDA hydrolysis has been used as a

measure of microbial activity. It has been shown to be highly correlated with some

of the most sensitive measures of microbial activity such as ATP content and cell

density studies (Stubberfield and Shaw, 1990) as well as radiolabeled thymidine

incorporation into microbial DNA (Federle Ct al., 1990).

FDA hydrolysis also has been shown to be sensitive to management.

Mendes et al. (1999) showed that FDA hydrolysis can be used to differentiate

between a winter fallow treatment and a cereal or legume cover crop. Bandick and

Dick (1999) also showed that FDA is sensitive to cover cropping and N

fertilization.
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Ergosterol

Ergosterol is a sterol found primarily in fungi. It has been used as an

alternative measure of fungal biomass and has been found to be highly correlated

with it (Stahl and Parkin, 1996; Montgomery et al., 2000). While precise

conversions between in situ fungal populations and soil ergosterol concentrations

are still open to some debate, there is little doubt that the measurement of ergosterol

extracted from soil is a strong indicator of the degree of fungal presence. Thus,

comparisons of ergosterol concentrations extracted under similar conditions, can be

considered qualitative measures of viable fungal biomass.

Pietikainen and Fritze (1995) studied the effect of clear cutting with and

without burning the residue on a coniferous forest. They found that clear cutting

significantly reduced fungal biomass as measured by soil ergosterol concentration

and that burning the residue further reduced fungal populations. Others have seen

similar results using other measures of fungal biomass. Bââth (1980) showed a

decrease in fungal populations after clear cutting using an agar-film method.

Pennanen et al. (1999) and Bäâth et al. (1995) found a reduction in microbial

biomass from clear cutting using PLFA profiles. Fungal biomass is also known to

be sensitive to agricultural management. Gupta and Germida (1988) showed that

fungal biomass was significantly lower in a field that had been tilled for 69 years

than in an adjacent prairie soil using spread plate counts. Guggenberger et al.

(1999) found that no-till system plots showed higher fungal populations than did
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conventionally-tilled plots using soil amino sugar concentrations (glucosamine and

muramic acid).



23

CHAPTER 3

STANDARDIZATION OF A BIOCHEMICAL SOIL QUALITY
INDEX

Timothy R. Knight, Joan Sandeno, Ron Wagner, Anne Taylor,
Nanci Pascoe, and Richard P. Dick

Prepared for Soil Science Society of America Journal



24

ABSTRACT

A various soil properties have been proposed and tested as potential

indicators of soil quality to guide sustainable land management and identify

degraded soils. This study was conducted in an effort to develop a standardized

soil quality index. Soils from both forested and agricultural systems were sampled

in a wide variety of locations, climates, and management regimes. Sites were

chosen that had paired managed and unmanaged. Soil physical (particle size

distribution, aggregate stability, bulk density, and water content),chemical

(extractable N and P, total C, and pH) and biological properties (-glucosidase and

arylsulfatase activities, and fluorescein diacetate hydrolysis, microbial biomass C,

total bacterial and fungal biomass, respiration, and soil ergosterol (a fungal marker)

concentration were evaluated for their potential to detect ecosystem management.

Canonical discriminant analysis, was used to suggest which parameters might be

most useful in an index in separating treatment effects. The best index for forested

soils was ergosterol concentration normalized to total C, which indicated the

importance of fungi in undisturbed forest systems. The index chosen for

agricultural systems consists of three enzyme activities, normalized to clay content.

The index for agricultural sites successfully separated managed and unmanaged soil

samples 90% of the time. The forest index was successful with 95% of sites

sampled. The success of these indices in separating the differences between
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managed and unmanaged suggests that they could be used for finer distinctions

between management regimes.

INTRODUCTION

While both air and water have standards of quality determined by

legislation, no such standards exist for soil. This can be attributed to the

complexity of soil and its wide variety of uses. Consequently, soil quality is

defined by the functions that are most important to the land manager. This is

reflected in most definitions of soil quality such as the one of Doran and Parkin

(1994) which defines soil quality as "The capacity of a soil to function within

ecosystem boundaries to sustain biological productivity, maintain environmental

quality, and promote plant and animal health."

The suite of soil properties that have been proposed varies with the soil

functions being emphasized for a particular land management system. However,

the proposed indicators have many features in common (Doran and Parkin, 1994;

Karlen and Stott, 1994; Larson and Pierce, 1994; USDA, 2001). The measures

typically are physical properties such as soil texture, aggregate stability, infiltration,

water dynamics, and bulk density. Chemical properties include exchangeable

nutrients, pH, electrical conductivity, organic matter, and CEC. Finally, biological
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measures such as earthworm populations, microbial biomass, soil respiration, and

enzyme activities also have been proposed.

A good indicator of soil quality must be sensitive to soil management in a

short enough time period to guide land managers (1-3 years). Soil organic C (SOC)

has long been recognized as a measure of soil tilth and quality. It is sensitive to

management, especially tillage, but changes too slowly (decades) for practical land

management. Second, an indictor must be relatively stable on a seasonal basis to

be effective in reflecting the trajectory of soil management on soil quality (Dick,

1994). Microbial biomass, respiration, and other similar measures are sensitive to

management, but may have high seasonal variability which makes interpretation

difficult (Ndiaye et al., 2000). Traditional soil testing for extractable nutrients can

be useful for predicting nutrient requirements but these do not reflect other

characteristics of soil physical and biological properties. There are many potential

chemical, physical, and biological measurements for soils but only a few could be

used for practical applications because they may be too complex or labor-intensive.

In addition, most soil properties are difficult to interpret because they naturally vary

widely as a function of soil type and this variability may be much greater than the

field management effects within a particular soil property.

There are practical constraints that must be considered for those measures

that are sensitive to management. First, an indicator must be relatively simple and

inexpensive with as few measures as possible (minimum data set) to be feasible for

commercial adoption by soil testing laboratories and land managers. Soil
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biological properties can be sensitive indicators of soil management effects (Bolton

et al., 1985; Miller and Dick, 1995; Dick, 1997; Trasar-Cepeda et al., 1998;

Bandick and Dick, 1999; Badiane et al., 2001) and hold potential for meeting many

of the requirements listed above for soil quality indicators. Soil microbial (Turco et

al., 1994) and faunal (Linden et al., 1994) biomass measures have potential to be an

integrative measure of the physical and chemical environment because the biomass

should reflect habitat. Unfortunately, these measurements, like most soil chemical

and physical properties, vary widely across soil types, which limits their use as a

universal soil quality index. Some biochemical properties such as enzyme

activities are more seasonably stable than other microbial parameters (Bolton et al.,

1985). Another approach is to combine several enzyme activity measurements in

an index (Beck, 1984; Stefanic et al., 1984; Perucci, 1992). However, little

information is available on seasonal stability of relative or combination indices or if

these have potential as universal indices across soil types.

Soil quality indicators need to have sampling protocols that enable adequate

representation of a defined area of a field or forest. Otherwise, spatial variability

may be greater than management effects. Thus, tests that allow compositing and

homogenizing soil samples taken across a sampling site can be effective for

integrating spatial variability. This is an advantage of biological and chemical

properties over most physical measures (e.g. bulk density, infiltration) where

compositing of samples is not possible.



One objective of this project was to develop a minimum data set that could

serve as a proxy for a range of soil chemical, physical, and biological parameters to

characterize soil quality. A second objective was to develop relative indices to

overcome variability across soil types in order to have a calibrated and universal

soil quality indicator. To meet these objectives, we sampled a wide range of

ecosystems, soil types, and land management practices in Oregon and evaluated

several relative indices. We chose to compare managed and unmanaged soils at

these sites to provide ranges and benchmarks from which to calibrate the indices.

The relative indices we tested were various ratios of soil enzyme activities

normalized to SOC or clay content. In addition, a microwave stress ratio (MWSR)

was calculated by dividing the residual enzyme activity after microwave heat stress

by the total enzyme activity of the sample. This heat-stressed activity should be

representative of the activity of the fraction of the enzyme stabilized on the soil

colloids.

MATERIALS AND METHODS

Site Descriptions

Sites were chosen to represent the silvicultural and agricultural diversity of

Oregon's ecological provinces. Sites were given two-letter designations listed in
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Tables 3.1 and 3.2 for ease of identification. At each site, a managed treatment was

paired with an unmanaged control. This control was chosen to be as similar as

possible to a native soil under climax vegetation which can be considered a high-

quality soil for purposes of comparison (Doran et al., 1994; Leiros et al., 1999).

Sites were sampled in 6 of the state's 15 ecological provinces as described

by Anderson et al. (1998) where a majority of the agricultural and forest

management activities occur in Oregon. The Cascade province (CA) is in the

higher elevations and crest of the Cascade Mountains. It is characterized by

andesitic or basaltic mountainous terrain with steep dendritic drainage patterns.

Elevations range from 366 m to 1,676 m. The Coast province (CO) consists of the

mountainous uplands of the Coast Mountains and the hills, valleys, tidelands,

headlands, and beaches between the mountains and the ocean. Our sampling sites

were all in the mountainous portion of this province. It is characterized by very

steep dendritic watersheds draining into the ocean. Elevations range from sea level

to about 1219 m. The Columbia Basin province (CB) drains north into the

Columbia River in north-central Oregon. It is characterized by basaltic hilly

uplands and a sizable sandy basin west of the Hermiston area. It is dissected by six

major drainages flowing into the Columbia River. Elevations range from about 30

m to about 1070 m. The John Day province (JD) is characterized by extensive,

geologically eroded, steeply dissected hills of thick ancient sedimentary materials

interspersed with buttes and plateaus capped with basalt or tuffaceous rock.

Elevations range from 305 m to 2,240 m. The Siskiyou province (SI) is
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characterized by the extensive mountainous areas of the Kiamath and Siskiyou

mountains as well as the western footslopes of the southern portion of the Cascade

Mountains. Elevations range from 280 m to 2300 m. The Willamette province

(WV) is the large valley between the Cascade and Coast mountain ranges. It is

characterized by flood plains, old valley fill, and ancient high terraces and

relatively low residual hill lands which include the foothills of both mountain

ranges. Elevations range from 15 m to 600 m. Most of the province lies below

520 m.

Site designation codes represent the sampling locations. The first two

capital letters represent the geographic province (see above for abbreviations). The

second two letters represent the first two letters of the soil series on which the site

was located. In cases where the same soil type was sampled more than once within

the same ecological zone, a numeral was added after the soil series designation to

differentiate between sampling sites. For example, CAKI2 is in the Cascade

province (CA) and found on the Klickitat soil series. It is the second of three sites

with that designation.

Forest Sites

Four forest sites are in the CA province within the Willamette National

Forest (CAK1 1, CAK12, CABo, and CAK13) (Table 3.1). All uncut treatments have
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never been harvested. Dates of harvest in clear-cut sites are listed in Table 3.1.

Clear-cut treatments were replanted in March 1994 except for CAK12, which was

replanted in May 1993 with Douglas Fir (Pseudotsuga menziessi). All uncut

treatments are dominated by Douglas Fir.

The other two forest sites are located in the mountainous portion of the CO

ecological province. The COHe site was in the Cascade Head Experimental Forest

and Scenic Research Area of the Siuslaw National Forest. The dominant tree

species is Western Hemlock (Tsuga heterophylla) in the uncut treatment, which

had never been harvested. Red alder (Alnus rubra) is the dominant species in the

clear-cut treatments. The final forest site (COJo) was located on land owned by

Starker Forests, Inc. (Philomath, Oregon). The clear-cut treatment had been in

Christmas tree production until 1996; it tghen was cleared and replanted in Douglas

Fir. This is the only site at which the uncut treatment had been harvested in the

past, but it has been unmanaged except for minor thinning for over sixty years.

Agricultural Sites

These sites were chosen to represent areas where agriculture is a major

component of the current landscape. Table 3.2 provides descriptions for these sites.

Two sites were sampled in the CB ecological province near Pendleton, Oregon.



Table 3.1: Site descriptions for forest sites in Cascade (CA) and Coast (CO) ecological provinces.

Site Harvest Year Elevation Soil Type Soil Sand Clay MAP MAT#

Classification
M 0/ cm °C

CAK11t 1991 400 Klickitat stony loam Humic 42.9 21.0 228.6 9.4
Dystrudept

CAK12t 1991 520 Klickitat stony loam Humic 51.1 14.1 228.6 9.4
Dystrudept

CAK13t 1992 615 Klickitat stony loam Humic 46.7 13.9 228.6 9.4
Dystrudept

CABot 1993 550 Bohannon gravelly Andic 53.1 13.4 241.3 8.9
loam Dystrudept

COHe 1985 315 Hembre silt loam Andic 29.5 24.0 114.3 11.7
Dystrudept

COJo 1996 160 Joiysiltyclayloam Xeric 16.3 39.4 114.3 11.7
Palehumult

tSampled in 1999 and 2000.
Samp1ed during 2000.

§Sand and clay percentages represent mean values for each site.
Mean Annual Precipitation

#Mean Annual Temperature
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The CBWa1 designation refers to the Residue Utilization Plots at the Columbia

Basin Agricultural Research Center at 500 m elevation. These plots have been in

place since 1931 to study the effects of different crop residues and animal manure

on soils and crop productivity. Here the managed treatment from the paired

comparison was planted with winter wheat in rotation with a summer fallow and

received inorganic N at a rate of 90 kg acr&1 in early October of the crop year. The

unmanaged treatment was a former pasture which had not been managed for 70

years. Additional treatments beyond the paired comparison available at this site

consisted of an ordered block with two replications (11 X 40 m plots). Residue

treatments are applied in the spring of each fallow year as follows: Straw, straw

plus 90 kg N ha1, straw plus pea vine, and straw plus manure. This site was

previously described by Bandick and Dick (1999).

The CBWa2 site is on a private farm at 530 m elevation. The unmanaged

treatment is an inactive cemetery last used for burial in approximately 1880. The

dominant species in this treatment were Cheat Grass (Bromus tectorum) and

Downy Brome (Bromus tectorurn L.). The managed treatment is a cultivated wheat

(Triticum aestivum) field that had been under dry-land cultivation for more than

100 y.

The SICa site is on a pear orchard near Medford, Oregon at 425 m

elevation. The managed treatment is in the tree rows of the pear orchard. The

unmanaged treatment is in an adjacent field which is unmanaged except for

periodic mowing.
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Five sampling sites were located in the WV ecological province. This

province is the most populated and the most intensively cultivated in the state. The

WVDa site is on the Finley Wildlife Refuge near Corvallis, Oregon at 75 m

elevation. The managed treatment is a commercial grass-seed field planted in

annual rye grass (Lolium multflorum). The unmanaged treatment is a native

grassland that has never been managed. The WVJo site is also on the Finley

Wildlife Refuge at 115 m altitude. Here the managed treatment is a Christmas tree

field has been under cultivation for 22 y and is harvested every 5-10 y. Bare

ground between the rows is maintained through periodic tillage and the use of

herbicides. The paired unmanaged treatment is in a section of forest dominated by

Douglas Fir. The WVWa site is on Minto Brown Island near Salem, Oregon at 42

m elevation. The managed treatment is a field planted in corn. The unmanaged

treatment is a field out of cherry orchard production for about 30 y. The WVCh1

site is on the Oregon State University Vegetable Farm near Corvallis, Oregon at 70

m elevation. The managed treatment is in a field where vegetable crops such as

corn (Zea mays) and green beans (Phaseola vulgaris) are grown in the summer, and

which is left fallow in the winter. The unmanaged treatment is in a mowed grassy

area bordering the field. The WVCh2 site is a private farm near North Albany,

Oregon at 55 m elevation. The managed treatment is a field planted in buckwheat

(Fagopyrum spp.). Summer crops in previous years have included corn and beans

with use of cover crops and, prior to 20 years ago, had been heavily amended with
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dairy manure. The unmanaged treatment was a natural wooded area with Douglas

Fir trees greater than 60 y old.

Two sites are located at private farms in the JD province near Madras, Oregon.

The JDMa1 site is located at 710 m elevation. The managed treatment is an

irrigated grass seed field. The unmanaged treatment is an adjoining area that had

never been in cultivation. It is dominated by crested wheat grass. The JDMa2 site

is located at 720 m elevation. Here the managed treatment is an irrigated grass seed

field. The unmanaged treatment is the mowed, unirrigated lawn at the Milo Gard

cemetery.

Soil Sampling

Except for the Columbia Basin research station site (CBWa1), transects

were set up within each paired comparison. Using soil maps and field

observations, each paired sampling point across management sites was selected to

control for slope, aspect, soil type, and other confounding factors. Four evenly

spaced sampling points were taken in each transect which ranged from 100 to

200 m. For the CBWa1 sites, samples were taken within the center two-thirds of

the plots.



Table 3.2: Site descriptions for agricultural sites.

Site Soil Type Soil Classification Sand Clay MAP* MAT
0/ cm

CBWa1t Walla Walla Typic Haploxeroll 9.8 17.6 35.6 11.1
silt loam

CBWa2 Walla Walla Typic Haploxeroll 18.7 13.7 35.6 11.1
silt loam

WVCh1t Chehalis silt Cumulic Ultic 17.8 25.7 127.0 11.1
loam Haploxeroll

WVCh2 Chehalis silty Cumulic Ultic 30.5 19.9 127.0 11.1
clay loam Haploxeroll

WVDa Dayton silt Vertic Albaqualf 8.8 24.9 106.7 11.1
loam

WVJo Jory silty Xeric Palehumult 18.3 32.3 114.3 11.7
clay loam

WVWa Wapato silt Fluvaquentic 18.1 15.1 114.3 11.1
loam Endoaquoll

JDMa1 Madras loam Aridic Argixeroll 50.9 15.1 25.4 8.9

JDMa2 Madras loam Aridic Argixeroll 50.8 16.6 25.4 8.9

SICa Carneyclay Udidllaploxerert 21.2 49.6 68.6 11.7

tSampled in 1999 and 2000.
Unmarked sites were sampled in 2000.
Mean Annual Precipitation
Mean Annual Temperature

Approximately 30 soil cores were taken to 15 cm depth within a 2 m radius

of each sampling point. At forest sites, the mineral soil was sampled and the

organic, 0 horizon was not included. Samples were placed in soil bags and stored

at 4 °C. Soils were sieved through a 4.75 mm screen and divided into two portions,
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field moist for direct microscopic analysis of fungal and bacterial biomass and air-

dried for all other analyses. All samples were stored at 4 °C.

Soil samples were taken three times during the growing season (early May,

mid-June, and late September) in 1999 and once (mid-June) in 2000 when the

number and variety of sites was expanded (Tables 3.1 and 3.2).

Biological Analyses

Fluorescein diacetate hydrolysis (FDA), arylsulfatase, and 13-glucosidase

(EC 3.2.1.21) enzyme activity was measured as per Dick et al. (1996). All enzyme

activity results are the average of two sample replicates, with a control (incubated

without substrate) subtracted. Enzyme assays were performed on air-dry soil.

In brief, the substrate for FDA hydrolysis was 60 mM fluorescein diacetate

(3', 6' diacetyifluorescein) solution in a phosphate buffer (pH 7.8). The buffered

soil, substrate slurry was incubated on a shaker at room temperature (25°C) for 3 h.

After incubating, acetone was added, the suspension was mixed and centrifuged.

The supernatant was filtered through Whatman #42 filter paper and the product

(fluorescein) was measured on a spectrophotometer at 490 nm (Hitachi U- 1100,

Hitachi Science Systems, Hitachinaka, Japan).

For arylsulfatase (Aryl), the substrate was p-nitrophenyl sulfate in acetate

buffer (pH 5.8), which was incubated with soil at 37°C for 1 h in the presence of



toluene. NaOH was used to stop the reaction and develop product color. The,

product p-nitrophenol (PNP), was measured using a spectrophotemeter at 410 nm.

3-Glucosidase (Glu) (EC 3.2.1.21) enzyme activity was measured as

described by Dick et al. (1996). In brief, 1 g samples of air-dried soil were

incubated for one hour with p-nitrophenyl 3-D-glucose and toluene in a pH 6

modified universal buffer (MUB). Tris-hydroxy aminomethane (THAM) buffered

to pH 12 was added to stop the hydrolysis reaction and to deprotonate the p-

nitrophenol (PNP), producing a yellow color. This product was measured on a

spectrophotometer at 420 nm. Each sample was analyzed in duplicate and

averaged following the subtraction of a control sample.

Microbial biomass C (MBc) was determined using the chloroform

fumigation-incubation method (Parkinson and Paul, 1982). Respiration (Resp) was

recorded as the CO2 evolved from the unfumigated control in this process. Evolved

CO2 was measured on a Varian 3700 gas chromatograph (Varian, Palo Alto, CA).

Total bacteria (MBb) and fungi (MBf), including dormant, senescent, and active

organisms, were determined by Soil Foodweb, Inc. (Corvallis, OR) using the

fluorescein isthiocyanate method of Babiuk and Paul (1970). Ergosterol (Erg) was

determined using the microwave-assisted method detailed by Young (1995) and

analyzed on a Hewlett-Packard 1090 Liquid Chromatograph (Agilent

Technologies, Palo Alto, CA) using a 1:3 ratio of methanol and acetonitrile as the

mobile phase. Data were not collected for fungal or bacterial biomass or for

ergosterol in the agricultural sites due to resource limitations.
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Microwave Stress

Samples were microwave heat stressed (MW) using a 1000W Whirlpool

AccuWave microwave with a rotating turntable (Whirlpool Corporation, Benton

Harbor, MI). Ten grams of air-dried soil were placed on a Teflon watch glass.

Eight samples of 10 g each were placed in the microwave at a time on the circular

rotating tray. Samples were placed equidistant from each other around the outside

of the tray. A 65 mL aliquot of water was placed in a 250 mL beaker in the center

of the tray. The microwave was run on high power for 10 mm. This time was

chosen as the time at which most (72-90%) of the active biomass was killed. This

was determined by the fluorescein isthiocyanate method of Babiuk and Paul (1970)

at the Soil Foodweb, Inc. (Corvallis, OR). Samples were immediately transferred

to room-temperature glass watch glasses to cool. One-gram subsamples were

weighed into 25 mL Erlenmeyer flasks for 3-glucosidase enzyme activity analysis

which was conducted immediately after cooling. Because commercial microwave

ovens vary significantly in the amount of power applied to samples, we calibrated

the machine by measuring the temperature increase of water and used this to

calculate the amount of energy applied by the microwave as presented by Islam and

Weil (1998). We calculated this to be 723 W (J s1) or 433,800 J for the 10 mm

period on eight samples.



Chemical and Physical Analyses

Extractable phosphorous was run by the sodium bicarbonate extraction

method detailed by Olsen and Sommers (1982). Total nitrogen (N0) was

determined using the Kjeldahl digestion method with steam distillation detailed in

Nelson and Sommers (1972). Total C (C0) was determined by combustion in a

Leco 144 (Leco Corporation, St. Joseph MI). Soil pH was determined using a 2:1

ratio of water to soil and an Orion Research digital ionalyzer 501 (Thermo Orion,

Beverly, CA).

Particle size distribution was done by the Central Analytical Laboratory at

Oregon State University using the pipette method of Gee and Bauder (1986).

Stable aggregates were determined by wet sieving as described by Kemper and

Rosenau (1986).

Relative Indices

Relative indices were calculated, normalizing enzyme activities to a variety

of measures. The microwave stress ratio (MWSR) was calculated as the percentage

of the unstressed (total) activity remaining after microwave stress. Enzyme

activities were normalized to clay, silt plus clay or C0 as well, resulting in the

following measures: 3-g1ucosidase activity normalized toC0 (G1uJC), to clay
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(Glu/ci), and to silt plus clay (Glu/s+c); MW stressed -glucosidase activity

normalized to C0 (Glut/C), to clay (Glu/cl), and to silt plus clay (GluIs+c)

arylsulfatase activity normalized to C0 (Aryl/C),to clay (Aryl/cl), and to silt plus

clay (Arylls+c); and FDA hydrolysis activity normalized to C0 (FDA/C), to clay

(FDA/cl), and to silt plus clay (FDA/s+c).

Statistical Analyses

Data were analyzed as a randomized complete block design where each site

was a block. The four measures from each treatment in each block were averaged

and analyzed as a single replicate.

A Kolmogorov-Smirnov goodness of fit test was used to determine whether

data were normally distributed. For those data that passed this test, a paired t test

and analysis of variance (ANOVA) were performed. For those data that did not

pass the test of normality, a Wilcoxon rank sum test was performed in lieu of a

paired t test and a Kruskal-Wallis rank test was performed in lieu of ANOVA.

Correlation analysis was performed on all data. Finally, discriminant analysis was

used to determine which measured parameters were most important in separating

treatments. The canonical coefficients from this analysis were used to develop a

linear combination of parameters that best separated treatment effects. All
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statistical analyses were performed using SPLUS 2000 statistical software package

(MathSoft, Data Analysis Products Division).

RESULTS AND DISCUSSION

Temporal Effects

Soil quality indicators need to be relatively stable over the short term to

detect the trajectory of management on soils. Short-term temporal results were

different between forested and agricultural sites. This may be related to different

types of disturbance that occur in these systems

Only the MWSR showed significant change over the three sampling dates

in 1999 (p<0.O5) for the forest sites (data not shown). In these sites, no other

measures showed significant differences between sampling times over the course of

this growing season (including both stressed and unstressed f3-glucosidase activity)

(Fig. 3.1). The variability present in these data does not allow us to conclude

unequivocally that there is no difference between sampling times, only that there is

no statistically significant difference. When the second-year data were added as a

fourth sampling point, the following showed significant temporal effects: MBf

(p<O.001), MBc (p<0.10), respiration (p<O.Ol), MWSR (p<O.lO), Aryl/C (p<O.Ol),
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and Aryl/ci (p<O.Ol). This year-to-year change in these measures indicates that

they may be less desirable for projecting long-term effects of management. On the

other hand, these measures are likely good indicators of the active portion of soil

biology because they reflect short-term seasonal effects.

In the forested sites, the MWSR was the most sensitive indicator of seasonal

changes. It was unexpected that there would be significant temporal effect on the

MWSR because this should reflect the abiontic form of the enzyme which would

accumulate over time by stabilization in the soil matrix. It would be expected to

have lower temporal variability compared to enzymes within or on viable cells.

Perhaps the inclusion of the more ephemeral biotic fraction of the enzyme activity

in the calculation provided sufficient variation to allow this measure to be sensitive

to temporal change.

The seasonal change in MBc indicates the size of the microbial community

changes over time. The sensitivity of both MB and respiration to seasonal effects

is likely related to short term fluctuations in temperature and moisture. This agrees

with To land and Zak (1994), who showed soil respiration rates increased

significantly as soil temperature increased.
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were significant at p<O.l 0.
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The MBf is apparently an important part of these seasonal fluctuations,

given the significant change in MBf (data not shown). This is further supported by

the significant seasonal effects on arylsulfatase activity because it catalyzes the

hydrolysis of organic ester sulfates to sulfate and so is related to MBf levels.

Saggar et al. (1981) reported that most microbial ester sulfates are contained in

fungi in soil. Thus, increased MBf levels causes higher amounts of arylsulfatase

substrate, which likely induces increased enzyme production.

The agricultural sites showed little change in the parameters across seasons

or between years within the same site or treatment. Only respiration (p0.050)

showed a significant change over the first growing season. No measures showed

significant differences between sampling times when the second-year data were

added to the analysis. Fig. 3.2 shows an example of the lack of temporal effects on

3-glucosidase activity. It should be noted that only two agricultural sites were

sampled the first year, with the remaining eight sites being sampled only once in

2000. Consequently only managed-site data are shown in Fig 3.2. These results

support observations by Ndiaye et al. (2000) who report similar results with many

of the same soil measurements as our study, including -glucosidase and

arylsulfatase activities. Thus, for these soils in our study under agricultural

management, it seems these enzyme activity measures show promise as soil quality

indicators because they remained stable over the course of a growing season.
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The lower temporal variability in these measures in the agricultural sites

than in the forested sites is likely the result of differences in the types of

management practiced in the two systems. In the case of the forested sites, a single

major timber harvest event was followed by a long recovery period and had

relatively high levels of MBc and activity. Conversely, the agricultural sites had

regular disturbance through tillage, which resulted in lower levels of biological

activity than the forested sites. Agricultural soils receive nutrients as fertilizers and

some sites had irrigation, which could moderate seasonal climatic variation. This

periodic disturbance might select for a more resilient and stable microbial

community. The undisturbed forest soil was acclimated to relatively stable

environmental conditions under the protection of a thick canopy and litter layer.

The timber harvest exposed the soils to much wider swings in temperature and

likely moisture as a result of the removal of that canopy. Thus the larger MBc of

forest soils would be more sensitive to seasonal changes in moisture and

temperature than would Ssoils under agricultural production.
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Management Effects

Microbial Properties

Paired comparisons of individual measures can be seen in Tables 3.3-3.5.

The biological measures shown in Table 3.3 show no differences between the clear

cut and uncut forest treatments. This lack of significant change likely reflects the

length of time (2-8 years) between timber harvest and sampling. This lag time may

have given the microbial community time to recover from any potential effects.

In the agricultural sites, both MBc and C0 are significantly lower in the

managed treatments. It is well established that tillage decreases both of these

parameters (van Veen and Paul, 1981; Gupta and Germida, 1988). Gupta and

Germida (1988) found that the reduction in biomass as a result of long-term

cultivation of row crops was greater in the macroaggregate size fraction and

suggested that this may be a result of a decrease in the abundance of fungi relative

to bacteria in these soils. Using microscopy they also found that fungal mycelia

were important in holding macroaggregates together. Thus, regular disturbance by

tillage disrupts fungal hyphae in the soil and reduces macroaggregates and

aggregate stability. While we did not collect these data at the majority of

agricultural sites, the W'\TChl site showed no treatment effect on bacterial biomass,

but a significant reduction (p<O.Ol) inMBf in the managed treatment. This is

likely due to decreased organic C inputs and the mechanical disruption of the



Table 3.3: Paired comparisons averaged across sites for soil microbial properties for samples taken in 2000.

Forest Agricultural

Measurement Clear Cut Uncut Managed Unmanaged

Bacterial Biomass 172 187 NS NA NA
(tg g1) (6S3O2)t (83-319)

Fungal Biomass 417 646 NS NA NA
(j.xgg1) (71-1425) (127-1558)

Ergosterol 5.65 9.86 NS NA NA
(p.g g1) (3.3-8.3) (13.8-5.9)

MBc 281 368 NS 93 134 NS

(g C g1) (82-5 18) (145-638) (20-190) (7-222)

C0 4.93 4.97 NS 1.56 2.04 *

(%) (2.0-9.9) (3.1-12.7) (0.67-3.8) (1.4-3.3)

and **** represent p<O.lO, 0.5, and 0.01, and 0.005 respectively.
NS signifies value was not significant at p<O.lO.
NA signifies that insufficient data were collected to make a comparison.
tNumbers in parentheses represent range of values measured.



50

fragile fungal hyphae and may account for the reduction in MB in the managed

treatments. We did not observe significant treatment effects on water-stable

aggregates across all. However, three sites did show significant reductions in

aggregate stability with management. These were CBWa1 (p<O.O5), CBWa2

(p<O.Ol), and WVCh2 (p<O.lO). One site (SICa) showed an increase in aggregate

stability with management (p<0. 10). However, at this site the managed treatment

had a higher percentage of clay (54%) than did the unmanaged treatment (45%),

which may account for greater aggregation in the managed treatment.

In the case of the forest soils, the effect of logging on soil properties is less

clear but there are several possible mechanisms to explain our observations. One is

that we did not sample the organic (0) horizon but, qualitative observations showed

the 0 horizon being much thinner in the clear cut than the old growth soils.

Undoubtedly this means that the 0 horizon would have greater MBc on an area

basis for old growth than in the clear-cut treatment.

Enzyme Activities

A priori it was expected that microbial properties would be at lower levels

in the clear-cut treatment. This was true for MBf but 3-g1ucosidase activity levels

were higher in the clear-cut treatment when averaged across all sites (see Table

3.4). This may be due to the disturbance during harvest activities that may have



51

exposed protected organic matter and some mixing of litter with the lower mineral

soils (Pennock and van Kessel, 1997). Furthermore, previously protected fractions

of the SOM may become exposed to hydrolysis, resulting in stimulation of

cellulolytic activity. The reduction in canopy cover resulting from timber harvest

causes higher soil temperatures in clear-cut sites which would stimulate a more

active microbial community and contribute to a reduction in organic matter.

Indeed, the results would suggest there is greater decomposition on the clear-cut

treatment, evidenced by greater 3-glucosidase activity which is involved in

cellulose degradation.

These results are somewhat in contrast to previously published work.

Clear-cutting has been shown to reduce (Pietikainen and Fritze, 1995) or have no

significant effect on microbial activity as measured by respiration (Pennanen et al.,

1999) and thymidine incorporation (Baath et al., 1995). These latter results support

our data, which showed no significant difference in respiration between cut and

uncut treatments in the forested sites. The overall lack of change in microbial

activity is also evidenced by the observation that FDA activity was not sensitive to

management. FDA activity, which measures the activities of a broad spectrum of

hydrolytic enzymes has been proposed as an overall measure of microbial activity

in soils (Adam and Duncan, 2001). Thus the changes in the soil were significant

enough to increase the activity of cellulolytic organisms, increasing the overall

concentration of 3-g1ucosidase in the soil (total as well as immobilized), but did not
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alter the overall dynamics of the microbial community, as evidenced by the lack of

change in respiration and FDA hydrolysis.

In contrast to the forested sites, agricultural management caused significant

decreases in all enzyme activities. FDA hydrolysis was reduced by agricultural

activity along with MB which suggests that the microbial population in these soils

has been reduced by the tillage and other practices. This may be due in part to a

reduction in C inputs relative to the unmanaged treatments as a result of harvest

and removal and/or lower plant biomass production in managed sites. In addition,

the observed changes in arylsulfatase activity suggest that much of this reduction

may be due to a decrease in the fungal component.

Arylsulfatase activity may be indirectly related to MBf, since ester sulfates

are found primarily in fungi (Saggar et al., 1981). In addition, we found a

significant correlation (r=O.63, p<O.00l) between arylsulfatase activity and soil

ergosterol concentrations. Ergosterol is a fungal biomarker which is highly

correlated with viable MBf (Stahl and Parkin, 1996; Montgomery et al., 2000).

Thus, despite the lack of direct measures of MBf, it seems apparent that tillage has

reduced fungal populations in this soil. This agrees with our observations that

management reduces water stable aggregates.

A significant reduction was observed in both total and MW stressed 3-

glucosidase activity in the managed agricultural treatments relative to the

unmanaged. Microwave-stressed enzyme activity can be assumed to come

primarily from enzymes stabilized on soil colloids, which is known to be resistant
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to denaturation by thermal stress (Hayano and Katami, 1977; Hope and Burns,

1987; Lahdesmaki and Piispanen, 1992; Deng and Tabatabai, 1994; Nannipieri et

al., 1996; Rao et al., 2000). Cellulose is the largest C input to soils globally

(Eriksson et al., 1990) and -glucosidase is involved in its conversion to glucose, a

readily available form of C. This reduction, therefore, may be due in part to

differences in the quantity or quality of C inputs in the two treatments.

The reduction in immobilized 3-glucosidase activity due to agricultural

management is somewhat higher than the total activity (55 and 43%, respectively).

For these sites, however, the C0 is 24% lower in the managed treatments than in

the unmanaged treatments. This would suggest that a greater part of the reduction

in 3-glucosidase from management is due to losses of the enzyme complexed in the

soil matrix rather than a reduction of the amount of enzyme in the microbial pool.

Relative Indices

The previous results showed that biological measurements can detect

management effects in side-by-side comparisons (Table 3.4), but enzyme activities

varied widely by soil type as has been shown in other studies (Bandick and Dick,

1999; Ndiaye et al., 2000). This limits the practicality of using these as soil quality

indicators. To be useful an indicator must be calibrated so that a test can be

interpreted without comparison to a control soil and standardized across soil types.



Table 3.4: Paired comparisons for enzyme activities across both sampling years for all sites.

Forest Agricultural

Clear Cut Uncut Managed Unmanaged

FDA 60 61 NS 29 53 *

(tg fluorescein g' h') (2772)t (29-83) (8-7 1) (23-169)

Glu 125 105 NS 100 175

(tgPNPg1 h') (66-197) (68-149) (46-151) (111-294)

Glu 61 44 NS 50 110 ***

(tg PNP g1 h1) (19-99) (19-72) (19-87) (42-226)

Aryl 276 328 NS 57 144

(jig PNP g1 h1) (68-1136) (159-841) (9-186) (33-369)

'K, ', ***, and **** represent p<0.lO, 0.5, and 0.01, and 0.005 respectively.
NS signifies value was not significant at p<O.l 0.
NA signifies that insufficient data were collected to make a comparison.
Data from second year only.

tNumbers in parentheses represent range of values measured.
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We tested several approaches to determine the potential of relative indices based on

the assumption that a significant amount enzyme activity comes from the fraction

immobilized on clay and organic colloids (Bums, 1982; Hope and Bums, 1987;

Eivazi and Tabatabai, 1988; Naimipieri et al., 1996). One method calculated

activity per unit C or clay because it is well established that enzyme activities are

highly correlated with these properties (Tabatabai, 1973; Hope and Bums, 1987;

Eivazi and Tabatabai, 1988; Farrell et al., 1994; Bandick and Dick, 1999). The

second approach was to calculate the ratio between microwave stressed activity

(which should represent the abiontic enzyme fraction) and the total activity. This is

desirable because it is constrained to a value between 0 and 1. Preliminary research

showed that the MW stress test for arylsulfatase data had very high variability (data

not shown), and so the MWRS was developed for only -glucosidase.

Most of the relative indices significantly discriminated between

management effects (Table 3.5). These results identify which parameters may be

useful in designing a standardized soil quality index, but may not be practical for

stand-alone use. In particular, FDA hydrolysis and its derived ratios showed few

significant differences between treatments in the forest soils. However, ArylIC did

show treatment effects in the forest systems. Since neither C0 nor arylsulfatase

alone differentiated between treatments, there may be some interaction between the

two properties that are affected by treatments (such as enzyme stabilization on the

soil matrix). Only the MWSR (microwave stressed 3-glucosidase activity as a



Table 3.5: Paired comparisons for relative enzyme activity indices across both sampling years.

Forest Agricultural
Clear Cut Uncut Managed Unmanaged

Glu/C 28.31 24.78 NS 79 109 NS
(6.7S2)t (5.7-41) (21-180) (44-164)

Glu/ci 8.81 7.04 NS 5.20 15.46 **

(2.2-13) (2.6-13) (2.6-8.7) (4.0-32)
Glut/C 13.38 10.17 NS 37.25 61.14 NS

(1.9-22) (1.6-16) (8.9-92) (13-122)
GIu/cI 4.48 3.10 NS 2.52 9.02 **

0.78-7.9) (0.58-6.2) (.78-5.5) (1.4-24)
MWSR 0.49 0.42 NS 0.47 0.51 NS

(0.30-0.81) (0.22-0.60) (0.30-0.74) (0.29-0.77)
Aryl/C 60.2 78.2 NS 31.9 66.5 NS

(18-116) (33-128) (14-56) (24-161)
Aryl/ci 19.1 21.0 NS 2.36 7.80 **

(1.6-50) (7.8-39) (0.8-6.0) (2.0-17)
FDA/C 13.15 51.62 NS 16.6 19.6

(6.5-18) (13-124) (9.1-28) (8.3-43)
FDA/cl 4.2 13.77 NS 2.4 7.8

(.64-5.8) (2.5-34) (.81-6.1) (2.0-17)

', ***, and **** represent p<O.iO, 0.5, and 0.01, and 0.005 respectively.
NS signifies value was not significant at p<O.l 0.
NA signifies that insufficient data were collected to make a comparison.
tNumbers in parentheses represent range of values measured.
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percentage of unstressed activity) was incapable of differentiating between

agricultural treatments.

One potential problem in the use of the microwave for index standardization

is that the power of microwaves vary greatly by model. In fact, often the actual

power applied to the sample is different from that printed on the oven and it may

vary somewhat over its life. Islam and Weil (1998) developed a method to

standardize the power of a microwave for use as an alternative to chloroform

fumigation in biomass determination, which may help to correct this problem.

However, the potential for variable absorption of microwave radiation by soil

samples, due to differences in moisture content and in the ability of soil particles to

absorb microwave radiation, may still lead to uncertainty in the implementation of

this technique.

For the agricultural soils, both GluJcl and Aryllcl were consistently affected

by treatments. Since both enzyme activities were also different between

treatments, and samples were paired by soil type so that clay content was similar,

this is to be expected. It reaffirms the sensitivity of f3-glucosidase and arylsulfatase

activities to agricultural management.

Normalizing activity to clay content greatly reduced the effect of soil type

and increased the separation between measures of managed and unmanaged soils

on a relative basis. This can be seen b comparing Tables 3.4 and 3.5. For

glucosdiase activity there was a 1.75 ratio between the means of managed and

unmanaged soils, whereas for Glu/cl there was a ratio of 2.97. Therefore the GluJcl



index provides greater separation between treatments. Similarly, FDA hydrolysis

alone had a 1.82 ratio, compared to FDA/cl which had a 3.82 ratio between

managed and unmanaged. Also, the ranges of these values showed less overlap

between the managed and unmanaged treatments for the Glulcl and FDA/cl (Table

3.5) than for activities alone (Table 3.4).

Residue Utilization Plots

The residue utilization plots at the CBWa1 site allow a comparison of more types

of management than the simple paired comparisons of the other sites (Table 3.6).

The unmanaged treatment was significantly higher in MBc, -glucosidase activity,

microwave stressed 3-glucosidase activity, as well as GluJC, GluJcl, Glu/C, and

Glu/cl. The pea vine and manure treatments tended to be intermediate between

the unmanaged treatment and the N fertilizer treatment. f-Glucosidase activity is

an excellent example of this trend, highest in the unmanaged, almost equal and

intermediate in the pea vine and manure treatments, and lowest in the N fertilizer

treatment. This reflects a pattern similar to that reported by Bandick and Dick

(1999) for these same plots, though our values are substantially larger than those

reported. The pattern of -glucosidase activity is reflected in the biomass C

measures. This suggests that the addition of green manure (pea vine) and animal

manure provide more substrate for a viable microbial community, stimulating
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growth and activity, than does the addition of crop residue and N fertilizer, alone.

Thus the community under these conditions reflects the unmanaged pasture soil

more closely than does the N fertilized soil that lacks these additional C inputs.

Discriminant Analysis and Soil Quality Index

Discriminant analysis is a multivariate technique that describes the

importance of individual measures in a large data set in differentiating between

predetermined groups. In this case, the canonical coefficients listed in Table 3.7

represent the importance of each measured parameter in separating treatments when

the variation of all data over both years is included. The signs of the coefficients

are unimportant in discriminating between treatments, as the rank is determined by

the absolute value (Rencher, 1998).

Rencher (1998) notes that a limitation of this analysis is the unknown

influence of non-normally distributed data. We were also limited by the number of

parameters that could be included in the model by the number of observations

(sampling sites). Nonetheless, this analysis can be useful to determine the relative

rank or contribution of soil properties in separating management effects. It

provides a mechanism, on a multivariate basis, for reducing the number of

variables that may be considered as soil quality indicators.



Table 3.6: Treatment effects on soil properties for Residue Utilization Plots.

N Fertilizer Pea Vine Manure Pasture

MBb 144 159 141
NA NS

p.g g' (762S6)t (88-268) (75-243

MBf 10 15 17 NA NS
(4.9-14) (10-21.8) (11-21)

MB 55 74 89 170
p.gg' (5-112) (9.1-150) (20-190) (150-207)

Respiration 0.465 0.26 0.24 0.17
NS

tgCg1 (0.15-0.77) (0.16-0.35) (0.1-0.35) (0.16-0.20)

G1u 45 66 60 152
ig PNP g1 h1 (32-61) (44-78) (29-75) (135-168)

Glu 75 105 100 268
jig PNP g1 h1 (63-94) (96-124) (91-117) (263-273)

Aryl 44 55 42 79
NSjigPNPg1h' (12-140) (19-153) (39-48) (15-55)

ctot
% 1.1 1.2 1.6 2.1 NA

MWSR
0.60 0.63 0.59 0.57

NS
(0.48-0.77) (0.44-0.74) (0.43-0.74) (0.52-0.62)

GluJC
69 91 62 134

(5 8-86) (83-107) (56-73) (121-147)

Glu/ci
43 6.0 5.7 30

(3.6-5.3) (5.4-7.1) (5.2-6.7) (29-31)

Glu/C 41 57 37 77 ****
(29-56) (38-67) (24-46) (62-90)

G1u/c1
2.6 3.8 3.4 17

(1.8-3.5) (2.5-4.4) (2.2-4.3) (15-19)

and **** represent p<O.lO, 0.5, and 0.01, and 0.005 respectively.
NS signifies value was not significant at p<O.lO.
NA signifies that insufficient data were collected to make a comparison.
tValues in parentheses are range of values across sites.
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Table 3.7: Canonical discriminant coefficients.

Forest sites Agricultural sites

Parameter Coefficient Parameter Coefficient
MWSR 8.1694 MWSR -11.8134

Glu/C 1.4266 GluIcl -1.1831

G1uJC -1.4158 Respiration 1.1140

Ergosterol 1.1830 Aryl./cl 1.0092

GluIclay -0.7589 FDA/cl -0.4743

C0 -0.6626 Glu/ci -0.1990

Aryl/cl -0.6442 Glu/C 0.1722

Glu -0.3278 Aryl/C -0.1067

Glu 0.3206 FDA/C 0.0869

Aryl/C 0.13 15 Glu 0.0381

Glu/cl 0.0486 Glu 0.0128

Aryl 0.0185 FDA 0.0025

MBf 0.0058 Aryl 0.0018

MBb 0.0056 Glu/C -0.0016

MBc -0.0072
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Forest Sites

The discriminant analysis was able to separate the treatments (p<O.O1,

Hotellings T2 test for differences in means). The parameters most important to this

separation were (values in parentheses are coefficients from Table 3.7): MWSR

(8.1694), G1uJC (-1.4158), Glu/C (1.4266), and Erg (1.1830). The temporal

variability of the stress ratio suggests that it is not well suited to use in a soil quality

index. The fact that it is a good discriminator only in the discriminant analysis

(which requires all of the data measured) is interesting, but limits its use as a stand-

alone indicator. It is only capable of separating treatments in conjunction with a

larger suite of parameters. Because of this and the previously noted problems with

microwave technology, we tested linear combination of ergosterol concentration

and G1uJC. However, this model was not capable of separating treatments.

Two of the three ratios with the largest absolute value canonical

discriminant coefficients had C0 in the denominator (stressed and unstressed

glucosidase activity). In addition, ergosterol concentration alone was capable of

separating treatments (p<O.005, Table 3.3). When ergosterol concentration is

normalized to the separation is quite clear (p<O.005). In addition, a very

distinct separation between treatments becomes apparent at a value of 1.7 when the

data are plotted, as shown in Fig. 3.3. All of the clear-cut sites show values below

1.7 and all of the uncut sites (with one exception, CAK13) show values greater than

1.7. It should be noted that ergosterol was only measured for the 1999 sampling
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Figure 3.3: Plot of Erg/C0t for clear-cut and uncut sites.



season but since the majority of the forest sites were sampled in 1999 there was

adequate replication. Thus, it can be concluded that, for these four sites in the

McKenzie forest, ergosterol (a fungal biomarker) normalized to Ct0t shows promise

as a soil quality index assuming that these uncut (fungal dominated) soils are of

higher quality.

Ergosterol concentrations are known to be highly correlated with MBf in

soil, and ergosterol extraction has been used as an alternative method for measuring

fungal biomass (Stahl and Parkin, 1996; Montgomery et al., 2000). Ct0t has been

used by many as an indicator of soil quality or tilth (Doran and Parkin, 1994;

Karlen and Stott, 1994). As noted above, its relatively slow response to

management (on the order of decades) limits its usefulness to land managers on a

human time scale. Ergosterol concentration was correlated with MBf, total biomass

C, and arylsulfatase activity and weakly with C0 and pH (Table 3.8). It was also

very sensitive to clear cutting. Consequently, among the measurements we made,

ergosterol was the most sensitive to clear cut management, reconfirming the

sensitivity ofMBf to timber harvest.



Table 3.8: Sirnple correlations (r value) between selected parameters for forest sites.

MBf MBc Resp Glut Ergt FDA Aryl Glu N0 C0 pH MWSR Glut GluJcl Glut/

MBb -0.01 0.55 -0.05 -0.45 -0.17 0.32 0.73 -0.60 0.65 0.61 -0.33 -0.17 -0.74 -0.29 -0.67 0.37
** *** ** ** ** **

MBf -0.23 0.91 0.74 0.53 0.73 -0.39 0.53 -0.31 -0.08 0.29 0.73 -0.16 0.85 0.27 -0.68
**** *** *** *** * *** ****

MBc -0.10 -0.30 0.56 0.31 0.62 -0.10 0.45 0.61 -0.40 -0.39 0.56 -0.11 -0.67 0.47
** ** ** *** *

Resp 0.83 -0.05 0.83 -0.395 0.60 -0.38 -0.10 0.33 0.82 -0.18 0.90 0.30 -0.66
**** **** ** **** **** **

Glu -0.19 0.60 -0.62 0.83 -0.52 -0.26 0.22 0.86 0.19 0.92 0.65 -0.78
** ** **** * **** **** ** ***

Ergt NA 0.63 0.10 .0.03 0.29 -.31 0.37 .0.01 0.11 -0.28 NA
**** * **

FDA 0.08 0.37 -0.05 0.28 0.02 0.65 -0.53 0.73 0.07 -0.50
** * *** *

Aryl -0.64 0.86 0.81 -0.54 -0.49 -0.79 -0.47 -0.88 0.37
** **** **** ** * **** * ****

Glu -0.59 -0.04 0.17 0.44 0.37 0.85 0.57 -0.52
** **** ** *

N0 0.91 -0.71 -0.42 -0.74 -0.41 -0.77 0.23
**** *** ***

C0 -0.71 -0.24 -0.85 -0.09 -0.76 0.09
**** ***

Clay -0.72 0.47 -0.80 -0.02 0.57
*** **** **

and represent p<O.iO, 0.5, and 0.01, and 0.005 respectively. tErgosterol values were measured only in 199Q



Agricultural Sites

The discriminant analysis (see Table 3.7 for canonical coefficients) was

able to differentiate between the treatments (p<0.005, Hotellings T2 test). The

coefficients listed in Table 3.7 suggest a linear function of the following measures

as a soil quality index: MWSR, Glu/cl, respiration, and Aryl/cl. Again for

reasons pointed out in the forest soil discussion above, we did not keep it in

consideration as a stand alone soil quality indicator. Instead, a suite of enzyme

activities was substituted for these measures. The combination of 3-glucosidase,

arylsulfatase, and FDA activities were normalized to clay content. FDA hydrolysis

activity has been used as an alternative measure of overall microbial activity in soil

(Adam and Duncan, 2001).

The distribution of points identified by management system is shown in Fig.

3.4. This index produces a significant separation between treatments (p<0.O01) and

correctly classifies 87% of sites with an apparent threshold value at 17. In addition,

Table 3.9 shows that at least one of these enzyme activities is correlated with the

each of the following parameters (at p<O.O5): pH, N0 , and biomass C. The

use of this index provides an indirect reflection of these other parameters as well.

The high correlation between arylsulfatase and FDA activity shown in

Table 3.9 suggests that 3-glucosidase plus arylsulfatase activities normalized to

clay content may be equally effective as when all three enzyme activities were

included. This ratio successfully separated managed vs. unmanaged treatments at
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Figure 3.4: Plot of proposed soil quality index (SQl) for agricultural sites.



p<O.005 and correctly classified 93% of sites with a threshold at 14 (Fig 3.5). This

appears to be a better index because it correctly classified a higher percentage of

sites. However, that increase of 6% represents only a single site. In addition, the

separation between groups is not as large; the two sites closest to the threshold

value are 0.3 units, rather than the 5 units provided by the index using all three

enzyme activities. Using either arylsulfatase or 3-g1ucosidase activity alone,

normalized to clay content, is unsatisfactory, as it correctly separated managed and

unmanaged soils fewer than 50% of the time (data not shown).

There are three unmanaged sites (WVCh1, SICa, and WVJo) with values

below the threshold value of 17. At WVChI an area under grass near a road was

the closest unmanaged location on the same soil type. This site would be expected

to have a lower soil quality rating because it was regularly mowed and subject to

vehicle traffic. The misclassification of the other two sites (WVJ0 and SICa) may

be due to the high clay content at both of these sites. SICa is on a Vertisol with a

high proportion of high shrink-swell clays. The WVJo site is also on a highly

weathered, very clayey soil, which may account for the anomalous results.

However, for 88% of the sites, this index correctly divided and managed sites

across a diverse set of soil types and management strategies.



Table 3.9: Simple correlations (r value) among selected soil properties at agricultural sites.

'TI ;i
'TI 'rI >

- Q_ cJQ

ID (

-0.28 -0.26 0.59 0.76 -0.19 0.50 0.70 -0.20 0.16 -0.27 -0.59 -0.16 -0.49 -0.189 -0.14 0.13 0.67 0.66 0.14

IV.IBc
*** **** ** **** **

-0.28 -0.01 -0.33 -0.03 -0.27 -0.32 -0.24 -0.42 0.09 0.22 -0.067 0.12 0.086 0.53 0.12 -0.32 -0.26 -0.07

Resp * **

0.59 -0.01 0.82 -0.11 -0.19 0.84 -0.42 0.78 0.73 0.90 0.88 0.940 0.14 0.61 -0.06 0.16 -0.29

Glu *** **** **** * **** **** **** ****

0.51 0.16 0.40 0.77 -0.18 0.01 -0.08 -0.34 0.06 -0.19 0.045 0.36 0.64 0.38 0.56 0.06
FD** * **** * *** *

0.03 0.48 0.71 0.01 0.01 -0.22 -0.39 0.18 -0.33 0.070 -0.34 0.20 0.73 0.83 0.19

A.ryl
** **** *

-0.31 0.07 0.72 -0.09 0.39 0.71 0.66 0.72 0.674 0.27 0.58 0.14 0.23 0.08

Glu **** * **** **** ****

0.70 -0.24 0.01 0.02 -0.54 -0.76 -0.33 -0.071 -0.34 0.06 0.30 0.39 -0.18
*

-0.23 0.22 -0.33 -0.64 -0.11 -0.51 -0.147 -0.24 0.26 0.55 0.65 0.21
(1
'-tot

*** ** *** ****

-0.28 0.56 0.65 0.81 0.73 0.836 -0.06 0.43 -0.02 0.18 -0.20
pH*** *** **** **** **** **

-0.56 -0.22 -0.60 -0.44 -0.576 -0.18 -0.56 0.18 -0.18 0.81

Clay *** *** ** *** ***

k, ***, and **** represent p<O.lO, 0.5, and 0.01, and 0.005 respectively.



70

Again, the RUP (CBWa1) plots have a range of agricultural treatments that

provide an opportunity for detecting more subtle soil management effects. Fig. 3.5

shows a plot of these treatments for an index including only arylsulfatase and 13-

glucosidase enzyme activities. FDA hydrolysis activity was not measured for most

of these sites, so (Aryl+Glu)/clay was used. The general trend shows the

unmanaged treatment far above 12, the threshold value determined from all data

and the pea vine and manure treatments clustering somewhat closer to the threshold

than the N fertilized treatment. However, the spring 1999 sampling of both the pea

vine and the N fertilizer treatments is substantially higher than the general cluster

for those treatments. This sampling for the pea vine is greater than the threshold

value (12), and the N fertilized treatment is almost equal to it with a value of 12.18.

This may reflect the recent addition of amendments (which are plowed under in the

spring) and the resultant flush of microbial activity. Nonetheless, the general trend

of the index follows the trend shown in biomass C and 13-glucosidase activity for

these sites, with treatments of pea vine and manure being closer to the unmanaged

pasture treatment than the N fertilizer treatment.

We investigated the potential of enzyme activities in combination with the

silt and clay fractions (Fig 3.6). This was of interest because some Oregon soils

have high amounts of silt. Although silt has much lower surface area than clay, its

surfaces could provide sites for adsorption of enzymes. In this case only the sand

content would be needed, which is much easier and less expensive than measuring

silt or clay content.
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Figure 3.5: Plot of soil quality index (SQl2) for CBWa1 sites with a comparison to all agricultural sites.
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This combination was not able to separate treatments for the forest sites at

the p<O.lO level (data not shown). However, it showed significant differences

between treatments for the agricultural sites at the p<O.Ol level (data not shown). It

also correctly separated the management treatments for 85% of agricultural sites

when the threshold value was set at 3.5. Three unmanaged sites were classified as

managed treatments at the JDMa1, WVCh2, and W'\TJo sites. The JDMa1 site is an

irrigated grass field in a semiarid region. It is very possible that agriculture at the

JDMa1 site would increase soil quality over unmanaged soil. hrigation plus

fertilization produces much more plant biomass than does the native grassland and

sagebrush of this semiarid environment. In fact, all biological measurements were

higher on irrigated than unmanaged soil at this site. The managed treatment at the

WVCII2 site has had many years of winter cover cropping and at one time received

dairy manure which may have resulted in this site's higher value. Finally, The

WVJo site is on a highly weathered, clay-rich soil which is known for its ability to

adsorb soil organic matter. Consequently, it may have higher potential to adsorb

and protect soil enzymes.

The potential of an index consisting of (Glu+Aryl)/(silt+clay) was also

investigated (data not shown). This was capable of differentiating between

management for the agricultural sites at the p<O.Ol level. It correctly classified the

management regime of 90% of sites. However, there was clustering of sites of both

treatments very near the threshold value, with 40% of sites within one unit of this

value. Thus there was less sensitivity for differentiating soil management effects.



SQl3 (FDA+Glu+Aryl)/(silt+clay)
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Figure 3.6: Plot of soil quality index (SQl3) normalized to silt+clay content for agricultural sites.
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A ratio that includes silt content in the denominator may be related to the

likelihood that enzymes can be stabilized on silt particles. There is evidence for

this in that two of the three sites misclassified by this ratio were different from the

sites misclassified when only clay content was used in the ratio. The ranking of

sites is different from the index using only clay content (data not shown), which

suggests that the silt fraction is making a contribution.

CONCLUSION

The relative indices, consisting of biochemical measures normalized to clay

or developed in this work are effective at separating managed and unmanaged

treatment effects. In the forested system, the ergosterol-to-00 ratio was best at

detecting management, suggesting that the differences between clear-cut and

unmanaged treatments are primarily related to differences in fungal populations.

Conversely, for agricultural treatment ratios of enzyme activity, clay content were

good soil quality discriminators.

The CBWa1 (RUP) sites had several long-term agricultural treatments with

different levels of C inputs which would be expected to affect soil quality. The

ratio, (Aryl+GIu)/clay, reflected these treatments with the pea vine and manure

treatments showing a higher values than the N fertilizer treatment. More

importantly, this ratio appears to provide an index of soil quality that is
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independent of soil type. This overcomes a problem for most other soil properties

where the difference among soil types is much greater than the soil management

effects within a soil type. Thus, this ratio enables the possibility for calibration and

interpretation of a soil quality indicator without the need for a separate unmanaged

or reference sample analysis that is typically not available for feasible for land

managers. This ratio needs to be tested across a wide range of soil types and

different management systems. Furthermore, it seems likely that this would be

done in conjunction with a several other key soil measurements to fully

characterize the quality of soil.



76

CHAPTER 4

SOIJRCE AND LOCATION OF 13-GLUCOSIDASE: A KINETIC
APPROACH
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ABSTRACT

Previous research has shown that 3-glucosidase activity can detect soil

management effects and has potential as a soil quality indicator. The majority of

-glucosidase activity comes from extracellular (abiontic) activity that is bound and

protected by soil colloids and increases as soil organic matter increases. We

hypothesized that the abiontic enzyme fraction may be important in detecting soil

management. Consequently, a study was conducted to determine how management

affects the kinetics of this enzyme and its stabilization on soil colloids. Soils were

sampled from three sites in Oregon, with a paired comparison within each site of a

native, unmanaged soil, and a matching soil used for agricultural production.

Microwave radiation was used to heat soil samples to denature the fraction of l-

glucosidase associated with viable microorganisms in these soils and estimate the

extracellular (abiontic) activity of this enzyme stabilized in the soil. The kinetic

constants, Km and Vmax were determined for both the abiontic and total f3-

glucosidase activity at all sites. No significant differences were noted in substrate

affinity (Km values) with either microwave heat stress or management. However,

activity and maximum reaction velocity (Vmax) were decreased by both

management and heat stress. 3-G1ucosidase activity was reduced by the

agricultural management at two of three sites and microwave heat stressed enzyme

activity was lower at all sites for agricultural soils than in unmanaged soils. The



reduction in 3-glucosidase activity due to agricultural disturbance was largely

reflected by the immobilized fraction of the enzyme, and not due to major

differences in microbial biomass. There were similar levels of total C between

agricultural and unmanaged soils at one site, suggesting that native soils have

another mechanism for protecting soil enzymes which may be due to differences in

organic matter chemistry.

INTRODUCTION

Soil enzyme assays have been used to investigate biochemical processes in

soils and as a possible integrative measure of soil quality (Dick, 1992, 1994; Dick,

1997; Trasar-Cepeda et al., 1998; Acosta-Martinez et al., 1999; Bandick and Dick,

1999; Ndiaye et al., 2000; Vepsalainen et al., 2001). Enzyme assays measure the

total activity of a soil sample which is due to active microorganisms and enzymes

stabilized in the soil matrix. Because it is difficult to extract intact enzymes from

soils, activity rather than mass is measured. Samples are incubated at substrate

levels that saturate the enzymes, optimum temperature, and buffered to optimum

pH (Tabatabai and Bremner, 1969; Eivazi and Tabatabai, 1988; Dick et al., 1996).

However, it is generally accepted that the enzyme activity comes from a variety of

microbial sources and are found in many different locations within the soil (Burns,

1982; Nannipieri et al., 1996).
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Small amounts of extracellular enzymes are stabilized on soil colloids and

can maintain their activity for extended periods of time (Bums, 1982; Nannipieri et

al., 1996). This may result in an ecological advantage to some soil organisms

which can benefit by not having to synthesize these enzymes andlor degrade

substrates that are too large or insoluble to be taken up by a microbial cell. In

addition, this may be a useful characteristic of a soil quality indicator.

Bums (1982) described ten different categories of soil enzymes locations.

They include "abiontic" enzymes, a term coined by Skujins (1976) to describe

enzymes of biological origin no longer associated with living cells. These may be

excreted into soil solution or immobilized enzymes of microbial origin sorbed to

clays or humic colloids.

There is considerable evidence that a significant fraction of the enzyme

activity measured in soil, originates from abiontic enzymes. Busto and Perez-

Mateos (1995) extracted humic compounds from the soil and showed that the

extract contained as much as 50% of the total 3-glucosidase activity of the soil.

Others have shown that a variety of enzymes including acid phosphatase

(Nannipieri et al., 1988; Rao et al., 1996; Rao et al., 2000), -glucosidase (Hayano

and Katami, 1977; Busto and Perez-Mateos, 2000), urease (Gianfreda et al., 1995),

and others (Sarkar, 1986; Ruggiero et al., 1989; Grego et al., 1990; Lahdesmaki

and Piispanen, 1992) can be stabilized on humic and/or clay colloids in the soil and

retain much of their activity. In addition, these immobilized enzymes appear to be

protected against denaturation by both proteolytic enzymes and heat (Hayano and



Katami, 1977; Hope and Bums, 1987; Lahdesmaki and Piispanen, 1992; Deng and

Tabatabai, 1994; Nannipieri et al., 1996; Rao et al., 2000). Nannipieri et al. (1996)

suggested that this may be due to steric interference in the case of proteolysis and

an increase in the rigidity of the protein structure when complexed (and bonded to)

humic colloids.

13-Glucosidases are produced by a variety of organisms (from plants and

animals to fungi and bacteria (Esen, 1993). Hayano and Katami (1977) compared

pH optima with values from the literature to determine the source of 3-glucosidase

activity in a soil extract. They found a Langmuirean relationship between the

volume of soil extract and 3-g1ucosidase activity, implying that the enzyme was

sorbed to soil colloids in the extract. They also found that the pH optima of the -

glucosidase activity of the extract were similar to values reported for fungi in the

literature, implying that fungi were the primary source for the enzyme assayed.

Hayano and Tubaki (1985) used the combination of pH optimum and Qio value for

and came to the same conclusion More recently Waldrop et al. (2000) found

correlations between a variety of lignocellulytic enzyme activities and the fatty acid

(PLFA) profile of soils. h particular, they found significant correlations between

3-glucosidase activity and biomarkers for Gram+ and Gram- bacteria. In contrast

to the previous studies, they did not find significant correlations between fungal

markers and 3-glucosidase activity.



Another method used to differentiate between enzyme sources is the use of

Michaelis-Menten kinetic parameters. Variation in the kinetic parameters Km (an

inverse measure of substrate affinity) is generally assumed to be the result of

different isoforms of the enzyme possibly resulting from different microbial

sources (Farrell et al., 1994; Tabatabai et al., 2002). It has been shown that

enzymes in different locations in the soil (i.e. immobilized vs. free) may cause a

change in kinetic parameters (Paulson and Kurtz, 1970; Gianfreda and Bollag,

1994; Rao et al., 1996).

The 3-g1ucosidase enzyme was studied because there is interest in its use as

a soil quality indicator (Dick et al., 1996; Kuperman and Carreiro, 1997; Bergstrom

et al., 1998; Bandick and Dick, 1999; Leiros et al., 1999; Madejon et al., 2001). In

addition, it catalyzes the final step in the biodegradation of cellulose compounds

and the subsequent release of glucose to microorganisms (Esen, 1993). Thus it

plays a vital role in large-scale processes like the global C cycle, as well as small-

scale processes like the release of labile C compounds to microbes. Secondly, the

abiontic form contributes a significant amount of the total activity (Hayano and

Tubaki, 1985; Hope and Burns, 1987). This may be a useful characteristic for a

soil quality indicator as an integrative measure of both past biological activity and

the ability of a soil to stabilize and protect enzymes. This, in turn, may be related

to the ability of the soil to stabilize soil organic matter.

Relatively little information is available on the underlying mechanisms of

how 3-glucosidase activity discriminates between land management systems.



Consequently, a study was conducted on the kinetics and abiontic activity of l-

glucosidase on the same soil type to develop a better understanding of how

agricultural management affects the expression of 3-glucosidase. In order to isolate

abiontic activity, we used microwave radiation to heat stress soils and significantly

reduce the contribution of the viable microbial population to enzyme activity. In

side-by-side comparisons, agricultural soils were compared to unmanaged or native

soils which were considered to be of high quality because they are under climax

vegetation (Leiros et al., 1999). The objective of this study was to determine

whether soil management in agricultural systems affects the 3-glucosidase total

activity, kinetics, and abiontic activity.

MATERIALS AND METHODS

Sites and Sampling

Sites were sampled in 2 of the state's 15 ecological zones as described by

Anderson et al. (1998) where a majority of the agricultural and forest management

activities occur in Oregon. The Columbia Basin province (CB) drains north into

the Columbia River in north-central Oregon. It is characterized by basaltic hilly

uplands and a sizable sandy basin west of the Hermiston area. It is dissected by six

major drainages flowing into the Columbia River. Elevations range from about 30



m to about 1070 m. The Willamette province (WV) is the large valley between the

Cascade and Coast mountain ranges. It is characterized by flood plains, old valley

fill, and ancient high terraces and relatively low residual hill lands which include

the foothills of both mountain ranges. Elevations range form 15 m to 600 m. Most

of the province lies below 520 m.

Site designation codes represent the sampling locations. The first two upper

case letters represent the geographic province. The second two letters represent the

first two letters of the soil series on which the site was located.

The CBWa site is on a private farm at 530 m elevation. It is on a Walla

Walla silt loam (Typic Haploxeroll MAP 36 cm, MAT 11.1 °C). The unmanaged

treatment is a cemetery last used for burial in approximately 1880. The dominant

species at this site were Cheat Grass (Bromus tectorum) and Downy Brome

(Bromus tectorum L.). The managed treatment is a cultivated wheat (Triticum

aestivum) field that had been under dry land cultivation for more than 100 y.

The WV province is the most populated and the most intensively cultivated

area in Oregon. The WVDa site is on the Finley Wildlife Refuge near Corvallis,

Oregon at 75 m elevation. It is on a Dayton silt loam (Vertic Albaqualf, MAP 107

cm, MAT 11.1 °C). The managed treatment was a commercial grass-seed field

planted in annual rye grass (Lolium multflorum). The unmanaged treatment was a

native grassland that had never been managed. The WVJo site is also on the Finley

Wildlife Refuge at 115 m altitude. It is on a Jory silty clay loam (Xeric

Palehumult, MAP 114 cm, MAT 11.7 °C). Here the managed treatment is a



Christmas tree field that has been under cultivation for 22 y and is harvested every

5-10 y. Bare ground between the rows is maintained through periodic tillage and

the use of herbicides. The paired unmanaged treatment is in an unmanaged section

of forest dominated by Douglas Fir (Pseudotsuga rnenziessi).

At each site a transect was sampled at four points within each treatment.

The transects ranged from 100-500 m in length. Using soil maps and on-site

observations, paired sampling points were selected to be on the same soil type. In

addition, every effort was made to pair samples by slope and aspect. At each

sampling point, approximately 30 soil cores of 0-15 cm depth were taken within a 2

m radius, and placed in a cooler with ice for transport back to the lab. Soil samples

were passed through a 4.75 nm-i screen then split with half being air dried, and the

other kept field moist. Subsequently all samples were stored at 4°C in airtight

sample bags. Field moist samples were used for microbial biomass C and

respiration, and all other analyses were performed on air dried soils.

Soil Analysis

Microbial biomass C was determined using the chloroform fumigation-

incubation method (Parkinson and Paul, 1982). Respiration was recorded as the

CO2 evolved from the unfumigated control after 10 d incubation. Evolved CO2

was measured on a Varian 3700 gas chromatograph (Varian, Palo Alto, CA).



Extractable phosphorous was run by the sodium bicarbonate extraction method

according to Olsen and Sommers (1982). Total nitrogen (N) was determined using

the Kjeldahl digestion method with steam distillation detailed in Nelson and

Sommers (1972). Total carbon (C) was determined by combustion in a Leco 144 C

analyzer (Leco Corporation, St. Joseph, MI). Soil pH was determined using a 2:1

ratio of water to soil and an Orion Research digital ionalyzer 501 (Thermo Orion,

Beverly, MA). Particle size distribution was done by the Central Analytical

Laboratory at Oregon State University using the pipette method of Gee and Bauder

(1986). Stable aggregates were determined by wet sieving as described by Kemper

and Rosenau (1986).

Enzyme Assay and Kinetics

13-Glucosidase (EC 3.2.1.21) enzyme activity was measured as described by

Dick et al. (1996). In brief, 1 g samples of air-dried soil were incubated for one

hour withp-nitrophenyl -D-glucose and toluene in a pH 6.0 modified universal

buffer (MUB). Tris-hydroxy aminomethane (THAM) buffered to pH 12 was added

to stop the hydrolysis reaction and to protonate the p-nitrophenol (PNP), producing

a yellow color. This product was measured by spectrophotometer at 420 nm. Each

sample was analyzed in duplicate and averaged, following the subtraction of a



control sample. For the kinetic studies a range of substrate concentrations were

used as follows: 0.00 1, 0.005, 0.010, 0.25, and 0.050 M.

Microwave hradiation

Four 10 g samples of air-dried soil on Teflon watch glasses were placed on

the circular rotating tray in a 1000 W Whirlpool AccuWave microwave oven.

Samples were placed equidistant from each other around the outside of the rotating

tray. A 250 mL beaker containing 65 mL of water was placed in the center of the

tray. The microwave was run on high power for 10 minutes. Islam and Weil

(1998) developed a method to use the heat generated by microwave radiation as a

substitute for chloroform incubation for biomass determination. Commercial

microwave ovens vary in the amount of power between ovens and over the life of a

single oven. Consequently, they developed a formula based on by the increase in

temperature of water to determine the amount of energy applied by a given

microwave. Using this formula, the 1000 W microwave used in this study was

shown to produce 723 W (J s1). Thus the total energy applied over the 10 mm

period was 433,800 J. This energy was assumed to be equally divided between the

eight samples, the watch glasses they were on, the water and beaker, and the glass

turntable. Thus, the exact amount of energy applied to each sample cannot be



calculated, though it can be assumed it was comparable for each sample and

constant between applications.

This microwave heat stress protocol was developed after comparing various

times and amounts of water to determine when most of the microbial biomass was

killed. Using the fluorescein isthiocyanate method of Babiuk and Paul (1970) the

Soil Foodweb, Inc (Corvallis, OR) found that 72-90% of the microbial biomass was

killed using the MW radiation method detailed above. Thus most of the

microwave-irradiated enzyme activity can be assumed to be abiontic enzyme

activity on soil colloids, which is known to have an increased resistance to

denaturation by thermal stress (Hayano and Katami, 1977; Hope and Burns, 1987;

Lahdesmaki and Piispanen, 1992; Deng and Tabatabai, 1994; Nannipieri et al.,

1996; Rao et al., 2000). After microwaving, samples were immediately transferred

to room temperature glass watch glasses to cool. One gram subsamples were

weighed into 25 mL Erlenmeyer flasks for 3-glucosidase enzyme activity analysis

which was conducted immediately after cooling.

Statistical Analyses

Kinetic parameters were calculated by Sigma Plot 7.0 (SPSS inc.) using

nonlinear regression to fit a hyperbolic curve. Student's t-test for comparison of



means was also conducted using Microsoft Excel (Microsoft Corporation,

Redmond, WA).

RESULTS AND DISCUSSION:

Treatment Effects

Total N was sensitive to management at only the CBWa site where it was

lower in the managed treatment than in the unmanaged treatment (Table 4.1). This

is probably a result of the harvest practices at this site. In the wheat field, the crop

is harvested and removed each year. This results in the removal of the N in the

grain. Regular tillage will also accelerate N mineralization from SOM and soluble

N can be lost through leaching or surface runoff. The other sites likely did not

show differences in N content because one managed treatment (WVDa) was

perennial grass seed that received N fertilizer and little disturbance. The other site

(WVJo) compared a Christmas tree farm with secondary forest which may have

similar N cycling processes.

The increase in extractable P in the managed treatments at the WVDa and

WVJo sites (Table 4.1) is likely a result of fertilization with P fertilizer at these

sites. Phosphorous is relatively immobile in soil and so fertilizer P tends to be

retained in soils. The high level of extractable P at these sites may also be due to

the low P removal by these crops (grass seed and Christmas trees) relative to



Table 4.1: Statistical analysis of chemical and physical properties for soils at three locations in Oregon.

CBWa WVDa WVJo

Parameter Managed Unmanaged Managed Unmanaged Managed Unmanaged

TotaiN 0.8 1.18 **** 1.4 1.6 NS 2.2 2.0 NS
(gkg' (0.7_O.9)t (1.16-1.21) (1.3-1.7) (1.1-1.9) (1.9-2.6) (1.8-2.3)

6.0 7.4 4.9 55 5.0 5.4 **

pH (5.9-6.0) (7.1-7.6) (4.7-5.0) (5.4-5.6) 4.8-5.1) (5.1-5.7)

Extractable P 21 34 ** 75 41 ** 29 10 **

(mg kg') (18-25) (30-42) (67-81) (21-62) (15-39) (7-14)

Clay 11.7 15.7 NA 26.5 23.3 NA 30.8 33.8 NA
(%)

Total C 0.94 1.39 2.1 2.3 NS 3.8 3.1

(%) (0.92- (1.3-1.4) (1.9-2.3) (1.9-2.7) (3.5-4.1) (2.7-3.4)
0.96)

Aggregate Stability 3.8 7.1 35.3 39 NS 42.1 42.3 NS
(%) (2.9-4.5) (5.5-8.0) (31-41) (35-42) (39-45) (36-51)

K, ***, and **** signify p<0.IO,O.O5, 0.01, and .001, respectively.
NS signifies value was not significant at p<0. 10.
NA signifies that insufficient data were collected to make a comparison.
tNumbers in parentheses represent range of values measured.



wheat. The decrease in extractable P in the managed treatment at the CBWa site

follows the pattern observed for N above. This site is on an erosive surface and it

may be erosion that has reduced P levels in the managed treatment.

Table 4.1 also shows a significant decrease in pH at all sites in the managed

treatment. Plants release H ions into the soil to maintain ionic equilibrium when

taking up cations. The addition ofNH4 based fertilizer (including urea) can cause

acidification when N}L is oxidized to NO3 during nitrification.

3-Glucosidase Activity and Soil Carbon

The abiontic (microwave irradiated) portion of the -glucosidase activity

ranged from 34% of the total in the unmanaged treatment of the WVJo site to 75% of

the total in the unmanaged treatment of the CBWa site (Table 4.2). Results for other

sites are presented in Table 4.2. This is similar to the findings of Klose et al. (1999)

who used chloroform fumigation to differentiate between abiontic and microbial

arylsulfatase activity. They found that, in general, about 45% of the total

arylsulfatase activity in agricultural soils was abiontic. This is also similar to the

results of Busto and Perez-Mateos (1995) who found that humic extracts from soil

contained 50% of the total 3-glucosidase activity.
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-G1ucosidase activity was significantly lower in the managed treatment at all

three sampling sites (Table 4.2). This result agrees with other work showing that -

glucosidase activity can differentiate between various soil management systems and

that it is a consistent indicator of soil quality (Verstraete and Voets, 1976; Bandick

and Dick, 1999; Masciandaro and Ceccanti, 1999; Ndiaye et al., 2000). This

sensitivity to management was also observed in the abiontic fraction of the enzyme

activity. Total C showed a similar trend which suggests there may be a relationship

between stabilization of f3-glucosidase and organic matter in soils.

The CBWa site is the most intensively managed site of the three. The crop here was

winter wheat, which has had a regular tillage regime. This is consistent with the

reduction in both total and abiontic -glucosidase activity due to management

(p<0.05 and 0.00 1 respectively, Table 4.2). The negative effect of tillage on organic

C and the resulting loss of aggregate stability is well established (van Veen and Paul,

1981), so this frequent tillage combined with the highly erosive, bess soil can

account for the decrease in total C (p<O.001, Table 4.2) and aggregate stability

(p<O.Ol, Table 4.2) at this site. The reduction in total C helps to explain the

reduction in abiontic 3-g1ucosidase activity, as SOC provides sites for the

stabilization and protection of enzymes (Nannipieri et al., 1988; Lahdesmaki and

Piispanen, 1992; Nannipieri et al., 1996; Busto and Perez-Mateos, 2000). Reduction

of organic colloids and surface-sorbed organic compounds with no difference in clay



Table 4.2: Statistical analysis of biological and biochemical soil properties for managed and unmanaged soils at three locations
in Oregon.

Parameter Managed

CBWa

Unmanaged Managed

WVDa

Unmanaged Managed

WVJo

Unmanaged

3-glucosidase activity 135 190 80 111 80 134
QxgPNPg1h1) (il7l5l)t (165-201) ** (73-90) (85-132) * (66-90) 119-151

MW irradiated 13-
glucosidase activity 87 143 38 56 34 46
(tg PNP g1 h') (81-92) (135-151 **** (33-41) (45-65) ** (31-35) (34-60) *

Percentage of total
activity represented
by abiontic forms 64 75 48 50 43 34

Biomass C
(tgCg') 23 171 174 218 ** 150 222 **

(17-33) (159-190) (156-195) (200-227) (95-201) (167-262)

***, and **** signify p<0.lO,0.05, 0.01, and .001, respectively.
NS signifies value was not significant at p<O.l 0.
tNumbers in parentheses represent range of values measured.



content between treatments (Table 4.1) indicates that there are fewer locations for

stabilization of the enzyme in the soil organic matter.

Microbial biomass C also was reduced in the managed treatments (p<0.001,

Table 4.2). This suggests that part of the reduction in total activity is a result of a

reduction in the viable microbial community. The reduction in total and microbial

biomass C may explain why aggregate stability was also reduced by agricultural

management. This is consistent with previous work showing that soil aggregates are

stabilized by organic matter and microbial polysaccharides (Hartel, 1998)

The W\TJ0 site was an intensively managed Christmas tree farm, with

vegetation-free areas between planted rows of trees. While tillage occurred less than

every other year, equipment traffic was extensive for pruning and weeding. Both

total and abiontic -glucosidase activity was sensitive to management at this site

(p<O.001, p< 0.1, respectively, Table 4.2). As for the CBWa site, both of these

assays were lower in the managed than the unmanaged treatment. Biomass C was

also lower in the managed treatment (p<O.O5, Table 4.2), suggesting that the

reduction in -glucosidase activity may be the result of a general decrease in

microbial activity.

Total C was affected by management at the CBWa site as well (p<O.001,

Table 4.2). However, in contrast to expectations and previously published work (van

Veen and Paul, 1981), it was higher in the managed treatment.. This may be the

result of the form of management at this site. Unlike The CBWa site, this site was

harvested only about every 7 years. Between these events, there was little



mechanical disturbance of the soil other than human and machine traffic. This

anomalous response by total C may explain the smaller reduction in abiontic
I-

glucosidase activity at this site (26% as opposed to 33 and 40% at the WVDa and

CBWa sites, respectively). The fact that abiontic activity decreased while total C

increased can be attributed to the reduction in overall production of enzyme. This

reduction in activity appears to be related to a smaller microbial biomass which also

decreased because of management. This soil has a high clay content and aggregate

stability and showed no treatment effect on aggregate stability. This is likely due to

the high clay content and highly weathered mineralogy which is known to promote

formation of some aggregates via inorganic chemical reactions involving Fe and Al

compounds.

At the WVDa site, management effects were the least pronounced compared

to the other sites. This is likely related to the relatively low level of agricultural

activity at this location, consisting of yearly harvest of grass seed with tillage and

grass replanting every 4 to 5 years. Total and abiontic 3-glucosidase activity were

significantly lower in the manages system (p<0. 1 and p<O.O5, respectively) (Table

4.2). This grass seed field was burned in the past but in recent years straw was baled

and removed after harvest reducing the amount of organic C added to the soil. The

lower biomass C in the managed treatment (p<0.05, Table 4.2) indicates there is less

potential to produce enzymes.

At the WVDa site, total C did not differ between treatments, nor did

aggregate stability (Table 4.1). This may be because the grass seed production has
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similarities to the natural system, particularly in rooting patterns, which may be

important in maintaining total C and aggregate stability. As mentioned above, the

grass seed crop is left largely undisturbed for periods of 4-5 years between tillage and

replanting events. Thus the nature of the C inputs to the soil can be expected to be

similar in the two treatments, where the primary vegetation is a grass that is left to

senesce naturally and decompose on the surface with little intervention. However,

the unmanaged systems still supported a greater microbial biomass at all sites,

suggesting that even this infrequent disturbance causes a decrease in the microbial

population.

Since the primary difference between the managed and unmanaged treatments

was anthropogenic disturbance, mostly in the form of tillage or other mechanical soil

perturbation, this is the likely cause of the differences rather than C inputs. Since

microbial biomass C was consistently lower in the managed treatments, this suggests

that the reduction in -glucosidase activity is related to the size of the microbial

community.

Kinetic Parameters

Figure 4.1 shows an example of fitted Michaelis-Menten curves for

managed and unmanaged soils, which were typical of other sites. These two curves



represent paired sampling sites from the two transects at the CBWa site and shows

there was a relatively good fit to the Michaelis-Menten model.

Maximum Reaction Velocity (V

Figure 4.2 demonstrates that microwave heat stress significantly reduced the value of

Vmax at all sites. Vmax is the maximum velocity attainable by the hydrolysis reaction.

At values of V less than Vmax, the reaction is limited by the availability of substrate.

As V approaches Vmax, the reaction is considered to be substrate-saturated and

limited by other factors (such as diffusion rate, steric hindrance, and enzyme

concentration). Since diffusion and steric considerations can be assumed to be

similar in samples taken from the same soil, changes in Vmax reflect changes in the

amount of enzyme present. Thus the reduction in Vmax after microwave irradiation

suggests that some portion of the soil enzyme has been denatured.

Previous work (Hayano and Katami, 1977; Deng and Tabatabai, 1994; Miller

and Dick, 1995; Nannipieri et al., 1996) have shown that the fraction stabilized on

soil colloids is more resistant to denaturation by heat and other stresses. Nannipieri

et al. (1996) attributed this effect to increased rigidity and stabilization with bonding

of the protein to soil colloids. Since the microwave irradiation was calibrated to kill

most of the viable biomass in the soil, we assumed that the activity of the
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irradiated soil largely represented enzyme activity from the abiontic fraction, or those

enzymes stabilized in the soil matrix.

Without microwave irradiation only the WVJo site shows a significant

decrease in -glucosidase activity (p<O.O5, data not shown). It is only the abiontic

fraction of the enzyme that shows consistent sensitivity to management in Vmax. The

reduction in biomass C in the managed treatments across sites suggests that the

reduction in total -glucosidase activity was due to a decrease in the size of the

microbial community under managed conditions. Separating out the abiontic activity

suggests amechanism for the previously described sensitivity of this enzyme to

management (Bergstrom et al., 1998; Bandick and Dick, 1999; Badiane et al., 2001)

is due to changes in the activity of the abiontic enzyme as a result of management.

At two of these sites (WVJo and CBWa) a decrease in total C was also observed,

suggesting that this decreased ability of the managed soils to stabilize f3-glucosidase

is due, at least in part, to a decrease in the soil organic matter (SUM) that is known to

stabilize abiontic enzymes. However, the fact that the W\TDa site does not show a

significant change in total C, but does show the change in Vmax of the immobilized

enzyme suggests that another mechanism is operating. Since sites were chosen to

allow paired comparisons with the same soil type and texture, this effect on Vmax can

not be attributed to differences in clay content (Table 4.2). It may be that another

mechanism such as the chemical nature of the organic matter may be different

between these two treatments and affecting stabilization of the enzyme in the soil

matrix.
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Substrate Affinity (K

It has been suggested that Km values might represent different isoenzyme

forms resulting from different microbial sources (Farrell et al., 1994; Tabatabai et al.,

2002). However, the Km value of an enzyme can change when it is stabilized on soil

colloids. Farrell et al. (1994) suggested that the stabilization of enzymes would

decrease substrate affinity (i.e. increase Km) due to steric hindrance and diffusion

limitation. Urease followed this trend in a study by Paulson and Kurtz (1970),

showing much higher values in the adsorbed fraction than in the active microbial

fraction. Rao et al.(1996), however, reported a decrease in acid phosphatase Km after

immobilization on artificial mineral, organic, or organo-mineral complexes.

Gianfreda and Bollag (1994) showed a similar result with acid phosphatase and

natural soil colloids.

There was no statistically significant difference in K1 values between non-

irradiated and microwave irradiated samples (Fig 4.3). This suggests that the

microbial sources for the abiontic enzyme may be similar to the current microbial

community. It also may be that immobilization of 3-glucosidase does not affect the

affinity of the enzyme for the substrate (Km). This has been found for laccase and

peroxidase where Km values were unaffected by immobilization on a solid phase

(Gianfreda and Bollag, 1994). The lack of statistical differences between treatments

for Km would indicate that there are either no different isoenzyme forms in these

soils, or these enzymes do not show changes in affinity due to immobilization. This
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could be because, at each site the dominant species are similar in the two treatments,

and so the primary C inputs are chemically similar. This would result in minimal

selective pressure for producing different isoenzymes to degrade different substrates.

Since two of these sites showed difference in total C by treatment, we might expect

to find difference in Km by treatment because different levels of SOM might affect

the affinity of an enzyme for its substrate when it is immobilized on a solid phase.

This does not appear to be the case because no differences in Km were found between

treatments. However, since the basis of statistical analysis is to find treatment

differences and can not validate whether treatments are similar, the lack of significant

differences may be the result of high variability in the data.

Eivazi and Tabatabai (1988) measured Km values for -glucosidase from a

variety of soils. Their values ranged from 0.0013 to 0.0024 M. The values from our

study were consistently higher, ranging from 0.0045 to 0.0082 (Fig 4.3). This

suggests that the 3-glucosidase enzyme in the soils we sampled had lower substrate

affinity than the soils measured in their study. This may be due to differences in the

isoenzyme form or in the effects of enzyme immobilization between the two studies.
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CONCLUSION

The sensitivity of 3-glucosidase for detecting management has been

reaffirmed by this work. Soils with less disturbance and greater C inputs had

higher activities, making this assay a good candidate for reflecting soil quality The

reduction in activity with greater disturbance or less C inputs was not entirely

related to a reduction in the size of the microbial community (although that was

observed). Rather, the reduction in -glucosidase activity is due to a reduction in

the extracellular, abiontic form of the enzyme that is complexed in the soil matrix.

While some of this difference in immobilization can be attributed to differences in

SOM, one site (WVDa) had differences in the abiontic form but no difference in

total C. This suggests that some other mechanism such as the chemical structure of

SOM may affect the amount of enzyme stabilized within the soil matrix for some

soil types. Given the likely similarity between the C inputs in these soils, any

chemical difference in SOM would have to be the result of differences in

decomposition products.

This sensitivity of f3-glucosidase activity to management can be attributed to

changes in Vmax values which reflect changes in the total amount of enzyme

present. The lack of sensitivity of Km values to either management or microwave

heat stress suggests that kinetic changes in the enzyme, due to minor changes in
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conformation as a result of differences in structure or stabilization, are

insignificant.

The use of a microwave to irradiate soil appears to have some use in

standardizing the sensitivity of the enzyme activity. From a theoretical standpoint,

the abiontic fraction shows promise as a soil quality indicator since it reflects an

integration of activity over time, rather than the snapshot provided by the activity

of the viable microbial biomass. However, microwave radiation and the resulting

heat are difficult to standardize across samples because the microwave radiation

produces heat by interacting with water and, to a lesser extent, soil solids in the

sample (Islam and Weil, 1998). A further complication is that the power of the

microwave ovens varies over time (Islam and Weil, 1998). For these reasons, it

may be preferable to use the total enzyme activity in soils.



105

CHAPTER 5

GENERAL CONCLUSION

Timothy R. Knight

Department of Crop and Soil Science

Oregon State University



106

The sensitivity of 3-glucosidase to changes in soil quality due to

management has been reaffirmed by this work. In addition, some of the specific

mechanisms of this sensitivity were clarified. The reduction in activity from

management is not entirely due to changes in the size of the microbial community

(although that was observed). Rather, the reduction in 3-glucosidase activity is due

to a reduction in the abiontic form of the enzyme. While some of this difference in

immobilization can be attributed to differences in SOM, one site (WVDa) had

differences in the abiontic form but no difference in total C. This suggests that

some other mechanism such as the chemical structure of SOM may affect the

amount of enzyme stabilized within the soil matrix for some soil types. Given the

similarity between treatments for C inputs in these soils, any chemical difference in

SOM would likely be the result of differences in the decomposition products.

The relative indices, consisting of biochemical measures normalized to clay

or were effective at making distinctions between managed and unmanaged

systems. In the forested systems, the ratio of ergosterol to was best at

detecting effects of clear cutting, suggesting that the differences between clear cut

and unmanaged treatments are primarily related to differences in fungal

populations. The differences between treatments for the agricultural systems, on

the other hand, were reflected primarily in the ratios of a small number of enzyme

activity measures normalized to soil clay content.
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The CBWaI (RUP) sites had a range of agricultural treatments compared to

the other sites, which only compared managed and unmanaged sites. At this site,

the (Aryl+Glu)/clay ratio reflected differences between treatments, with the pea

vine and manure treatments showing a higher value than the N fertilizer treatment.

This suggests that this index has potential as a discriminator between different soil

management regimes. Thus it could be used to track changes in soil quality due to

changes in management.

The use of a microwave to irradiate soil appears to have some use in

standardizing the sensitivity of the enzyme activity. From a theoretical standpoint,

the abiontic fraction shows promise as a soil quality indicator since it reflects an

integration of activity over time, rather than the snapshot provided by the activity

of the active biomass. However, the microwave radiation and the resulting heat are

difficult to standardize because it produces heat by interacting with water and, to a

lesser extent, soil solids of the sample (Islam and Weil, 1998). The widespread use

of this technique would require standardization of the water content in samples and

more information on the effects of radiation on soil solids across soil types. In

addition, the power of microwave ovens varies over time (Islam and Weil, 1998),

which further complicates the procedure. For these reasons, it may be preferable to

use the total enzyme activity in soils since this measure is sensitive to management

without the uncertainties of the microwave technique.
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