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Abstract
Soil quality has been proposed as a prime indicator for characterizing and defining management factors contributing to soil

degradation. In this study, biological (soil respiration, fluorescent Pseudomonas bacteria and entomopathogenic nematode

populations), chemical (pH, inorganic N, and total C & N), and physical (bulk density and infiltration) indicators were used

to determine soil quality. The specific research objective was to determine the capacity of this specific set of indicators to

assess soil quality and determine its ability to detect short-term changes in soil conditions and processes. The assessment

was comparative because of the lack of specific criteria or guidelines available in the literature for interpretation of most soil

property indices measured. The following treatments were chosen from an ongoing farming systems study to achieve a

preplanned set of comparisons that would make this type of assessment possible: (1) best management practices/

conventional tillage (BMP/CT), (2) BMP/no-tillage (BMP/NT), (3) an organic system, and (4) a successional fallow system.

Assessments were made multiple times between 1999 and 2000. Statistical differences between systems were found for all

soil quality indicators except for entomopathogenic nematodes. Differences between systems varied across dates, a result

that supports other research stating the need to consider the temporal variability of these indices for an unbiased overall soil

quality assessment. Differences in total carbon and total nitrogen between systems were most evident in the 2000 sampling

dates with BMP/NT showing greater contents on the last sampling date. The soil pH and inorganic N results did not suggest

a possible difference in soil function status between any of the three agricultural systems studied. All three agricultural

systems, BMP/NT, BMP/CT and organic, had similar pH values and overall low soil inorganic N levels. The non-

agricultural successional system had a slightly more acidic soil condition than the three agricultural systems. Soil bulk

density increased with time in the untilled BMP/NT and successional systems but the resulting values were not considered

detrimental to either productivity or environmental quality. Infiltration was lower in the BMP/NT and successional systems

than in the BMP/CT and organic systems. In conclusion, all soil quality indicators except for entomopathogenic nematodes

proved to be sensitive to the detection of rapid changes in soil conditions that occur by the influence of soil management.

The importance of using soil bulk density to express soil results on a volume basis, as the soil exists in the field before

sampling, prevented an average interpretation error of 7–14% as compared to treatment comparisons on a soil weight basis

only. This also demonstrates the need to carefully consider field sampling locations (row, between row, or wheel traffic

areas) which dramatically influence soil density, physical characteristics, organic matter concentrations, and biological ac-

tivity. Failure to consider these factors can invalidate even the most careful approaches to establishing baseline soil quality

levels in the field as affected by various tillage and residue management practices and associated comparisons in time.

Key words: large-scale systems research, multidisciplinary research, soil function, best management practices, no tillage, conventional

tillage, organic

Introduction

US farmers are currently faced with a number of

environmental issues, some of which include ground

and surface water contamination, soil erosion, and de-

clining soil quality1. Most farms rely on off-farm chemical

inputs and have little resemblance to natural systems.

Natural systems capture energy and nutrients through

complex interactions, which are simplified and disrupted

under agricultural uses2. Interactions between agri-

cultural management practices and soil biological, chemi-

cal, and physical processes affect the productivity of

agricultural soils and their impact on environmental

quality3.
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The use of the term ‘soil quality’ is related to concepts of

sustainability, particularly with regard to agricultural sus-

tainability4. Soil quality is the capacity of a soil to function

within ecosystem boundaries to sustain biological produc-

tivity, maintain environmental quality, and promote plant

and animal health5. The most distinctive contribution of

soil quality research is an attempt to understand the link-

ages among management practices and systems, observable

soil characteristics, soil processes and soil function6.

Part of any system to evaluate the sustainability of

farming practices requires identification of soil attributes

that serve as indicators of change and also relate to

productivity. Soil attributes that are sensitive to changes

and perturbations in the soil environment can be used as

indicators of the status or condition of a farm’s resources7.

The biologically active components of soil including

organic matter, soil microbial biomass and energy sources

such as organic C and N, are known to be sensitive

indicators of changes in soil management8. Soil organisms

play a major role in plant litter decomposition and nutrient

cycling, but they also influence plant disease and protec-

tion9 and provide biological control of soil-dwelling insect

pests10. The overall focus of our research was to measure

the effects of divergent agricultural practices on soil

properties, with an interest on the sensitivity of these

properties to capture rapid changes in soil conditions. The

overall focus of our research was to measure the effects of

divergent agricultural practices on soil properties, with an

interest on the sensitivity of these properties to capture

rapid changes in soil conditions. The specific research

objective was to determine the capacity of a specific set of

soil biological, chemical and physical properties to assess

soil quality and determine its ability to detect short-term

changes in soil conditions and processes.

Materials and Methods

Experimental site

The research site was the Farming Systems Unit (FSU) at

the Center for Environmental Farming Systems (CEFS)

near Goldsboro, NC (35�230N, 78�50W, elevation 35 m).

The FSU is a large-scale long-term field experiment with a

randomized complete block design having three repli-

cations and five farming systems. The systems that were

sampled in this study are described in Table 1. They were

a conventional system using best management practices

(BMP), split into conventional tillage (CT) and no-tillage

(NT) subplots, an organic production system and a

successional ecosystem (old field succession). The FSU is

approximately 80 ha in size with individual plots ranging

from 0.81 to 4.05 ha. The dominant soil type within each

replication is termed the diagnostic soil. The diagnostic soil

types were Wickham sandy loam (fine-loamy, mixed,

semiactive, thermic Typic Hapludult) and Tarboro loamy

sand (mixed, thermic Typic Udipsamment). The site is

blocked by soil type, such that all soil samples in a system

are taken from the same ‘diagnostic soil’ in a given block.

The organic, BMP and the successional ecosystems were

chosen for this study because they are most divergent with

respect to management and therefore expected to experi-

ence short-term changes in soil quality. Soil chemical (pH,

inorganic N, and total C and N), physical (bulk density and

infiltration), and biological (soil respiration, entomopatho-

genic nematodes and Pseudomonas populations) indicators

were measured.

Soil sampling

The study was initiated in September 1998 by planting

rye (Secale cereale L.) on the entire 80 ha experimental

site and systems were initiated in the spring of 1999. In

March 1999, five random points were selected within each

experimental plot for soil quality sampling. Following a

baseline measurement, subsequent sampling was conducted

over the course of the 1999 growing season, late May

(spring) shortly after planting the summer crop (Summer I),

mid-season at peak crop growth (Summer II), and post

harvest in late October (fall). The same sampling cycle was

repeated in the 2000 growing season. Each sampling site

was physically marked and geo-referenced using a

Trimble1 backpack GPS unit and stored on a GIS data-

base.

Table 1. Description of the three systems used for the soil quality assessment. These systems are part of the FSU, a long-term systems

field experiment initiated in 1998 at the CEFS near Goldsboro, NC.

System Subplot Rotation Characteristic

BMP 1. CT: chisel

plowed+ disked

3-year corn–peanut–cotton with

winter rye cover crop

Representative of farming systems in North Carolina

and other southern states: annual crops,

short rotations, and absence of animals.2. No tillage (NT)

Organic None 3-year soybean–legume

cover crop–sweet

potato–legume

cover–wheat/tomato

The focus of the initial rotation is on optimizing

fertility and weed management for beginning

organic producers whose goal is to transition

to higher value crops.

Successional None None Areas selected for this treatment have been allowed to

succeed naturally since 1998, influenced only by

natural processes.
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A composite of thirty, 2.54-cm diameter by 15-cm deep

cores were taken adjacent to the plant row on the untracked

side near the geo-referenced point. The composite samples

were placed in large buckets lined with plastic bags and the

soil thoroughly mixed by hand. The composite sample was

then divided in the field into three equal portions of

approximately 200 g for determination of pH, total C, total

N, NO3 and NH4-N analyses and for quantifying entomo-

pathogenic nematodes and fluorescent Pseudomonas popu-

lations.

Soil fertility indicators

Soil samples were prepared for testing by first air-drying

and then fine grinding to pass through a 2-mm sieve. Soil

pH was determined using a 1 : 1 soil to water ratio. For

inorganic N (NH4+NO3-N) determinations, 5 g of air-

dried, ground soil was weighed into a 50-ml plastic

centrifuge tube. Fifty ml of a 1 M KCl solution was then

added to the tube and the mixture shaken for 1 h. The tubes

were then centrifuged at 1000 rpm for 12 min, after which

time approximately 5 ml of the supernatant was transferred

into plastic vials and frozen until further analysis. Samples

were analyzed using a Latchat QuikChem Method 10-107-

04-1-A and 10-17-05-A, for NH4 and NO3-N respectively.

Total soil C and N were determined by combustion on a

Perkin-Elmer 2400 CHN Elemental Analyzer.

Soil respiration and infiltration

The closed chamber method of Parkin et al.11 was used to

measure soil respiration in situ as an indirect measure of

microbial activity. One measurement was made at each of

the five plot geo-located points. A PVC ring 7.6 cm in

diameter and 7.6 cm deep was forced 7.5 cm into the ground

slightly to the side of the crop row on the untracked, inter-

row side. Rings were installed after crop planting each year

and remained in place for the multiple measurements made

that year. To determine the headspace within each ring, the

ring was lined with Saran Wrap and 2.54 cm of water

added. The distance from the water surface to the top of the

ring was measured. The Saran Wrap was then removed,

allowing the water to drain into the soil within the ring. The

ring was capped to be airtight. After 24 h, a 100-cm3 gas

sample was withdrawn from the closed chamber using a

syringe and a Draeger1 gas detector tube. This method

actually calls for a one-half hour incubation time. Con-

sequently the respiration results were conservative because

the 24-h incubation time used in our study likely resulted in

rates 2–4-fold lower than the standard assay (John Doran,

personal communication 23 March, 2007). Headspace

measurements were used to convert Draeger tube readings

into kg C evolved ha-1 day-1. The concentration of CO2

gas was converted using the headspace volume in the

chamber11,12. Another PVC ring 7.6 cm in diameter and

15 cm deep was installed just to the side of the crop row on

the untracked inter-row side. These rings were installed

after planting in the spring and remained in place for the

duration of the cropping season. The elapsed time for the

2.54 cm of deionized water (non-constant head) to infiltrate

the soil surface was recorded.

Bulk density

An Uhland core sampler13 was used to obtain surface

(upper 7.5-cm) bulk density on intact cores (7.6 cm in dia-

meter by 7.6 cm in length) three times over the course

of the two years, in March and November 1999, and

November 2000. Measurements were taken in the crop row

nearest the geo-referenced point.

Entomopathogenic nematodes and bacterial
analyses

A 10-day in vitro Galleria mellonella bioassay was used

to detect entomopathogenic nematodes in soil samples14.

This method, which entails ‘baiting’ the sample with

insect larvae and then searching for cadavers, is commonly

called the Galleria bait method. The G. mellonella larvae

are normally not exposed to nematodes and, therefore, are

very susceptible to infection. Each plastic bag, which con-

tained approximately 200 g of soil (taken from the larger

composite sample), was baited with five Galleria larvae

placed on the soil surface. The bags were sealed and

incubated in the dark for five days. At the end of this time

period, all five larvae were removed and the cause of death

determined. The bags were then re-baited with five fresh

larvae, incubated for an additional five days and a final

determination made. The nematode family was determined

by the color of the cadaver. An ocher color indicated the

presence of Xenorhabdus nematophila, the associated

bacterium of Steinernema, while red indicated the presence

of Photorhabdus luminescens, the associated bacterium of

Heterorhabditis. The cadavers were dissected if the

infecting nematode species was uncertain.

Populations of fluorescent Pseudomonas bacteria were

determined using the most probable number (MPN) tech-

nique15 using a 96-well microtiter plate procedure16 and

210ml of liquid King’s B medium17 per well. The MPN of

bacteria per gram of dry soil was determined using an Excel

spreadsheet program18.

Analyses of data

All chemical and biological measurements measured on a per

soil weight basis were converted to a per soil volume basis

using soil bulk density values. To satisfy the condition of

homogeneity in the analysis of variance (ANOVA) some of

the data were transformed as suggested by Gomez and

Gomez19. The soil respiration, inorganic N and MPN data

sets involved small values (e.g. less than 10) and were thus

normalized with a logarithmic transformation of the form

log(X+1), where X is the original data. A square root

transformation of the form (X+ 0.5)1/2 was used for the

nematode data because of its small whole number nature and

large presence of zeroes. All data were analyzed using SAS20
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following a split split-plot ANOVA model procedure and

pair comparisons between systems using Tukey’s test21.

In the ANOVA, systems were treated as a whole plot factor,

sub-system (e.g. BMP/NT and BMP/CT) as a subplot factor,

and sampling date as a sub-sub plot factor. All statistical tests

were interpreted at the 5% probability level.

Results

Results from the analysis of variance for each parameter

indicator are shown in Table 2. In general, system re-

sponses differed by date of sampling for soil respiration,

total inorganic N, total C, total N, soil pH and soil bulk

density. Significant system and/or date of sampling main

effects were found for the other parameters. The error

variability in the data was high for entomopathogenic

nematodes and infiltration time as indicated by the resulting

coefficient of variations of 64.0 and 44.0%, respectively.

Despite the magnitude of the error variance for these two

parameters the date source of variation was highly sig-

nificant in the analysis.

Biological indicators

Soil respiration rates were very low to moderately low

ranging from 2.0 to 13.4 kg C ha-1 day-1 (Fig. 1). This was

expected knowing that the site has a low carbon pool due to

excessive tillage management prior to the study and the

lack of time required to increase this pool under the newly

implemented systems. Generally, summer respiration rates

were lowest in the two tilled systems organic and BMP/CT

and highest in the two un-tilled systems successional and

BMP/NT. Some studies have shown that soil biological

activity is enhanced in systems that minimize or eliminate

tillage22, while other studies have shown that no till and

systems having similar characteristics mimic natural behav-

ior unlike CT systems23. Several other studies have found a

strong correlation between biological activity and degree

of soil disturbance and amount of surface residue7,22,24. In

general, undisturbed agronomic and natural environments

have greater amounts of organic substrates for decomposer

organisms25. The decomposing rye residue at the soil

surface and the subsurface decomposition of the rye root

mass likely contributed to the higher respiration rates in the

successional and BMP/NT systems observed in the

summer. In both years, respiration rates dropped from

summer to fall to rates of 6.3 kg C ha-1 day-1 or below,

mainly due to a decrease in soil temperature (temperature

data not shown). Soil respiration rates were much higher in

the summer of 2000 compared to 1999. This could be

attributed to cooler temperatures and greater rainfall. It

could also be that peanut, which provides a denser soil

canopy compared to corn, provides an environment more

conducive to microbial activity. As discussed earlier, the

differences in soil respiration rates between treatments were

likely conservative because of the 24-h incubation time

used for this assay. Thus it is likely that the differences

between treatments were even greater than we report here.

The three species of entomopathogenic nematodes

detected were Steinernema glaseri, Steinernema carpo-

capse and Heterorhabditis bacteriophora. In general,

S. glaseri nematodes were high in numbers while numbers

for other species were low (Fig. 2). Characteristics of the

S. glaseri species26–29 that may explain its abundance

include: (1) it is highly mobile and therefore effective at

finding its insect host, (2) it survives well within a wide

soil temperature range 15–35�C, and (3) it has been found

to survive well in coarse textured soil because of better

mobility through the large pore spaces.

Entomopathogenic nematodes are characterized based

on foraging behaviors, with ‘ambushers’ being those that

remain sedentary at or near the surface waiting for passing

insect hosts, and ‘cruisers’, which are highly mobile and

therefore can parasitize hosts with low mobility and reside

within the soil profile30. S. carpocapse, an ambusher, has

been shown to be highly sensitive to tillage and is likely to

persist in undisturbed systems, which tend to have greater

soil surface moisture and cooler temperatures31. The other

two detected species are cruisers found to be less sensitive

to tillage. Based on this, we expected to see greater

numbers of S. carpocapse nematodes in the NT and

successional systems and greater numbers of S. glaseri and

Table 2. Results from the ANOVA for the nine soil quality indicator properties measured.

Indicator

Source of variation

Coefficient of

variation (%)System (S) Date (D) SrD

Respiration ** ** ** 6.3

Bacterial numbers NS ** ** 4.6

Nematode numbers NS ** NS 64.0

Inorganic N * ** ** 20.5

Total carbon NS NS * 22.8

Total nitrogen NS ** ** 19.3

pH NS ** ** 3.2

Bulk density ** * ** 6.9

Infiltration NS ** NS 44.0

* and ** indicate significance at the 5 and 1% levels of probability, respectively. NS denotes non-significance.
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H. bacteriophora nematodes in the CT and organic

systems. However, system differences in nematode

numbers were found only on the spring 1999 and fall

2000 sampling events where the organic system showed

significantly higher total nematode numbers than the

other three systems. The higher numbers were due to an

increase in the population of S. glaseri which we cannot

explain.
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Bacterial numbers were generally higher in the spring

and fall sampling dates and lowest in the summer sampling

dates (Fig. 3). It has been shown that populations decrease

into the summer months as a result of high soil temper-

atures and lower soil moisture32. Differences between sys-

tems were found in the second summer sampling date of

1999 and in both sampling dates in 2000. In 1999, numbers

were slightly higher in the two BMP systems (NT and CT).

In 2000, CT had fewer numbers for the first summer date

and the organic system was lowest in number for the second

summer date. The differences observed are likely due to a

combination of factors including differences in soil

moisture, crops grown, and types of surface residue,

absence or presence of tillage, and use of agricultural

chemicals.

Chemical indicators

Concentrations of NO3-N and NH4-N were determined

separately, but NH4-N values were small enough to be in-

consequential, thus the NO3
- and NH4

+ data were pooled

and results are reported as total inorganic N (Fig. 4).

Inorganic N contents were low overall but some system

differences did occur. The differences occurred mainly in

the summer and were due to differences in fertilizer

applications. A corn crop was planted in the BMP systems

in 1999 and fertilized with 30% urea ammonium nitrate

(UAN) once in April at a rate of 14 kg N ha-1 and again in

June at a rate of 132 kg N ha-1. This explains the greater

inorganic N contents found in the BMP systems in the two

summer 1999 sampling dates. This was also observed in the

summer sampling dates of 2000. The high inorganic N

contents found in the organic system in the summer dates of

2000 likely resulted from a turkey litter incorporation of

4.5 Mg ha-1 made on May 5.

Soil total carbon and total nitrogen contents in each

system varied with time (Fig. 5). These two properties did

not differ between systems until fall 1999 where the

untilled BMP/NT and successional systems began to show

slightly higher levels than the tilled BMP/CT and organic

systems. Differences between these two system groups

(untilled versus tilled) became more evident in 2000. NT

had the highest carbon and nitrogen content on the last

sampling date (fall 2000).

We did not expect to find differences in soil carbon and

nitrogen content at this early stage in the development of

these systems. Many studies have reported changes with

time over the long term (10+ years)7,33,34, while few

studies have found differences over short terms35.

In general, most studies agree in that tillage stimulates

the decomposition of organic matter resulting in a net

decline in content with time. The incorporation of organic

matter into the plow layer generally exposes organic matter

to higher soil moisture content than at the soil surface and

therefore leads to greater decomposition36.

Because conservation tillage systems like NT leave

residues near or at the soil surface, most investigations

report a substantial change in soil organic matter in surface

soil as compared with CT systems. It is also known that soil

organic matter is sorbed on the surfaces of the fine mineral

particles to form microaggregates and in this way is protected

from microbial decomposition37. Tillage breaks aggregates

apart making this organic matter available to soil microbes

and therefore stimulates the decomposition process.
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Another factor affecting the dynamics of carbon and

nitrogen in the untilled systems group (BMP/NT and

successional) is the frequent wetting and drying at the

soil surface. The slower decomposition of residue during

dry periods decreases net losses of carbon by microbial

consumption and thus favors the sequestration process. On

the other hand, the frequent wetting and drying has been

found to increase the resistance of certain N compounds to

microbial decomposition which leads to higher total N

accumulation in the surface36.

Soil pH values ranged between 5.0 and 5.7 indicating

moderately acid (pH 6.0–5.5) to strongly acid (pH 5.5–5.0)

conditions (Fig. 5). Values from spring to fall in 1999 were

somewhat consistent for the agronomic systems for organic,

BMP/CT and BMP/NT. The successional system was

different having a lower pH on each sampling date and

also the pH decreased from spring to fall. Interestingly, the

pH for all systems increased from fall 1999 to spring 2000.

The same trend as in 1999 was observed in 2000 with the

successional system having a lower pH on each sampling

date but this year all four systems showed a decrease in pH

from spring to fall.

The difference in acidity between the successional

system and the other systems is likely related to differences

in organic matter dynamics and microbial activities. The

highly diverse group of broadleaf plants and grasses that

grew in the successional system produced large amounts of

plant biomass and thatch residue. The decomposition of this

residue releases acid functional groups from which H + ions

dissociate. Also, the increase in residue biomass with time

likely stimulated microbial activity and therefore increased

the production of carbonic acid, a by-product from micro-

bial respiration. This is supported by the observation that

soil pH increased in the successional system from fall 1999

to spring 2000. During this period microbial activity is at its

lowest because of low soil temperatures and therefore the

production of carbonic acid is likely at its minimum. The

successional system is also characterized by having grass

species with massive root systems. Thus, a significant

amount of carbonic acid is likely being produced as a by-

product from root respiration.

Physical indicators

No differences in soil bulk density were found between

systems in spring 1999 (Table 3). Averaged across systems,

the bulk density was 1.36 g cm-3 on this base-line sampling

date. With time, values remained at or below 1.36 g cm-3 in

the tilled organic and BMP/CT systems and increased to

higher levels in the untilled successional and BMP/NT

systems. The increase in bulk density in the untilled sys-

tems characterizes the magnitude of natural settling and

12

16

20

24

T
ot

al
 c

ar
bo

n,
 M

g 
ha

−1

NS
a

b

NS

b
ab

a

c

bc

a

ab

A

Spring-99 Sum I-99 Sum II-99 Fall-99 Spring-00 Sum I-00 Sum II-00 Fall-00

1

1.2

1.4

1.6

1.8

2

2.2

T
ot

al
 n

it
ro

ge
n,

 M
g 

ha
−1

NS
a

b

NS

b
ab

a

bc
c

a

NS

B

Spring-99 Sum I-99 Sum II-99 Fall-99 Spring-00 Sum I-00 Sum II-00 Fall-00

4.8

5.2

5.6

6

So
il 

pH

a

a

b

a

b aa

b

a

a

b

ab
b

c

C

Spring-99 Sum I-99 Sum II-99 Fall-99 Spring-00 Sum I-00 Sum II-00 Fall-00

Organic BMP/CT BMP/NT Successional

Figure 5. Soil total carbon (A), total N (B) and pH (C) at each sampling date in the organic, BMP (NT and CT) and successional systems.

Within each sampling date, means without a letter in common differ significantly at the 5% probability level. NS is non-significant.

76 M.C. Bell and C.W. Raczkowski

https://doi.org/10.1017/S1742170507001883 Published online by Cambridge University Press

https://doi.org/10.1017/S1742170507001883


consolidation that occurred with time. In general, the

natural settling of soil that occurred from fall 1999 to fall

2000 increased the bulk density of the untilled systems

from 1.36 g cm-3 to 1.50 g cm-3 on the average. This final

bulk density is below the critical root limiting value of

1.60 g cm - 3 identified in the scientific literature38 for the

soil type found at the study site. However, the differences

in treatments observed demonstrate the importance of using

bulk density to adjust soil analysis to a volume basis (see

Doran and Parkin3, p. 29–32). The bulk densities of suc-

cessional and BMP/NT systems averaged 7.3 and 14%

higher than those of the organic and BMP/CT systems in

fall of 1999 and 2000, respectively (Table 3). Thus, failure

to adjust soil analysis (including microbial counts) from

a weight to a volume basis would have resulted in an

average error of interpretation of treatment comparisons in

the field of from 7 to 14%—an unacceptable error by any

standards.

Despite the large error variability in the infiltration data,

differences between systems were found in most sampling

dates (Table 3). The general trend in the data fits well with

the soil bulk density data in that the two untilled systems

BMP/NT and successional had higher bulk densities and

lower infiltration rates. Also, the tilled BMP/CT and or-

ganic systems had lower bulk densities and higher infiltra-

tion rates. These trends were most evident in the fall 2000

date. In general, comparing the infiltration rate average

between the two tillage groups (tilled versus untilled) in fall

2000 reveals that the consolidated state of soil in the

untilled systems decreased infiltration by 48.2 cm h-1.

Measurements of infiltration using ring or cylinder

techniques39 can be naturally highly variable but there are

some sources of variability that can be controlled. Since the

movement of water in soil is determined by the nature of

the soil matrix, any factors affecting porosity and pore-size

distribution should be considered when choosing areas to

be sampled. For example, wheel-trafficked areas, highly

washed or eroded zones, and foot-trafficked locations

should be avoided when sampling. However, wheel track

areas should be assessed separately if they critically influ-

ence the characteristics of runoff, infiltration, and potential

erosion from a field. Also, physical properties have been

shown to vary with distance from crop rows for various

reasons40. Therefore, it is important to sample the same plot

location using the crop row as a reference point.

Discussion

A resourceful soil quality assessment includes measure-

ments of physical, chemical and biological properties that

reflect the status of the multiple soil functions affecting

productivity and environmental health41. With this in mind,

we measured soil properties that relate to critical soil

functions in agricultural systems in the Atlantic Coastal

Plains region. For example, excessive tillage has degraded

soil properties and resulted in productivity losses in many

cases. Adverse soil conditions resulting from inadequate

soil management include: (1) compacted soil zones that

restrict crop rooting and water movement42, (2) systems

with low biological activity because of depleted soil or-

ganic matter or the system’s limited ability to accumulate

organic matter43, and (3) increased soil acidity and high

exchangeable aluminum44. The soil quality assessment

must also consider temporal and spatial variations of

these functions45. We therefore measured the soil prop-

erties collectively and at the same field locations over

time.

At this early stage of this long-term study, statistical

differences between systems were found for all soil quality

indicators except for entomopathogenic nematodes. For

most indicators, the error variances in the statistical

analyses were low, indicating that sample numbers were

adequate. The nature of system response varied from

sampling date to sampling date for most properties. This

differential response emphasizes the importance of multiple

sampling when evaluating soil quality and when making

comparative system evaluations.

Table 3. Soil bulk density and infiltration at each sampling date in the organic, BMP (NT and CT) and successional systems.

Sampling date

Bulk density (g cm-3)

Organic BMP/CT BMP/NT Successional

Spring-99 1.38a 1.36a 1.36a 1.34a

Fall-99 1.35a 1.36a 1.47b 1.44b

Fall-00 1.28a 1.32a 1.53b 1.48b

Infiltration (cmh-1)

Sum I-99 245.3a 184.0a 81.8b ND1

Sum II-99 109.8a 44.7b 33.5b 72.5ab

Fall-99 59.5a 62.3a 48.8a 103.9a

Sum I-00 ND
1

114.6a 16.3b 48.3b

Sum II-00 22.6a 45.2a 6.5a 31.2a

Fall-00 94.0a 78.9ab 17.2b 40.4ab

1 ND, not determined.
Within each sampling date, means without a letter in common differ significantly at the 5% probability level.
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The biological assessment was emphasized by including

not only soil respiration measurements but also populations

of beneficial soil bacteria and entomopathogenic nema-

todes. We believe these organisms contribute to the overall

health of the soil ecosystem because of their link to disease

suppressive soils and parasitism of plant pests. At this early

stage it is difficult to conclude that these parameters are

sensitive to soil management. It is our hope that these

measurements become useful as a survey of endemic popu-

lations at this early stage and as a base-line point in an

expected long-term differential response.

The soil respiration data indicated higher microbial

activity in the BMP/NT and successional untilled systems.

As discussed earlier, these differences would likely have

been 2–4 fold higher had a half-hour respiration incubation

time been used. While this in situ, simple and relatively fast

method of evaluating CO2 efflux proved to be system-

sensitive, it has no way to differentiate between efflux from

root respiration and efflux from microbial respiration. Also,

the method does not provide for a standard or critical level

that can be used to determine how much CO2 evolved is

‘good’ or excessive, or results in a net loss of carbon from

the system.

Like the biological data, the chemical data (total C, total

N, soil pH and inorganic N) was sensitive to system

management. For total C and N, differences between

systems were most evident in the 2000 sampling dates, with

BMP/NT showing greater contents on the last sampling

date. The soil pH and inorganic N results do not suggest a

possible difference in soil function status between any two

of the agricultural systems studied. All three agricultural

systems, BMP/NT, BMP/CT and organic, had similar pH

values and overall low soil inorganic N levels. The suc-

cessional system had a slightly more acidic soil condition

than the three other systems.

Soil bulk density increased with time in the untilled

BMP/NT and successional systems but the resulting values

were not considered detrimental to either productivity or

environmental quality. The magnitude of difference in bulk

density between the two tilled BMP/CT and organic

systems and the two untilled BMP/NT and successional

systems accents the importance of expressing the results

of soil quality indices on a volumetric rather than a gravi-

metric basis. By fall 2000, these two system groups

differed in bulk density by 0.20 g cm - 3, a difference that

results in the calculated volumetric index value being

15% greater in the untilled systems relative to the tilled

systems.

The infiltration measurements were highly variable but

the system effect was large in magnitude on some sampling

dates and therefore significant in the statistical analysis. It is

important to avoid added variability with this measurement

by choosing appropriate sampling locations that represent

overall field conditions. For example, disturbed areas by

vehicular or foot traffic or eroded or highly washed areas

that do not represent the overall surface of the system being

evaluated should be avoided.

In conclusion, most soil quality indicators proved to be

sensitive to the detection of rapid changes in soil conditions

that occur by the influence of soil management. The results

fulfill the first phase of the long-term soil quality

assessment being conducted at the experimental site; to

document the soil conditions of the systems at their in-

ception. The soil quality indicators will be measured

multiple times in the next several years to monitor temporal

changes in soil function. The base-line information

generated in this study and the long-term monitoring of

the systems will be used to evaluate the amount, direction,

and speed of change in soil quality and resulting impacts on

crop productivity and the environment.
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