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Abstract  

Interest in measuring soil quality continues to increase worldwide in view of demands 

on land productivity and the necessity to preserve soil resources, yet identification of 

suitable indicators for soil quality assessment is still evolving. This study adapted 10 

biological, physical, and chemical indicators of soil quality identified by the Cornell 

Soil Health Test and applied them to evaluate agricultural soils in the south 

Willamette Valley, Oregon, USA. Soil samples from 102 sites were tested for 

individual indicators of soil quality that were interpreted with scoring curves 

developed by the CSHT. Overall soil quality scores and individual soil quality 

indicators were analyzed in relation to agricultural practices including cropping cycle 

(perennial, annual, or fallow), soil disturbance (tilled, not tilled), or management type 

(organic, transitional, conventional). Data analysis by forward model selection using 

Bayesian Information Criteria indicated that certain management practices influence 

soil nitrate, surface and subsurface compaction, active carbon, potentially 



 

 

mineralizable nitrogen, and water stable aggregation. Several soil quality indicators 

under organic management were found to have more favorable values than under 

conventional management. Soil disturbance (tillage) resulted in decreased aggregate 

stability compared to undisturbed soils, but was associated with increased values for 

certain biological indicators such as organic matter decomposition and nutrient 

cycling. Root colonization potential by arbuscular mycorrhizal (AM) fungi was 

investigated as an additional indicator of biological soil quality, and to explore 

underlying relationships with soil quality measures and agricultural management 

practices. A subset of 33 soils was tested for root colonization potential in a 

greenhouse bioassay with sorghum as a trap plant. Cropping cycle had a large impact 

on AM root colonization potential; soil samples from fields planted to perennials 

resulted in greater root colonization than did soils from annual fields. No other 

management practice significantly affected AM root colonization potential. AM root 

colonization potential was not related to overall soil quality scores although a weak 

negative relationship was observed between AM root colonization potential and two 

individual indicators of soil quality: soil pH and subsurface compaction. Possible 

reasons for the apparent lack of sensitivity by AM fungal colonization to soil quality 

parameters are discussed. 
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Introduction and Literature Review  

 

Soil Quality  

The concept of soil quality commonly referenced as soil health developed out of an 

increased concern over conserving soil resources in view of agricultural management 

practices and sustainable land use. The first mention of soil quality in the literature is 

traced to Alexander (1971) and Warkentin and Fletcher (1977), who emphasized the 

development of a soil quality concept reflecting different functions that soil resources 

provide (Karlen et al., 2003). The concept of soil quality appeared more widely after 

publications by the Canadian Senate Standing Committee on Agriculture and the US 

National Academy of Sciences, highlighting a need for research to sustain soil 

resources (Karlen et al., 2008). Soon thereafter, the definition of soil quality began to 

be developed by many (Doran and Parkin, 1994; Karlen et al., 1997; SSSA, 1997; 

Gugino et al. 2009). Definitions of soil quality expanded upon the work of Larson and 

Pierce (1991), who defined it as “the capacity of soil to function within ecosystem 

boundaries and to interact positively with surrounding ecosystems”. 

 Additionally, assessment methods for soil quality began to emerge in order to 

determine how soils change in response to management practices. Soil quality 

assessment methods include score cards (Romig et al., 1996), linear predictive tools, 

namely the Soil Conditioning Index (SCI), computer models like the Agroecosytem 

Performance tool (AEPAT), and the Soil Management Assessment Framework 

(SMAF) that uses concepts from systems engineering and ecology (Karlen et al., 

2008). Test kits for soil quality are also used to emphasize soil quality and education 
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to growers. The Cornell Soil Health Test (CHST) resulted in a standard soil health 

report to target soil constraints and management practices that affected soil quality 

(Moebius-Clune et al., 2011). Since soil quality cannot be measured directly, many of 

these assessment methods are based on indicators of soil quality that can detect a 

change in soil processes that are influenced by management practices. Assessment 

tools are designed to measure soil processes that are directed towards dynamic soil 

quality, the condition of the soil that is subject to change within a shorter timescale 

due to human activities (Carter, 2002). This contrasts with inherent soil quality that 

reflects soil-forming processes that occur over a longer period of time (Carter, 2002).  

The CSHT is one of the most widely used tools for assessing soil quality in the 

eastern United States. It was developed to provide standardized quantitative 

information that would facilitate the protection of agricultural soils and result in better 

management strategies for these soils (Moebius-Clune et al., 2011). Additional 

objectives of the CSHT are to understand constraints to soil functions, promote 

educational awareness of soil quality and its impact, and lead to possible estimation 

of land value that could result in monetary rewards for good management (Moebius-

Clune et al., 2011). To define soil quality, the CSHT applies the concepts of Doran 

and Parkin (1994), stating that soil quality is an evaluation and integration of the 

biological, physical, and chemical components of soil for the promotion of 

productivity and environmental quality (Gugino et al., 2009). As with other 

assessment methods such as Andrew et al. (2004), the CSHT assesses soil quality by 

applying the concept of dynamic soil quality.  
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The approach of the CSHT was to first identify important soil functions that are 

relevant to agricultural crop production and to then select soil indicators that would 

measure those soil functions. The important soil functions identified by the CSHT 

include: infiltration and water storage, nutrient retention and cycling, suppression of 

weeds and pests, root proliferation, detoxification of harmful chemicals, and 

production of food and fiber (Gugino et al., 2009). A total of 39 potential indicators 

of soil quality were examined in replicated, long-term field experiments that 

examined the effects of various agricultural practices on soil properties (Moebius-

Clune et al., 2011). Additionally, some potential indicators were examined in 

commercial farms in upstate New York (Schindelbeck et al., 2008). All potential 

indicators were then considered using the following criteria for selection: indicators 

should reflect differences in management, represent diverse soil processes, are 

standardized and reproducible, inexpensive and easy to use, and relevant to the 

scientific community (Schindelbeck et al., 2008). At present, the CSHT includes 13 

indicators that encompass physical, chemical, and biological components of soil 

quality (Cornell Soil Health 2014). Measures of these soil indicators are reported in a 

soil health test that are much like reports given for soil chemical analyses.   

To produce the soil health test report, an interpretive framework must be developed 

for the measured data (Schindelbeck et al., 2008). The work of Andrews et al. (2004) 

was the basis for developing scoring functions for each of the measured indicators. 

Three types of scoring curves were applied: “less is better”, “more is better”, and 

“optimum”. Scores are assigned between values of 0 and 100 (Gugino et al., 2009). 
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Textural class was found to influence many of the selected indicators, so that separate 

scoring curves were developed for each.  

 

 

Arbuscular Mycorrhizal Fungi  

The CSHT (Gugino et al. 2009) includes several indicators of soil biological 

properties that may influence soil quality: active carbon, potentially mineralizable 

nitrogen, and root health assessment to assay potential damage by soilborne plant 

pathogens.  Two additional assays of biological activity were added in 2014: soil 

proteins, and soil respiration (http://soilhealth.cals.cornell.edu/extension/manual.htm). 

However, no measure of the presence or activity of plant symbionts is included in the 

CHST.  

Mycorrhizal fungi play an important role in soil microbiology and plant growth, as 

they form mutualistic associations with land plants (Smith & Read, 2008). 

Mycorrhizas are ubiquitous throughout most terrestrial ecosystems such as 

grasslands, croplands, boreal biomes, and tropical and alpine forests (Becklin et al. 

2012; Bonfante, 2010; Smith & Read, 2008; Rillig, 2004; Read, 1991). Wang and Qui 

(2006) conducted a survey of mycorrhizal occurrence and found that 80% of land 

plant species and 92% of plant families surveyed have some type of mycorrhizal 

association. Plant species colonized by arbuscular mycorrhizal fungi are found among 

angiosperms, sporophytes of pteridophytes, gymnosperms, and bryophytes (Wang 

and Qiu, 2006). Only a few families of land plants do not characteristically form 

mycorrhizal associations with AM fungi, including the Brassicaceae, 
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Caryophyllaceae, Chenopodiaceae, Juncaceae, Polygonaceae, and Proteaceae (Smith 

and Read, 2008;Wang and Qui, 2006).  

As a heterogeneous assemblage of species, mycorrhizal fungi include several fungal 

taxa and are divided into two major groups referred to as ectomycorrhizal and 

endomycorrhizal, which are identified in part by the location of mycorrhizal 

colonization, being in the root intercellular spaces or inside the cell lumen (Bonfante, 

2010). Among endomycorrhizas, arbuscular mycorrhizal fungi (AM fungi) are the 

most abundant (Read, 2008, Wang and Qui, 2006). They are divergent from other 

fungi, belonging to a molecularly distinct fungal phylum known as Glomeromycota 

(Schüßler, 2001). Further classification based on SSU rRDNA sequence phylogeny 

divides the phylum into four clades including: Glomerales, Diversisporales, 

Paraglomerales, and Archaeosporales (Redecker et al. 2013; Schüßler, 2001). The 

largest family within these orders is Glomeraceae, and the most observed genus is 

Glomus. These fungi have been extensively studied and are recognized for their role 

in the succession of early land plants. The origin of mycorrhizae is likely to pre-date 

the establishment of plants from aquatic habitats onto land (S. R. Smith 2008).  Fossil 

records reported by Redecker et al. (2000) showed fungal structures nearly 460 

million years old that resemble present day AM fungi, suggesting a presence of AM-

like fungi when land flora consisted of only nonvascular plants. 

Characteristically unique to the structure of many AM fungi are arbuscules, forming 

inside the inner root cortex, from which AM fungi derive their name (Bonfonte, 

2010). Arbuscules are highly branched structures and known as the primary site of 
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nutrient exchange between the host plant and the fungus (Bonfonte, 2010). Other 

structures typical to AM fungi include vesicles and mycelium (hyphae). Vesicles 

form inside the cell lumen of the host plant’s root cortical cells and hyphae develop 

both within the roots and extending into the soil (Smith and Read, 2008). The hyphal 

network in soil extends the absorptive surface area of plant roots, which is especially 

important in the uptake of diffusion-limited nutrients such as phosphate (Smith and 

Read, 2008). AM fungi are considered asexual and their spores are thought to contain 

hundreds of nuclei (Parniske, 2008). Another intriguing feature of Glomeromycota, 

adding a level of complexity, is an interaction with endobacteria. Studies of 

Gigaspora margarita have shown that endobacteria such as Candidatus 

Glomeribacter gigasporarum, often occur in spore and hyphae fungal vacuoles and 

show evidence of an influence on fungal growth (Bonfante, 2010). The partnership 

between mycorrhizas and endobacteria may have contributed to fungal evolutionary 

speciation (Bonfante & Anca, 2009; Bonfante, 2010; Nauman et al., 2010).  

 The symbiosis between AM fungi and host plants is typically seen as mutualistic, 

with each member benefiting from nutrient transfer. Though seen as a mutualistic 

relationship it is not mutually obligatory. The majority of host plants continue growth 

in the absence of AM colonization when nutrient status is satisfied (Smith and Read, 

2008). Mycorrhizas seem to exclusively obtain carbohydrates (photosynthate) from 

their hosts, making them obligate biotrophs. As AM fungi grow within the cortical 

cells, the plant supplies organic carbon to the fungi, and the fungal extraradical 

mycelium delivers nutrients to their host (Smith and Read, 2008).   
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Plant and AM fungi interactions 

Plant-AM fungi interactions have been studied in both greenhouse and field 

experiments. Research has shown that AM host plants grown in non-mycorrhizal 

conditions can survive, but the overall fitness of the plant significantly improves 

when AM colonization has occurred. Benefits include: increased uptake of soil 

nutrients, greater plant biomass, and increased resistance to drought stress, soil 

salinity, and pathogens (Smith and Read, 2008).  

Nutrient uptake and plant growth 

Interactions between host plants and AM fungi have been observed since early 

mycorrhizal research and found to relate to plant growth and nutrition. A positive 

growth response to AM colonization was first recognized in the work of Asai (1944), 

who determined that AM colonization influenced the growth of legumes and the 

development of nodules. Many studies have exhibited the same growth response 

following AM fungi colonization in a variety of plants species, demonstrating that 

increased plant nutrition leads to increased plant growth. Mycorrhizae have been 

shown to be instrumental in the uptake and transfer of immobile nutrients such as K, 

Ca, Mg, S, Fe, K, Zn2+, Cu2+, but principally P (Marschner and Dell, 1994). Mosse 

(1957) made advancements in the understanding the role of mycorrhizas in plant 

nutrition, revealing increased benefit of AM colonization in P-limited soils. Many 

researchers have observed higher P levels and a positive growth response to AM 

colonization in mycorrhizal plants than in non-mycorrhizal plants (Smith et al. 1986; 

de Miranda et al., 1989; Olsson et al., 1997; Smith and Read, 2008; Leytem, 2012; 
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Treseder, 2013). The influence of AM fungi on P uptake by plants is affected by the 

amount, form, and availability of soil P. Enhanced uptake and transport has also been 

demonstrated in mobile soil nitrogen (Marschner and Dell, 1994).  

Soil P is important for plant growth processes such as energy storage and transfer 

(Havlin et al., 2005). It is essential for the formation and regeneration of ADP, ATP, 

DNA, and RNA (Havlin et al., 2005). In general, concentrations of P in plants range 

between 0.1 and 0.5% (Havlin et al., 2005). P can be found in relatively large 

amounts in soil, but its occurrence in available forms can be limited due to its low 

solubility, causing low soil solution concentrations (Smith et al., 2011). Reserves of P 

are limited, and thus their depletions are a concern for agricultural productions 

(Holdford, 1997).  The application of P fertilizers is common in agricultural systems 

for plant productivity as P. Plant uptake of P only occurs when P ions are in an 

inorganic form in the soil solution, but much of this P can becomes immobile and 

inaccessible for plant uptake, because P is transformed into organic forms, is 

adsorbed, or precipitated (Holdford, 1997; Schachtman et al., 1998).  

AM fungi and soil properties  

AM fungal populations contribute to soil functions by building soil structure (Smith 

and Read, 2008). Rillig and Mummey (2006) reviewed the contribution of 

mycorrhizas to soil structure, and demonstrated that their influence is at the plant 

community, rhizosphere, and extraradical mycelium level. Mycorrhizal hyphae alone 

have been found in numerous studies to increase aggregate stability (Tisdall and 

Oades, 1979, Degens et al. 1996). Other studies found that the combination of 
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mycorrhizal hyphae and roots had the most significant contribution to the formation 

of aggregates. Fine roots in combination with AM fungi were shown to influence 

stable aggregate formation in loamy soils (Miller and Jastrow, 1990). Another study 

showed a vertisol with increased aggregate stability due to the growth of both 

sorghum roots and mycorrhizal hypha (Bearden and Petersen, 2000). Earlier 

researchers found similar results (Thomas, 1993 and Miller and Jastrow, 1990). Soil 

forming processes are often facilitated by root development (Six et al., 2004), which 

are in turn influenced by mycorrhizal colonization. Additionally, AM fungi assist soil 

aggregate formation through the production of extracellular compounds, namely 

glomalin (Lutgen et al., 2003). Glomalin is a glycoprotein produced by the 

extraradical hyphae of all AM fungi and is claimed to be involved in soil aggregation 

(Brito, Goss and De Carvalho 2012)(Wright and Upadhyaya, 1998).  

Influence of agricultural management on arbuscular mycorrhizal 

fungi 

Agricultural management practices have the potential to influence AM fungi 

populations, which are dependent upon multiple above and belowground interactions. 

This influence can be on a continuum of a negative to a positive effect. In general, 

agricultural practices such as intensive tillage, bare fallow, high sustained levels of 

nutrient inputs, and cropping with non-mycorrhizal plants create unfavorable 

condition for AM populations and associations (Smith and Read, 2008). Other 

practices such as crop rotation with mycorrhizal plants, building soil organic matter, 

and reduced soil disturbance promote more favorable conditions for AM populations 
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and colonization to occur in agricultural systems (Ngosong et al., 2010, Gosling et al., 

2010, 2006, Smith & Read, 2008).  

Fungal populations must be maintained for adequate inoculum levels in soils and 

subsequently for root colonization to occur by AM fungi. Sources of inoculum 

include colonized root fragments, spores, and hyphae (Smith & Read, 2008). In many 

soil systems, both the hyphal network and root fragments in soils are the principal 

propagules by which colonization occurs (Smith & Read, 2008). A reduction in these 

AM propagules can result from soil disturbance such as tillage or compaction, leading 

to a decline or delay in root colonization (Smith and Read, 2008). Brito et al. (2012) 

examined the influence of tillage and crop on AM colonization and reported that the 

direct effect of various tillage regimes on AM fungi was attributed to physical 

disturbance to the soil mycelium network.  

The presence of host plants is also crucial for the build-up of inoculum that will 

promote root colonization potential. This can be seen in agricultural systems such as 

pastures that have the combined benefit of colonized roots present over long spans of 

time and low soil disturbance (Smith and Read, 2008). Perennial roots are in the soil 

for longer periods of time compared to annual plants, which can contribute to 

mycorrhizal colonization. For this reason perennial plant species are in general found 

to provide more opportunities for mycorrhizal colonization, which is an explanation 

offered by Alguacil et al. (2012) for higher diversity of AMF observed in perennial 

plant compared to annual plants. Wilson and Hartnett (1998) examined annual and 

perennial grasses and forbs and found lower mycorrhizal responsiveness and root 
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colonization in annual plant species compared to perennial grasses and forbs and 

attributed this finding to strategies, such as exchanging carbon with AM fungi for the 

benefit of increased nutrients, developed by perennial plants to survive over longer 

periods of time. However, this study was conducted in a prairie ecosystem and not an 

agricultural system.  

Overall Objectives  

The objectives of this study were to: 

1) Adapt and apply the CHST to Willamette Valley agricultural soils, and determine 

if soil quality indicators are related to agricultural management practices (Chapter 2); 

and 

2) Determine if AM root colonization would be a useful biological indicator of soil 

quality (Chapter 3).   
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Chapter 2: Application of a soil quality assessment tool to the southern 

Willamette Valley 

Abstract 

Assessment of soil quality (SQ) is a recognized means for monitoring soil conditions and 

the influence of management practices within agricultural soils (Karlen et al., 2008). The 

primary objective of this study was to apply a soil quality assessment tool to the southern 

Willamette Valley, and to determine if management practices would be reflected in 

specific indicators of SQ. Soil samples were collected in the spring over four consecutive 

years (2010 to 2014) from 102 fields that represent a range of management practices and 

crops within the southern Willamette Valley. Soil physical, chemical, and biological 

indicators of SQ were measured as defined by the Cornell Soil Health Test (CSHT). 

Results from this survey suggest that management practices (soil disturbance, crop cycle, 

and management type) influence the following SQ indicators: soil nitrate, surface and 

subsurface compaction, active carbon, potentially mineralizable nitrogen, and water 

stable aggregation. SQ indicators under organic management were found to have more 

favorable SQ values than under conventional management. Soil disturbance, such as 

tillage and the cultivation of annual crops, resulted in decreased aggregate stability 

compared to undisturbed soils and perennial crops, but was associated with increased 

values for certain biological processes such as organic matter decomposition and nutrient 

cycling.   
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Introduction 

The Benton Soil and Water Conservation District (SWCD) initiated the Soil Quality 

Project (SQP) in 2009 as a soil quality (SQ) outreach tool for growers within the southern 

Willamette Valley. The initial focus was to provide farmers with an assessment package 

to describe on-farm SQ to guide future management decisions (Benton SWCD, 2009). 

The soil quality assessment method used by the SQP was modeled after the Cornell Soil 

Health Assessment Test, where a set of soil quality indicators was assessed in controlled 

field experiments. In 2009, SQ training and outreach was initiated, first within Benton 

County, and subsequently within a number of other SWCDs throughout the Willamette 

Valley.  

The Willamette Valley, located in western Oregon, is a uniquely rich agricultural region 

containing ten counties: Benton, Lane, Linn, Marion, Yamhill, Clackamas, Columbia, 

Multnomah, Washington and Polk. The region is bordered on the east by the Cascade 

Mountains and on the west by the Coastal range, with much of the valley floor, nearly 

41% (ODFW 2006)], mapped as prime agricultural land (Giombolini et al., 2011). The 

valley consists of flat to gradually sloping flood plains that are surrounded by high 

terraces formed by the Willamette River tributaries (NRCS, 2006). The region is mainly 

underlain with glacial till deposited 10,000 to 15,000 years ago and alluvium. Soil orders 

are primarily Alfisols, Mollisols, Inceptisols, and Ultisols, with a large number of the 

agricultural soils in this region classified as loamy or clayey soils. The region has a mesic 

soil temperature regime and a xeric soil moisture regime with cool, wet winters and 

warm, dry summers (NRCS, 2006).  The Willamette Valley has a flourishing agricultural 

sector, with over 170 different crops cultivated (USDA 2009, Johnson 2010). Many of 
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these are specialty crops such as hazelnuts and blackberries, which are of significant 

economic importance for Oregon and the nation (ODA 2009). In view of the rich soil 

resources, favorable climate, the high value agronomic sector, and the diversity of crops 

grown, the Willamette Valley makes an ideal location to examine the application of soil 

quality assessment.  

Soil quality, commonly referenced as soil health, reflects physical, chemical, and 

biological soil processes important to soil functions for crop production, environmental 

quality, and for animal and human health (Doran and Parkin, 1994). This concept is 

applied in the context of inherent and dynamic soil qualities (Larson and Pierce, 1991; 

Carter, 2002). Many factors can affect soil conditions including soil type, climate, land 

use, and management decisions. The condition of soil that changes in a relatively short 

period of time in response to human use and management is referred to as dynamic soil 

quality (Carter, 2002). Inherent soil quality, however, refers to condition of the soil that 

changes over a longer timescale in response to soil-forming processes (Carter, 2002). 

Inherent soil quality is foundational to understanding the capacity of a soil to function 

under different land use objectives such as agricultural production, but it is the dynamic 

soil quality that is monitored by soil quality assessments. 

 Many assessments of soil quality have come from the framework proposed by Andrews 

et al. (2002), which considers a suitable set of quantitative indicators of soil quality. 

Appropriate indicators represent measurable soil processes that are sensitive to changes 

in soil functions (Larson and Pierce, 1991; Andrew et al., 2004). Criteria for selecting 

suitable indicators have been established, and their relationship to a soil quality index 

established (Andrew et al., 2004; Manhoudt et al., 2005; Moebius-Clune et al., 2011).  
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The Cornell Soil Health Test (CSHT) was developed by a process of selecting potential 

indicators of SQ according to the following criteria: (1) reproducible and standardized, 

(2) representative of diverse soil attributes or processes important to soil function (3) 

reflect a difference in management practices; and (4) require inexpensive analyses with 

minimal infrastructure (Moebius et al., 2007). A total of 39 potential soil quality 

indicators were initially selected based on published literature and expert observations. 

Potential indicators were then examined with replicated long-term research experiments 

and field samples from commercial farms. Field samples represented real-world 

examples of soil conditions under various management practices in New York State 

(Moebius-Clune et al., 2011). To date, 13 indicators have been selected for the CSHT 

(Cornell Soil Health 2014): water stable aggregates, representing soil structure and 

strength; active carbon, relevant to organic matter decomposition and microbial activity; 

potentially mineralizable nitrogen, important for nutrient cycling; readily extractable soil 

proteins from the total amount of proteins present in soil organic matter; surface and 

subsurface penetration resistance, relevant to root proliferation; root health; pH, 

extractable P and K; minor elements Mg, Fe, Zn, and Mn; soil respiration; soil texture 

important for the overall interpretation of results; and water holding capacity (Cornell 

Soil Health 2014). Minor elements are combined into one indicator.  

The Cornell Soil Health Test has provided a framework for soil quality assessment that is 

available for use by the scientific community and by farmers, primary in the northeastern 

region of the United States (Moebius et al., 2007; Idowu et al., 2008; Gugino et al., 2009; 

Idowu et al., 2009). Application of the CSHT framework across different growing 

conditions and crops is important for gaining insights into its adaptation for use beyond 
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the northeastern region of the United States. 

This report aimed to 1) characterize soil quality in several agricultural soils across the 

Willamette Valley with the CSHT to determine if they reflected management practices 

and crop production systems, and 2) to apply soil quality scoring functions developed by 

CSHT to the measured indicator values.  

Materials and Methods  

A dataset of 102 soil samples was used to explore the relationship between various 

agricultural management practices and physical, biological, and chemical indicators of 

soil quality. Soil samples were collected from either agricultural fields or experimental 

plots located in the Willamette Valley (12 experimental plots and 90 agricultural fields). 

Sites represented agricultural systems under an array of management practices differing 

in tillage regimes, crop rotations and use of amendments. Crop production systems 

included orchards, vineyards, berries, row crops, grain crops, and pastures. Most soils 

collected in this study are classified as silty clay loam or clay loam soils. All samples 

were composite samples collected and processed to analyze 10 of 13 measures of soil 

quality according to the protocol of the CSHT (Gugino, et al. 2009). The tests for soil 

protein and soil respiration were not included as they were added in 2014, after the 

completion of this study. Additionally, the Soil Quality Project did not use available 

water capacity. However, gravitational moisture was measured to aid compaction 

interpretations, but these values are not used in determining soil quality scores.  
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Field soils and selection 

Soil collection and processing was coordinated through the Soil Quality Project (SQP), a 

farmer-based outreach project associated with the Benton Soil and Water Conservation 

District (SWCD) (http://www.bentonswcd.org). The SQP was started in 2009, modeled 

after the CSHT (Gugino et al., 2009). The SQP facilitated all grower outreach and 

participation in soil quality assessment. Farmers volunteered to participate in the study in 

return for data about their soils. Management practices were documented at the time of 

sampling by a farmer interview. Farm managers were asked to account for up to 10 years 

of management history that included information about soil amendments, soil 

disturbance, cropping history, and management type (e.g. conventional or organic). Soil 

disturbance included use of farm equipment such as cultivators, disks, harrows and other 

tillage equipment. 

Sampling and assessment methods  

Field soils were collected from April – June (2010-2014) within a 50-km radius of 

Corvallis, OR, USA. Sampling methods were derived from the CSHT (Gugino et al., 

2009). A field samples were taken in a predetermined area to avoid irregularities in a 

field with regard to soil type, management practices, or crop growth. Five sampling 

locations within a field were identified and two bulk samples were taken approximately 5 

meters apart at all five locations. A total of ten bulk samples are taken from one field (5 

sampling locations x 2 bulk samples = 10 bulk samples). Samples were taken using a 

sharpshooter to a depth of approximately 153 mm (Idowu et al., 2008). Two field 

penetrometer readings were taken at each of the five locations at two depths (0-15 and 

http://www.bentonswcd.org/
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15-45 cm, using a compaction tester (DICKEY-john®, Dickey-john Corporation, 

Minneapolis, MN) to measure surface and subsurface compaction. All bulk samples were 

mixed together, sieved through a sieve (mesh opening 8-mm), and the total volume of 

soil and rocks was weighed and recorded. Approximately 1.5 L of soil was used for 

assessing soil properties.     

Laboratory tests on soil samples included determination of active carbon (AC), 

potentially mineralizable nitrogen (PMN), particle-size analysis (% sand, silt, and clay), 

and percent water-stable aggregates (WSA). Active carbon was determined by oxidation 

of easily accessible soil carbon using a potassium permanganate solution and a 

colorimeter (Weil et al., 2003). PMN was measured by a 30-day aerobic incubation at 

20°C (McQueen 2007). The particle-size analysis was performed following the Soil 

Science Society of America (SSSA) quick hydrometer method (Gee and Bauder, 1986).  

The percentage of water stable aggregates was determined using Cornell’s Sprinkle 

Infiltrometer, a rainfall simulator (Moebius et al., 2007).  Extractable nutrients (N, P, K, 

Mg, Ca), organic matter (OM), day-0 soil nitrate (NO3-N), day-30 soil nitrate, and pH 

data were obtained from Oregon State University’s (OSU) Central Analytical Lab (CAL), 

while all other soil quality measures were performed at the SQP lab located on OSU’s 

campus (http://cropandsoil.oregonstate.edu/content/central-analytical-laboratory-cal). 

Scoring curves and interpretation 

Interpretation of soil quality indicator values was determined according to the CSHT 

(Gugino et al. 2009), following the interpretive framework of Andrews et al. (2004). 

Previous studies showed SQ indicators to be affected by particle size distribution and 

http://cropandsoil.oregonstate.edu/content/central-analytical-laboratory-cal
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thus, many of the scoring curves developed by CSHT are determined for each textural 

class (fine, medium, coarse) (Moebius et al., 2007; Gugino et al., 2009). However, it 

should be noted that the Willamette Valley soils (n=134) included in this study 

dominated by medium (n=49) and fine (n=75) textured soils, leaving few coarse-textured 

samples (n=10) in the dataset.  

To rate soil indicators, non-linear scoring functions are used by the CSHT and 

normalized between a score of 0-100 (Schindelbeck et al., 2008). Scoring curves were 

based on the Gaussian distribution:  

𝑓(𝑥) =
1

𝜎√2𝜋
𝑒
(𝑥−𝜇)2

2𝜎2  

with μ determined by the sample mean and σ defined by the sample standard deviation. 

Most curves were generated using the integral of the Gaussian equation, or the 

cumulative normal distribution function (CND), which gave the probability that a given 

value of the distribution is < x (Moebius et al., 2009):  

𝐶𝑁𝐷(𝑥,𝑚, 𝑠) = 100
1

2
(1 + erf[

(𝑥 − 𝑚)

𝑠√2
]) 

where m is the population mean, s is the standard deviation, and erf is the error function.  

Three scoring curves are applied to rate scoring curves: (1) more is better, (2) less is 

better, and (3) optimum curve. The ‘more is better’ curves are applied to water stable 

aggregates, active carbon, potentially mineralizable nitrogen, potassium, and organic 

matter, with higher values leading to higher scores. The ‘less is better’ curve was applied 
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to surface and subsurface compaction, with higher values leading to lower scores. The 

optimum curve was used for indicators that had a positive influence on soil quality to a 

point at which the influence became negative, such as with phosphorus, pH, and soil 

nitrate (Glover et al., 2000; Schindelbeck et al., 2008). Optimum curves are often 

appropriate in view of environmental risk due to excessive nutrient levels or due to 

interactions between soil pH and nutrients.  

The shape of the scoring curves was determined by threshold values that are established 

by published recommendations (Glover et al., 2000). Recommended threshold values 

were used for soil compaction, most nutrients and pH.  Local averages were used when to 

establish threshold values when no recommended values existed in the literature (Karlen 

et al., 1994). Local averages were established for active carbon, water-stable aggregates, 

and potentially mineralizable nitrogen (Idowu et al., 2008; Gugino et al., 2009; Moebius-

Clune et al., 2011, Arshad and Martin, 2002, Moebius-Clune, 2009). To determine high 

and low threshold values of local averages, the 25th and 75th percentiles of the distribution 

curves were used (Schindelbeck et al., 2008). Values occurring below the 25th percentile 

were given a low score of 30 and below that indicates a restraint to soil processes, and 

above the 75th percentile a high score of above 70 that indicates optimal soil functioning 

(Idowu et al., 2008, Schindelbeck et al., 2008; Moebius-Clune et al., 2011). As the Soil 

Quality Project’s database expands, scoring curves for the Willamette Valley can be 

developed that would be specific to growing conditions and soils of this region (Karen et 

al., 1994; Glover et al., 2000). In view of a limited number of samples and a population 

distribution that is weighted towards organically managed fields, local scoring curves 

were not developed and all soil quality ratings were determined using the scoring curves 
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established by the CSHT. Scoring curves were applied to the 10 indicator values WSA, 

AC, surface compaction, subsurface compaction, pH, phosphorus, organic matter, 

potassium, and magnesium to determine the percentage of soil samples that would be 

categorized as having “constraints” according to CHST criteria. However, scoring curves 

derived by CHST for PMN uses values from a 7day anaerobic incubation, and the SQP 

uses a 30-day aerobic incubation. Soils herein were described as showing a constraint 

when PMN levels fell below 0.30 (N03 mg kg-1 N day-1), according to research done 

using Willamette Valley agricultural soils that produced vegetables (McQueen, 2007).  
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Table 2.1: Ten soil indicators from the Cornell Soil Health Test and their represented soil processes and threshold values used to evaluate soil quality of Willamette Valley 

agricultural soils. 

     

Indicator and units Soil Function Scoring Curve Texture Threshold value 

Physical      
Water Stable Aggregate (WSA, %) Structure, stability, aeration, infiltration More is better coarse & medium  < 25 

fine 

 

 

Surface Compaction (SC, MPa) Root proliferation, water infiltration and 

transmission 

Less is better fine, medium, & coarse > 1.5 

Subsurface Compaction (SSC, MPa) Root proliferation, water infiltration and 
transmission 

Less is better coarse > 2.6 
medium > 2.4 

fine > 2 

Biological     

Active Carbon (AC, mg kg-1) Microbial activity, nutrient mineralization More is better coarse < 430 

  medium < 500 
  fine < 610 

Potentially Mineralizable Nitrogen (PMN, 

mg kg-1 day-1)y 

Microbial activity, nutrient mineralization More is better fine, medium, & coarse < 0.30 

Total Organic Matter (LoiOM, g kg-1) Energy storage, water and nutrient retention More is better coarse < 2.4 

   medium < 3 
   fine < 3.5 

Chemical      

pH Nutrient availability, chemical buffering, 
toxicity 

Optimum fine, medium, & coarse < 5.7 and > 7.4 

Extractable Phosphorus (P, mg kg-1) P availability Optimum fine, medium, & coarse < 2 and >30 

Extractable Potassium (K, mg kg-1) K availability More is better coarse < 35 

   medium < 30 
   fine < 25 

Minor Elementsz Micronutrient availability, elemental 

imbalances, toxicity 

Optimum fine, medium, & coarse Magnesium (< 33) 

y A 30-day anaerobic incubation was performed for PMN. Threshold values were determined based on literature from the region.  

z Only magnesium was measured by the SQP. Iron, zinc, manganese are not included.  
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Data analysis 

To explore the relationship between management practices and soil quality within the 

Willamette Valley, 102 soil samples were used from the SQP database. The samples 

excluded in the analysis had no documented management history from the growers, 

as these fields were apart of another study in which the SQP was not permitted to 

receive information about management practices. The management practices 

analyzed included management type (conventional, organic, and transitional to 

organic, and unmanaged/fallow), crop cycle (annual, perennial, fallow) and soil 

disturbance (disturbed or undisturbed). Unmanaged fields consisted of fields with a 

vegetation cover, but no nutrient inputs, grazing, or harvesting had occurred, while 

fallow fields were intentionally left unplanted as a management practice.  As 

mentioned above, disturbed soils were exposed to practices such as the use of a 

rototiller, spader, tiller, chisel plow, disk, or moldboard plow (Appendix B). Most 

undisturbed soils were in pastures or perennial crops. Though the CSHT uses 13 

indicators, only ten (Table 2.1) were evaluated in our analysis since soil respiration, 

soil proteins, and available water content are not included in the Soil Quality 

Assessment as mentioned previously. Because soil samples in this observational 

study were neither from controlled experimental sites, nor randomly selected, the 

statistical analyses that could be applied were limited. Additionally, nearly half of the 

samples examined came from organic fields, which suggests that the dataset is not 

representative of agricultural soils found in the Willamette Valley. Therefore, 

indicators of soil quality are summarized and characterized according to management 

practices, but are not analyzed statistically.   
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Results  

Soil disturbance effect on SQ indicator values 

Soil disturbance appeared to affect certain soil quality indicator values. Seven of ten 

CHST indicators (WSA, PMN, AC, P, K, Mg and surface compaction) and soil 

nitrate showed apparent differences between disturbance groups (Table 2.2). 

Undisturbed soils showed a 38% greater WSA and 18% greater Mg, relative to 

disturbed soils, while disturbed soils had greater AC (by 27%), PMN (by 58%), P 

(73%), K (19%) and soil nitrate (by 77%), and decreased surface compaction (by 

21%). Surface compaction was moderate (1.5 or 1.9 MPa) for disturbed and 

undisturbed soils, respectively, which is below the 2 MPa threshold that impedes root 

growth (Gugino et al., 2009). Disturbance did not appear to affect subsurface 

compaction, % OM, % C, total N, and soil pH. 

Crop cycle effect on SQ indicator values 

Crop cycle appeared to influence 10 soil quality indicators, and differences between 

annual and perennial crops were observed for six: WSA, PMN, P, K, Mg, surface 

compaction (Table 2.3). However, crop cycle did not appear to affect AC, subsurface 

compaction, organic matter, and K.  

General trends between crop cycles can be seen in Figure 2.1. The most notable crop 

cycle effect was observed on aggregate stability, with an 80% increase in WSA in soil 

from perennial crops compared to soil from annual crops. Additionally, higher Mg 

levels were observed in perennial crops than annual crops. However, annual crops 
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showed a 54% increase in PMN and a 76 increase in P as compared to perennial 

crops. Greater soil NO3-N levels were also observed in annual crops as compared to 

perennial crops.  

Management effect on SQ indicator values 

Observations on management type (conventional, transitional, organic or 

unmanaged/fallow) demonstrated influences on SQ indicator values.  Management 

type appeared to have an influence on surface compaction and subsurface 

compaction, NO3-N, AC, and PMN, P, Mg, K, pH and OM (Table 2.4). Differences 

on WSA were observed with greater WSA in unmanaged fields followed by organic, 

transition to organic, and conventionally managed fields. Surface and subsurface 

compaction was found to be the lowest in organically managed soils and highest in 

conventionally managed soils (by 65%, 25%). Organic matter was observed to be 

highest in organically managed fields and lowest in unmanaged fields. However, 

unmanaged fields showed higher active carbon than all other management types 

followed by organic management (Figure 2.1). Organically managed soils had the 

highest P and PMN followed by conventional management, transition to organic, and 

unmanaged fields.  

Agricultural management practices and soil constraints 

Applications of the CSHT scoring curves were used to examine the percent of 

samples that represent a constraint to a soil processes. Disturbed soils were observed 

to have a greater percentage of potential constraints when considering WSA and soil 
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P, while undisturbed soil showed more constraints on processes represented by 

surface compaction and PMN. Disturbed and undisturbed that indicated a soil 

constraint varied between 89 and 93% for AC, 23-30% for pH, 57 to 63% for 

subsurface compaction and 0-2% for extractable K and Mg (Table 2.6).  

Observation on crop cycle and soil constraints that indicate a soil quality score below 

30% were shown to be higher in annual crops when considering WSA, organic 

matter, and soil P. However, more a greater percentage of perennial crops were found 

to have a constraint associated with PMN (Table 2.5). The percentage of perennial 

and annual crops was similar for surface compaction (63%, 50%), subsurface 

compaction (58%, 61%), AC (92%, 91%), and K and Mg (2%, 0%).  

Management type was found to have very few constraints across all groups when 

accounting for magnesium and potassium (< 9%).  Conversely, over 70% of all 

management types were constrained when applying the CSHT score to active carbon 

values. The percentage of organically managed fields was lowest for WSA, surface 

compaction, and pH, and highest for conventionally managed fields (Table 2.7).  And 

organically managed fields had fewer constraints for PMN followed by conventional 

management, unmanaged soils, and management transitioning to organic. 

Unmanaged soils revealed the lowest percent of soils with an associated constraint to 

K, AC, and subsurface compaction.  
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Table 2.2. Summary of soil quality indicators for management type. Mean and standard error are displayed for each indicator value. Indicator 

values organic matter and PMN have different sample number, where annual (n=45) and perennial (n= 45) for PMN, and annual (n= 53) and 

perennial (n= 44) for organic matter.   

 

   Physical indicators Biological indicators Chemical indicators 

Crop cycle n  % WSAs Surfacet Subsurfacet % OMu ACv PMNw  pH Px  Ky  Mgz 

Annual  54 25 (2) 1.5 (0.12) 2.2 (0.10) 4.1 (0.39) 319 (28) 0.54 (0.04) 6.1 (0.08)  65 (6.8)  274 (27) 396 (30)  

Perennial  48 45 (3)  1.8 (0.12)  2.3 (0.11) 4.6 (0.29)  314 (39)  0.35 (0.05)  5.9 (0.07) 37 (7.1)  239 (20)  522 (44)  

  
s % WSA = % water stable aggregates 
t SC = Surface compaction (MPa), SSC = Subsurface compaction (MPa) 
u OM = % Organic matter 
v AC = Active carbon (mg kg-1) 
w PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
x P = Phosphorus (mg kg-1) 
y K = Potassium (mg kg-1) 
z Mg = Magnesium (mg kg-1) 
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Table 2.3. Summary of soil quality indicators for disturbance groups. Mean and standard error are displayed for each indicator value. Indicator 

values organic matter and PMN have different sample number, where disturbed soils (n=47) and undisturbed soil (n= 43) for PMN, and disturbed 

soils (n= 55) and undisturbed soils (n= 42) for organic matter.  

 

   Physical indicators Biological indicators Chemical indicators 

Disturbance n  % WSAs Surfacet Subsurfacet % OMu ACv PMNw  pH Px  Ky  Mgz 

Disturbed 56 29 (3) 1.5 (0.11)  2.2 (0.09)  4.3 (0.37) 351 (36) 0.52 (0.04) 6.1 (0.08)  64 (7.2) 278 (27) 422 (30) 

Undisturbed 46 40 (3) 1.9 (0.13) 2.4 (0.12)  4.3 (0.30) 276 (25) 0.33 (0.04)  5.9 (0.08)  37 (6.6) 233 (19) 497 (47) 

            
s % WSA = % water stable aggregates          
t SC = Surface compaction (MPa), SSC = Subsurface compaction (MPa)        
u OM = % Organic matter          
v AC = Active carbon (mg kg-1)         
w PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)         
x P = Phosphorus (mg kg-1)          
y K = Potassium (mg kg-1)       
z Mg = Magnesium (mg kg-1)         
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Table 2.4. Summary of soil quality indicators for management type. Mean and standard error are displayed for each indicator value. Indicator values 

organic matter and PMN have different sample number, where conventional (n=51), organic (n= 29), Torg (n= 6), unmanaged (n= 11) for organic 

matter and conventional, (n= 46), organic, (n= 30), Torg, (n= 6), unmanaged (n= 8) for potentially mineralizable nitrogen.  

 

   Physical indicators Biological indicators Chemical indicators 

Management  n  % WSAs Surfacet Subsurfacet % OMu ACv PMNw  pH Px  Ky  Mgz 

Conventional  54 29.5 (3) 2.0 (0.12) 2.5 (0.10) 3.6 (0.20) 254 (15) 0.36 (0.04) 5.8 (0.06)  43 (5)  208 (15) 428 (40) 

Organic 31 39.5 (4) 1.2 (0.10) 2.0 (0.10)  5.9 (0.63) 410 (46) 0.58 (0.07) 6.2 (0.12) 78 (13) 371 (41)  495 (39) 

Torg  6 34.5 (5) 1.5 (0.32) 2.3 (0.20) 4.1 (0.42) 222 (26)  0.35 (0.03) 6.2 (0.32)  34 (14) 220 (66) 501 (82) 

Unmanaged 11 43.1 (8) 1.6 (0.27) 2.2 (0.34) 3.4 (0.50) 415 (142) 0.34 (0.10) 6.0 (0.19)  30 (7)  201 (36) 454 (96)  

            
s % WSA = % water stable aggregates          
t SC = Surface compaction (MPa), SSC = Subsurface compaction (MPa)        
u OM = % Organic matter           
v AC = Active carbon (mg kg-1)         
w PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)         
x P = Phosphorus (mg kg-1)           
y K = Potassium (mg kg-1)       
z Mg = Magnesium (mg kg-1)         
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Fig. 2.1. Relationship between soil quality indicator values measured (a-k) and 

management practice: disturbance, crop cycle, and management type. CM: 

conventional; TOrg: transition to organic; Org: organic; UM: unmanaged; Dist.: 

disturbed; No Dist.: no disturbance. Bars represent the means ± and standard error for 

each group level. Numbers over bars indicate sample size (n =). Columns within a group 

(crop cycle, management, or disturbance) are compared. 
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Fig. 2.1. (cont’d) 
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Table 2.5 .For each indicator, the percentage of samples that would represent a constraint to soil processes according to the interpretive 

framework of the Cornell Soil Health Test for annual and perennial crops.  

     Physical indicators Biological indicators Chemical indicators Texture 

Crop 

cycle 
n 

SQP 

score 
 % WSAq Surfacer  Subsurfaces %OMt ACu PMNv pHw Px Ky Mgz 

Fine 

(n) 

Medium 

(n) 

Coarse 

(n) 

Annual  54 48 76 50 61 55 91 36 24 78 0 0 35 19 2 

Perennial  48 55 35 63 58 25 92 58 31 38 2 2 34 7 5 

                  
q % WSA = % water stable aggregates: constraint (coarse & medium texture < 25, fine < 37)          
r SC = Surface compaction (MPa),: constraint (fine, medium, & coarse texture >1.5)          
sSSC = Subsurface compaction (MPa): constraint (coarse > 2.6, medium >2.4, fine >2)         
tOM = % Organic matter: constraint (coarse <2.4, medium <3, fine <3.5)           
uAC = Active carbon (mg kg-1) constraint (coarse <430, medium <500, fine <610)          
v PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1) : constraint (fine, medium, & coarse <0.3)       
wpH: constraint (coarse, medium, & fine < 5.7 and >7.4)            
x P = Phosphorus (mg kg-1): constraint ( < 2 and >30)            
y K = Potassium (mg kg-1): constraint (coarse, <35, medium, <30, fine < 25)          
z Mg = Magnesium : constraint (< 33)        
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Table 2.6. For each indicator, the percentage of samples that would represent a constraint to soil processes according to the interpretive framework 

of the Cornell Soil Health Test for disturbed and undisturbed samples.  

     Physical indicators Biological indicators Chemical indicators Texture 

Disturbance n 
SQP 

score 
 % WSAq Surfacer  Subsurfaces %OMt ACu PMNv pHw Px Ky Mgz 

Fine 

(n) 

Medium 

(n) 

Coarse 

(n) 

Disturbed 56 51 66 45 57 47 89 32 25 70 0 0 35 19 2 

Undisturbed 46 52 47 70 63 33 93 63 30 47 2 2 34 7 5 

                
q % WSA = % water stable aggregates: constraint (coarse & medium texture < 25, fine < 37)           
r SC = Surface compaction (MPa),: constraint (fine, medium, & coarse texture >1.5)          
sSSC = Subsurface compaction (MPa): constraint (coarse > 2.6, medium >2.4, fine >2)          
tOM = % Organic matter: constraint (coarse <2.4, medium <3, fine <3.5)           
uAC = Active carbon (mg kg-1) constraint (coarse <430, medium <500, fine <610)          
v PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1) : constraint (fine, medium, & coarse <0.3)         
wpH: constraint (coarse, medium, & fine < 5.7 and >7.4)            
x P = Phosphorus (mg kg-1): constraint ( < 2 and >30)            
y K = Potassium (mg kg-1): constraint (coarse, <35, medium, <30, fine < 25)           
z Mg = Magnesium : constraint (< 33)              
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Table 2.7. For each indicator, the percentage of samples that would represent a constraint to soil processes according to the interpretive framework of the 

Cornell Soil Health Test for conventional, organic, transition to organic, and unmanaged fields.  

 

     Physical indicators Biological indicators Chemical indicators Texture 

Management  n 
SQP 

score 
 % WSAq Surfacer  Subsurfaces %OMt ACu PMNv pHw Px Ky Mgz 

Fine 

(n)  

Medium 

(n) 

Coarse 

(n) 

Conventional  54 47 68 74 70 51 100 56 33 54 0 0 36 14 4 

Organic 31 58 41 29 48 28 81 23 23 74 0 0 23 7 1 

Torg  6 53 45 50 50 17 100 67 17 50 0 0 5 1 0 

Unmanaged 11 56 45 45 45 45 73 63 18 45 9 9 5 4 2 

                
q % WSA = % water stable aggregates: constraint (coarse & medium texture < 25, fine < 37)           
r SC = Surface compaction (MPa),: constraint (fine, medium, & coarse texture >1.5)          
sSSC = Subsurface compaction (MPa): constraint (coarse > 2.6, medium >2.4, fine >2)          
tOM = % Organic matter: constraint (coarse <2.4, medium <3, fine <3.5)           
uAC = Active carbon (mg kg-1) constraint (coarse <430, medium <500, fine <610)          
v PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1) : constraint (fine, medium, & coarse <0.3)         
wpH: constraint (coarse, medium, & fine < 5.7 and >7.4)            
x P = Phosphorus (mg kg-1): constraint ( < 2 and >30)            
y K = Potassium (mg kg-1): constraint (coarse, <35, medium, <30, fine < 25)           
z Mg = Magnesium : constraint (< 33)        
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Discussion 

This study was conducted to examine the impact of management type, crop cycle, and 

soil disturbance on soil quality indicators to evaluate the application of the CSHT for 

agricultural soils in the southern Willamette Valley. Indicators of soil quality 

appeared to reflected differences among agricultural management practices with 

regard to soil disturbance, crop cycle, and management type, demonstrating effects on 

physical, chemical, and biological parameters of soil quality.  

Physical soil quality indicators  

The beneficial effect of undisturbed and perennial systems on soil physical quality 

was reflected by greater aggregate stability. Many studies have found no-till soils to 

have greater aggregate stability than conventionally tilled soils (Filho et al., 2001; 

Moebius et al., 2007; Idowu et al., 2009), which is consistent with the observations of 

this study. The reason for this is that no-till soils can show increased accumulation of 

plant residues on the soil surface, leading to a buildup of organic matter that is 

important for the formation of stable aggregates (Brito et al., 2006). However, this 

was not borne out by measurements of active carbon or plant mineralizable N, which 

should reflect greater accumulations of organic matter. Another reason for higher 

aggregation is that no-till practices minimize the disruption of already stable 

aggregates and decreases disruption to microbial activities important to aggregation 

(Plante and McGill, 2002).  
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Aggregate stability also showed on average differences with crop cycle (annual, 

perennial). Undisturbed soils revealed greater water-stable aggregates than disturbed 

soils (29%, 40%). Moebius et al., 2007 examined the effect of crop rotation on soil 

physical properties (WSA and available water content) and reported increased 

aggregation when a rotation of maize after 8 years of orchard grass was implemented 

compared to 12 years of continuous maize. This is explained by the improved soil 

structure and stability reported in perennial crops as the soil remains undisturbed for 

longer periods of time than annual crops, increasing microbial activities important for 

aggregation (Moebius, et al., 2007).  

There appeared to be a trend towards greater aggregate stability in fields that were 

either organically managed, in transition to organic, or were unmanaged/fallow fields 

as compared to conventionally managed soils, though the standard error in 

unmanaged fields was greater than all other management types. This trend was not 

surprising as organic systems are often associated with increased aggregation 

resulting from greater inputs of organic matter (Pulleman et al., 2003). However, 

Williams and Pettricrew (2009) found that when conventional farms that incorporated 

organic fertilizer in the form of cattle manure and slurry were compared to organic 

farms, no differentiation between aggregate stability in the two management types 

was found. Further, when an additional comparison was made between conventional 

farms that only used artificial fertilizers and organic farms, a significant difference in 

aggregate stability was observed, suggesting that the addition and/or type of OM was 

more relevant to soil aggregation than was management type. Unmanaged soils 

showed the on average highest percentage of WSA and had the largest standard error 
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of all group levels. One plausible explanation for high WSA in unmanagemened soils 

(n =11) is that many fields categorized as “unmanaged” were grass fields that were 

not being farmed. For example, one unmanaged fields had a history of being in 

rotation with hay, oats, and rye for many years, but received no management for the 

last 5 years. This field was sampled because it was going to be cultivated into a wine 

grape production.  

Another indicator of soil physical quality is compaction, as measured in the field with 

the penetrometer.  In this study, surface and subsurface compaction was dramatically 

greater in conventionally managed fields than in organically managed fields, with 

transitional to organic and unmanaged field intermediate between the two. Celik et al. 

(2010) examined the effects of mineral and organic fertilizers on physical soil 

properties and reported lower penetration resistance (from 0-30 cm) when wheat 

fields received nutrient inputs in the form of compost or manure compared to mineral 

fertilizers. The use of organic amendments increases soil organic matter content and 

reduces soil compaction (Leroy, et al. 2008). Lower disturbance could also be related 

to recent tillage as approximately 61% of organically managed fields have some level 

of documented soil disturbance. However, it is likely that lower disturbance is a result 

beyond disturbance as conventionally managed fields with the highest surface 

compaction additionally had a high percentage of disturbed soils (57%).  

The soils under disturbance were less compacted at the surface (0-15cm) than 

undisturbed soils, but only a slight difference was observed at the subsurface (15 – 45 

cm) level, with lower subsurface compaction in disturbed soils. Lampurlanes et al. 
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(2003) showed low penetration resistance readings and bulk density in two loamy 

soils under subsoil tillage than under minimum and no-tillage. Greater subsurface 

compaction would also be expected as plow pans layers are commonly found in tilled 

soils. However, some reports have similarly showed significant compaction 

differences in the topsoil, but no relationship in subsurface compaction (Gál, et al. 

2007 , Verhulst, et al. 2011).  

Contributing to compaction readings may be an effect of water content, soil texture, 

or sampling time on compaction for a given soil, as explained by other reports 

(Moebius et al., 2007). Though samples were taken in spring, sampling did not 

always occur at field capacity or before tillage, which can affect penetration 

resistance (Moebius et al., 2007). Further, field moisture values decreased over time, 

suggesting soils became drier towards the end of spring. Moebius et al. (2007) found 

that both penetration resistance and bulk density measurements taken soon after 

tillage had temporarily decreased. The reason for this is some forms of tillage are 

intended to produce a more favorable seedbed, temporarily reducing bulk density and 

increasing porosity in the surface layer, but over time, tillage tends to increases bulk 

density (Mapa et al, 1986). Though higher compaction values were seen in 

undisturbed soils, this may not necessarily impede root growth or development as soil 

structure was more favorable in undisturbed fields, as indicated by WSA values. 

Biological soil quality indicators 

Active carbon and potentially mineralizable nitrogen are biological soil quality 

measures. Management type, soil disturbance, and crop cycle were shown to 
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influence these soil properties. Unmanaged soils had the highest values of AC 

followed by organically managed soils. However, again unmanaged soils had the 

highest standard error. Organically managed soils had higher PMN and AC values 

than transition to organic management and conventionally managed soils. Other 

studies have also shown this trend, with higher PMN and AC values in organically 

managed systems compared to conventionally amended soils (Drinkwater et al., 1995; 

Mirky et al., 2008; Spargo et al., 2011). Poudel et al. (2002) showed that cover-crop 

based farming systems (organic and low-input systems) increased PMN values 

compared to conventional systems, using both a 160-day aerobic incubation and a 7-

day anaerobic incubation. In general, the reason for these findings is the addition of 

organic inputs that commonly accompanies organic management such as manure, 

compost, and the use of cover crops (Marriott and Wander, 2006; Spargo et al., 

2012).  

PMN values were found to be higher in disturbed soils vs. undisturbed soils and 

annual crops compared to perennial crops. Similarly, AC values were found to higher 

in disturbed vs. undisturbed soils, and AC values were very comparable between 

perennial crops and annual crops. Kristensen et al. (2002) examined the short-term 

effects of tillage on the mineralization of N and C, and found no significant effects on 

mineralization and microbial pools under different tillage regimes (conventional 

plough and a non-inverting-tillage). In contrast, the findings of others (McCarty et al., 

1995; Idowu et al., 2009; Martín-Lammerding et al., 2013) show decreases in soil 

organic matter and mineralization of both N and C due to long-term tillage (McCarty 

et al., 1995; Kristensen et al., 2002). In general decreases in N and C pools would be 
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expected as protected organic matter is exposed by the physical disruption of tillage 

and increased aeration leads to enhanced microbial decomposition rates (Havlin, et al. 

2005). The influence of soil disturbance and crop cycle on PMN and AC values are 

likely to be attributed to nutrient inputs such as crop residues, manure, compost, cover 

crops, the cultivation of legumes, or the use of mineral N fertilizers (Ussiri et al., 

2006). In general, annual crops are accompanied with high nutrient inputs and 

frequent disturbance such as tillage, whereas perennial crops are not. It should be 

noted that fields crop cycle and soil disturbance is closely associated as annual fields 

generally are managed with some form of disturbance, whereas perennial crops are 

not. Thus, the influence of soil disturbance and crop cycle difficult to separate. 

Controlled experiments would allow clearer interpretations. Other possible 

considerations for these observed trends are error associated with the processing of 

soils and the biological assessments. Both AC and PMN tests are sensitive to the 

presence of organic matter and it is likely that recently tilled soils had greater 

amounts of crop residue incorporated into the soil surface. Failure to sieve out such 

residues in the processing would lead to increased AC and PMN rates. Finally, a 

concern for mineral N applications close to sampling could also be a consideration for 

higher PMN rates in annual crops (Kaupa et al., 2014). However, this is most likely 

not the case as day-0 nitrate levels showed normal levels, indicating that crop uptake 

had already occurred.   

Organically managed soils showed a higher percentage of organic matter content 

compared to transition to organic, unmanaged soils, and conventionally managed 

soils. Again, this trend is likely related to the organic inputs that are incorporated to 
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organic productions. Soil organic matter content was additionally found to be greater 

in perennial fields compared to annual fields, which is could be attributed to a build-

up of organic matter content due to plant residues. Though higher PMN values were 

observed in annual crops rather than perennial crops, it should be noted that soil OM 

content is not a qualitative indicator of PMN, as the timing and amount of 

mineralized N available for plant uptake is reliant upon factors such as temperature 

and moisture (Horneck, et al., 2001). When comparing disturbed soils to undisturbed 

soils the organic matter content was similar. 

Chemical soil quality indicators 

Soil chemical analysis indicated higher levels of P and K in organically managed 

soils than in unmanaged soils, transition to organic, and conventionally managed 

soils. Higher P and K levels were also observed in disturbed soil compared to 

undisturbed soils, and in annual vs. perennial systems. This is presumably the result 

of nutrient inputs in the form of organic material, such as broiler litter or manure 

(Havlin et al., 2005). Iqbal et al. (2013) examined the long-term effects of manure 

inputs under various cropping patterns on soil quality indicators using the CSHT 

framework and found manure additions increased P, K, and soil nitrate levels. Most 

of the field soils were on average slightly to moderately acidic across all agricultural 

management practices (crop cycle, disturbance, management type), ranging from a 

pH 5.8 - 6.2. Horneck et al. (2011) notes that most crops grow best when the soil pH 

is between 6.0 and 8.2. However, this does not apply to all of the crops grown in the 

Willamette Valley such as blueberries. A slightly more acidic soil is likely linked to 
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levels of perception in the Willamette Valley, but can also be associated with 

management such as certain crop rotations and excessive use of nitrogen fertilizers. 

Factors influencing soil quality indicators are many, including inherent soil 

properties, surface residues, crop rotation, and the addition of organic inputs. The 

CSHT was useful for observing real-world examples of the influence management on 

soil quality indicators. When considering the interpretive framework of the CSHT for 

measured indicator values, limits arise when applying scoring curves to the 

Willamette Valley. These limits include different growing conditions, diversity of 

crops, and inherent soil properties. However, the observations from this survey should 

be considered as preliminary to be followed-up with controlled experiments. 

Nevertheless, it appears that indicators of soil quality developed by the CHST are 

sensitive to agricultural management practices and may therefore be useful in 

assessing soil quality in Willamette Valley soils. Additionally, the development of 

scoring curves specific to this region should be considered for future research.  

 

Agricultural management practices and soil constraints  

The frequency of observed constraints in soil processes for southern Willamette 

Valley agricultural soils was examined for various agricultural management practices 

(crop cycle, disturbance, management type). For most physical, chemical, and 

biological indicators scores, similar trends were observed for crop cycle (Table 3.5) 

and soil disturbance (Table 3.6) groups. This was not surprising as previously 

mentioned before, annual crops are often managed with tillage, while perennial fields 

are not. The percent of fields scoring in the constrained score range was greatest in 
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annual crops for WSA, LoiOM, and soil P (with 76%, 55%, and 78% of annual crops 

being constrained). In disturbed soils the most frequent constraints includes WSA, 

and LoiOM, and soil P (with 66%, 47%, and 70% of disturbed soils being 

constrained).  

A large number of soils were constrained when considering P in annual crops, 

disturbed soils, and organically managed fields. A soil constraint was indicated when 

P levels were below 2 mg kg-1 or above 30 mg kg-1. The high frequency of constraints 

is likely due to P recommendations for the Willamette Valley, which are higher than 

the values reflected in the CSHT. According to Horneck et al. (2011) suggested 

fertilizer rates recommendations for West of the Cascades are:  low (< 20 mg kg-1), 

medium (20- 40 mg kg-1), high (40 -100 mg kg-1), and excessive (>100 mg kg-1). 

Most of the field soils were generally within the optimal range for Mg (> 33 mg kg-1) 

according to the CSHT. However, micronutrients (Mg, Mn, Zn, Fe) are grouped 

together into one indicator. If all nutrients are adequate then a score of 100 is given, if 

only one nutrient is deficient or excessive a score of 56 is given, and if more than two 

nutrients are excessive or deficient then a score of 11 is given (Gugino et al., 2009). 

Only Mg was tested for field soil and a score was given only for Mg. Thus, if Mn, Zn, 

and Fe were tested, the score for micronutrients is likely to change.  

Across all agricultural management practices most fields were constrained in AC. The 

lower threshold for active carbon was approximately < 430 mg kg-1 (coarse), < 500 

mg kg-1 (medium), and < 610 mg kg-1 (fine). However, active carbon values were 

much found to be much lower in Willamette Valley soils, where active carbon was on 
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average 242 mg kg-1 (coarse), 349 mg kg-1 (medium), and 312 mg kg-1 (fine). A 

possible explanation for lower active carbon values in the Willamette Valley could be 

due to difference in inherent soil properties and climate that will make local averages 

differ. Moebius-Clune et al. (2009) adapted the CSHT to examine soil quality in 

Kenya, Africa. Scoring curves were developed for WSA, available water content, 

LoiOM, and AC based on local averages and the scoring curves were lower than 

curves reported in the CSHT, with an average AC of 427 mg kg-1 for soils containing 

< 15%, and 333 mg kg-1 for soils containing > 15% clay. Additionally, lower AC 

values observed in the Willamette Valley could be a difference in lab techniques or 

equipment (spectrophotometers), which can make it difficult to compare values 

across labs. . 

Overall, the application of the CSHT scores was a useful tool in revealing some of the 

trends seen in indicators measured on Willamette Valley agricultural soils. However, 

many soil quality indicator values are based on of local averages that will reflect 

regional soil properties and growing conditions. Additionally, the Willamette Valley 

has a large diversity of crops, with different optimal pH levels and nutrient 

recommendation, which must be considered. Future development of local scoring 

curves based on a larger dataset that is representative of Willamette Valley 

agricultural soils will aide in the interpretation of soil quality indicator values. 
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Chapter 3. Root colonization potential by arbuscular mycorrhizal 

fungi and soil quality  

Abstract 

Interest in soil quality is increasing because of demands for sustainable agricultural 

productivity, yet identifying suitable indicators for soil quality assessment remains a 

challenge. In this study, I investigated arbuscular mycorrhizal fungi colonization 

potential as a possible biological indicator of soil quality and examined underlying 

relationships between AM fungal colonization, certain soil parameters, and 

agricultural management practices. A total of 33 soils collected in spring 2013 was 

assessed for 12 indicators of soil quality and also tested in a greenhouse bioassay with 

sorghum ‘trap’ plants to determine their root colonizing potential by AM fungi. The 

percent of root length colonized varied from 1.8 to 27.8% and showed no significant 

relationship to overall soil quality ratings, which ranged from 29-68%. However, soil 

from perennial crops had significantly greater AM root colonization potential 

compared to soil from annual crops.   

Introduction  

Soil quality assessments aim to provide growers with site-specific evaluations of soil 

conditions that can guide long-term management goals, while preserving 

environmental sustainability (Moebius-Clune et al. 2011). Many assessment methods 

for soil quality exist and a widely used method is the Cornell Soil Health Test 
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(CSHT), which assesses dynamic soil quality that can be changed by human use and 

management in relatively short period of time (Carter, 2002). The CSHT draws from 

the work of Doran and Parkin (1994) to define soil quality as the “chemical, physical, 

and biologically measureable characteristics that enable a soil to function under the 

constraints of ecosystem and land use boundaries, support plant productivity, preserve 

the quality of the environment, and support human and animal health” (Moebius-

Clune et al., 2011). The framework of this assessment is a set of criteria for the 

selection of possible soil quality indicators. Many physical, chemical, and biological 

soil properties are indicative of soil quality, meaning that soil properties reflect 

changes in soil processes and are sensitive to management practices (Bending et al., 

2004). One such possible microbial indicator of soil quality is root colonization by 

arbuscular mycorrhizal (AM) fungi.  

 

AM fungi play an important role in key processes related to plant productivity and 

soil quality (Karlen et al., 1997).  Benefits of AM fungi to plants include enhanced 

nutrient uptake (Smith and Read, 2008), improved host water relations (Augé, 2001), 

and decreased damage by certain plant pathogens. Soil processes affected by AM 

fungi include soil aggregation, water infiltration, and aeration (Tisdall and Odes, 

1982; Rillig, 2004, Rillig and Mummey, 2006; Schmidt et al., 2008). Mycorrhizal 

fungi are prevalent and form symbiotic relationships with the majority of plant 

species found throughout most terrestrial ecosystems, such as grasslands, croplands, 

boreal biomes, and tropical and alpine forests (Becklin et al. 2012; Bonfante, 2010; 

Smith and Read, 2008; Wang and Qui, 2006; Rillig, 2004; Read, 1991). Most crop 
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species have the potential to form mycorrhizae with AM fungi, but agricultural 

management practices can affect AM populations. Many agricultural soils are limited 

in AM abundance and diversity, reducing root colonization potential (Helgason et al. 

1998, Verbruggen et al., 2013).   

 

Reduced AM populations have commonly been observed in intensive agricultural 

systems (Smith and Read, 2008). Reduction in the abundance of AM propagules may 

result from management practices related to frequent tillage, extended periods of 

cropping with non-mycorrhizal plants, repeated use of high nutrient inputs, soil 

fumigation, and long fallow periods (Jansa et al., 2006). Additionally, AM diversity is 

typically lower in in agricultural systems than in natural systems (Verbuggen et al., 

2010). This has been attributed, in part, to the limited diversity of host plants 

cultivated in agricultural systems, as exemplified by monocultures (Smith and Read, 

2008).  Reducing fallow periods, tillage, nutrient inputs (especially P), cultivating a 

diversity of plant species, and planting species and genotypes dependent on 

mycorrhizal fungi (Parke and Kaeppler, 2000), can increase root colonization by AM 

fungi. Thus, AM fungi are sensitive to management practices and affect soil processes 

important to soil quality.  

 

This study was conducted to examine AM fungal colonization potential in relation to 

soil quality, and to determine if AM colonization can be predicted by soil quality 

indicators or management practices (crop cycle, tillage, and management system) in 

agricultural soil within the Willamette Valley. To understand the relationship between 
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AM fungi and soil quality, field soils were collected that represent a range of 

management practices and crops. Soils were tested for biological, physical, and 

chemical indicators of soil quality, adapted from the CSHT for the Willamette Valley 

(Ch. 2). Collected soil samples were subsequently used in a greenhouse bioassay to 

determine the root-colonizing potential of AM fungi in these soils.  

The objectives of the study were to: 1) determine if AM fungal colonization potential 

relates to soil quality scores for Willamette Valley soils, and 2) to explore the 

relationship between AM root colonization and individual soil quality indicator 

values, or selected agricultural management practices. Management practices 

included tillage (soil tilled vs. not tilled), crop cycle (annual or perennial) and 

management type (conventional vs. organic). 

 

Materials and Methods 

Study overview   

Soils from 33 agricultural fields were collected spring of 2013 from 15 farms located 

in the Willamette Valley of northwestern Oregon. Selected field sites represent 

pasture and cropping systems under a variety of management practices. Field samples 

were tested for 12 physical, chemical, and biological soil characteristics identified as 

indicators of soil health by the Cornell University’s Soil Heath Test 

(http://soilhealth.cals.cornell.edu/). Soil samples were subsequently used in a 

greenhouse bioassay to examine the AMF colonization potential of the soils.  
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Field soils and selection 

The Willamette Valley is dominated by flat to gradually sloping flood plains that are 

bordered by high terraces formed by the Willamette River tributaries (NRCS, 2006). 

The region is dominantly underlain with alluvium and soil orders are primarily 

Alfisols, Mollisols, Inceptisols, and Ultisols (NRCS, 2006). This agricultural region 

has a mesic soil temperature regime and a xeric soil moisture regime with cool, wet 

winters and warm, dry summers (NRCS, 2006). A large number of the agricultural 

soils in this region are classified as loamy or clayey soils, and most soils collected in 

this study are classified as silty clay loam or clay loam soils. The mean maximum 

temperature for 2013 was 62.8° F, with a mean minimum temperature of 37.3° F, and 

mean annual precipitation of 40.2 inches/year (NOAA, 2013).  

Selection of field sites was non-random as it was based on farmers who volunteered 

to participate in the study. A one-page informational letter describing research goals, 

costs and benefits to participation, and a projected timeline was sent to over 100 

growers in the southern Willamette Valley, requesting participation in the research 

project (Appendix A). A total of 15 farms were selected from approximately 40 

respondents, and 1-5 fields were selected for soil sampling from each grower. The 

selection of fields reflected diversity in agricultural crops (pastures, annual vegetable 

crops, orchards) included both non-mycorrhizal and mycorrhizal crops, and organic 

and conventionally managed fields.  
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Field sampling  

Field soils were collected from April – June 2013 within a 20-30 mile radius of 

Corvallis, OR, USA. Soil samples were collected from 33 fields. Sampling methods 

were derived from the CSHT (Gugino et al., 2009). One sampling unit was identified 

per field, avoiding irregular areas to obtain a representative sample of soil, 

management practices, and crop growth. Ten subsamples per field were collected 

from 5 to 300 mm depth in a “relaxed W” shape across the field. Subsamples were 

taken using a sharpshooter and the ten subsamples were mixed together to obtain a 

composite sample (Idowu, 2009). Penetration resistance was taken in each field at 

two depths (0-6 and 6-18 inches) to measure surface and subsurface compaction. 

Farm managers were interviewed to obtain information regarding management 

practices and cropping history. Soil samples were processed, sieved through an 8 mm 

sieve, and the total volume of soil and rocks was weighed and recorded. 

Approximately 1.5 L of soil was submitted for assessing soil properties. The 

remaining soil was stored at 5° C for a subsequent greenhouse experiment.  

Soil quality assessment 

Soil properties were assessed through an arrangement with the Soil Quality Project 

(SQP), a farmer-based outreach project with the Benton Soil and Water Conservation 

District (SWCD) (http://www.bentonswcd.org). The SQP was started in 2010, 

modeled after the CSHT (Gugino et al., 2009). Soil assessments include active carbon 

http://www.bentonswcd.org/
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(AC), potentially mineralizable nitrogen (PMN), surface and subsurface compaction 

(0-6” & 6-18”), particle-size analysis (% sand, silt, and clay), and wet aggregate 

stability (WSA). Extractable nutrients (N, P, K, Mg, Ca), organic matter (OM), day-0 

soil nitrate (NO3-N), day-30 soil nitrate, and pH data were obtained from Oregon 

State University’s Central Analytical Lab (CAL) 

(http://cropandsoil.oregonstate.edu/content/central-analytical-laboratory-cal). Active 

carbon was determined by oxidation of easily accessible soil carbon using a 

potassium permanganate solution (Weil et al., 2003). PMN was measured by a 30-day 

aerobic incubation at 20°C (McQueen 2007). The particle-size analysis was 

performed following the Soil Science Society of America (SSSA) quick hydrometer 

method (Gee and Bauder, 1986). A compaction tester (DICKEY-john®, Dickey-john 

Corporation, Minneapolis, MN) was used to determine surface and subsurface 

compaction. The quantity of water stable aggregates was determined using Cornell’s 

Sprinkle Infiltrometer, a rainfall simulator (Moebius et al., 2007).  

Colonization potential 

A greenhouse experiment was conducted with the trap plant sorghum (Sorghum 

bicolor L. cv) to determine the colonization potential of the AM population at each 

sampling site by measuring the degree of root colonization grown in field-collected 

soils. 

Planting cones (90 mL, 8.25 x 1.5 x 1.5 inches) and racks were washed, sanitized 

with a 10% solution of sodium hypochlorite, rinsed twice, and air-dried. A layer of 

nylon mesh was secured around the bottom of each cone to prevent the loss of soil 
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(Leytem, 2012). Planting media consisted of a 1:1(v/v) mix of field soil and 

horticultural vermiculite. Cones were filled with planting media, with 15 replicates of 

each field soil. Ten sorghum seeds were sown into each cone. Planting occurred over 

two consecutive days (July 10th-12th), with one plant species being planted each day. 

The cones were placed in a greenhouse in a randomized block design, with 11 blocks. 

Plants were watered every 3-4 days and did not receive natural daylight supplements 

due to sufficient sunlight hours during the summer months. Once plants reached 3-4 

cm in height, plants were thinned to one plant per cone. At approximately four weeks, 

plants were fertilized with the following liquid nutrient solution: 30 mg N kg-1 as 

(NH4)(NO3), 20 mg S kg-1 as MgSO47H2O, and 1 mg B kg-1 as Na2B4 O710H2O 

(Leytem, 2012). 

Plants were harvested after 9 weeks and roots and shoots were separated, washed and 

weighed.  To determine dry mass, five root systems from each set of replicates and all 

the shoots were oven-dried (105°C, 1 day). To assess AM colonization, roots were 

cleared (one root system from each replicate) and stained with trypan blue solution 

using a modification of the method described by Phillips and Hayman (1970) with 

lactoglycerin substituted for lactophenol. Roots were cut into segments approximately 

1-cm long, and 100 segments per plant were visually assessed for the presence of AM 

fungi with the aid of a dissecting microscope (60-250x). Percent root length 

colonization for each plant was quantified using the line-intercept method 

(Giovannetti and Mosse, 1980).  

Data analysis 
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All statistical analyses were conducted in R Studio (R Core Team, 2013). Soil 

properties, management practices and root colonization data were analyzed by 

forward model selection with Bayesian Information Criterion (MASS; R Core Team, 

2013). Forward model selection was chosen due to the small number of samples and 

the large number of predictors.  Model selection designated percent root length 

colonization as the response variable, with a total of 19 explanatory variables (14 

quantitative and five categorical variables). Predictors were checked for multi-co-

linearity and constant variance. The normality of residuals was determined using R 

graphic package ggplot2. A sensitivity test was performed to look for obvious 

outliers, and one observation was removed that had extremely high levels of calcium 

(> 7000 mg kg-1), magnesium (>1700 mg kg-1), and C: N (>20) values. All samples 

containing missing values were removed before running analyses (12 points removed 

from PMN data). Linear regression was used to examine the relationship between 

overall soil quality scores and AM colonization potential. Scores were assigned 

according to methods described in the previous chapter with scoring functions from 

the CSHT interpretive framework. Further correlations between individual soil 

indicators and AM fungal colonization were investigated using Pearson’s correlation. 

It should be noted that all inference made from these analyses are confined to our 

dataset of 33 field samples within the Willamette Valley. To verify these trends, a 

controlled experiment with a larger sample size should be performed.  

To explore the relationship between crop cycle and soil quality indicators Hotelling’s-

T test was used, which controls for multiple testing issues that can occur when testing 

many variables across multiple groups. When significant effects were found, both the 
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large and small critical values were checked, along with correlations between 

responses. To determine which indicators were affected by crop cycle, a Welch’s 

Two-Sample t-test was performed for each indicator. It should be noted that results 

from Welch’s Two-Sample T2 test should be confirmed with controlled experiment. 

Results 

AM colonization of sorghum ‘trap plant’ roots occurred in all field collected soils 

(Appendix B). Mean percent root length colonized varied between sites, ranging from 

1.8% in a conventionally managed plot (SQ score of 49), to 27.8% in an organically 

managed vineyard (SQ score of 30). The overall average for root length colonization 

across all soils was 11.9%. Soil quality scores ranged from approximately 29 to 68 

(average score = 47). In this study, there was no significant relationship between 

percent root length colonized and overall soil quality score (P = 0.71, r -0.027) 

(Figure 3.1).  

Of all the possible variables examined in this this study, crop cycle was the most 

highly significant (P =0.0002) predictor of AMF colonization potential. Soil collected 

from fields with perennial crops had nearly double the root length colonization 

(18.0%) than did soil from annual crops (9.2%)(Figure 3.2, Table 3.1).  

When considering correlations between each SQ indicator value and AM colonization 

there was a significant negative correlation between colonization and pH  (P~=0.017) 

(Figure 3.3) and a positive correlation to subsurface compaction (P =0.036) present in 

the 33 field samples (Table 3.2). This relationship between root length colonization 
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and pH was confirmed through additional analysis by forward model selection with 

Bayesian Information Criterion (P = 0.005). Somewhat surprisingly, there was no 

statistically significant relationship between the extent of root colonization by AM 

fungi and soil P, or between colonization and aggregate stability.  

Soils from perennial fields differed in several ways from soils from annual fields. 

Values for water stable aggregates were 37% for perennial soils, more than twice that 

for annual soils (18%). Perennial soils had greater surface and subsurface 

compaction, more organic matter (5% vs. 3.5%), greater active carbon, and Mg than 

did annual soils (Table 3.1).  In contrast, perennial soils had reduced PMN, pH, and K 

values in comparison to annual soils. Average soil P in perennial soils was 31 mg kg-

1, but twice as much in annual soils (63 mg kg-1).   
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Figure 3.1. Association between root length colonization by AM fungi and overall soil 

quality scores from 33 field soil sites located in the Willamette Valley, using linear 

regression..  
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Table 3.1. Summary of AM root colonization potential and soil quality indicators for soils from perennial and annual fields and significance 

levels from Welch’s Two-Sample t-test.   

    

    Physical indicators Biological indicators Chemical indicators 

Crop cycle n % AMFp  SQ scoreq  % WSAr Surfaces Subsurfacet %OMu ACv PMNw pH Px Ky Mgz 

Perennial 10 18.0 45 37 1.74 2.05 5.0 312 0.36 5.52 31 191 639 

Annual 23 9.2 52 18 1.32 1.90 3.5 281 0.60 5.97 63 235 401 

P value     0.015 0.005 0.011 0.940 0.544 0.013 0.043 0.056 0.271 0.175 
 
p% AMF = % AM root colonization potential` 
qSQ score = Soil Quality score 
r% WSA = % water stable aggregates 
sSC = Surface compaction (MPa) 
tSSC = Subsurface compaction (MPa) 
uOM = % Organic matter 
vAC = Active carbon (mg kg-1) 
wPMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1) 
xP = Phosphorus (mg kg-1) 
yK = Potassium (mg kg-1) 
zMg = Magnesium (mg kg-1) 
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Table 3.2: Pearson's correlation of coefficient and level of significance between colonization by AM fungi and soil quality indicator 

values: %RCL (root length colonization), WSA (water-stable aggregates), PMN (potentially mineralizable N), SC (surface compaction), 

and SSC (subsurface compaction).  

  

  % RCL WSA AC PMN SC SSC N03-N Bray P K Mg Ca pH 

All data n 33                       
             
WSA  0.141            

AC -0.115 0.381*           

PMN -0.144 0.164 0.629***          

Surface 0.276 0.365* -0.046 0.039         

Subsurface 0.367* 0.337* 0.192 0.088 0.565***        

N03-N 0.040 -0.049 0.403* 0.373* -0.191 0.208       

P 0.006 -0.543** 0.039 0.305 0.073 0.117 0.226      

K -0.078 0.266 0.630*** 0.406* -0.144 0.179 0.430**  0.105     

Mg 0.057 0.587*** 0.007 -0.136 0.204 0.292 0.097 -0.536** 0.018    

Ca -0.041 0.607*** 0.242 0.012 0.205 0.177 0.174 -0.480** 0.023 0.897***   
pH -0.413* 0.168 0.332* 0.293 -0.179 -0.008 0.321 -0.273 0.294 0.435** 0.549***  

OM 0.059 0.528** 0.853*** 0.543*** 0.092 0.225 0.19 -0.02 0.382* 0.04 0.296 0.106 

   * Level of significance: p < 0.05          

  ** Level of significance: p < 0.01          

*** Level of significance: p < 0.001  

        % RLC (percent root length colonization) 
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Discussion 

AM fungi form associations with a majority of land plants, occur in most ecosystems, 

and are often found to be sensitive to management practices such as tillage, 

fertilization, and crop rotation (Smith and Read 2008). The results from this study 

indicate a much greater root colonization potential of soils from fields planted to 

perennials vs. annuals, but no relationship between root colonization potential and 

overall soil quality scores was observed. Only two other individual indicators of soil 

quality examined (pH and subsurface compaction) were statistically related to root 

colonization by AM fungi. 

There are several possible reasons for a lack of relationship between root colonization 

potential and soil quality score.  First, AM fungi mainly benefit plant growth, 

especially under nutrient-limiting conditions, but they may not directly affect soil 

attributes or soil processes measured by many of soil quality indicators in this study. 

The finding that AM root colonizing potential was unrelated to aggregate stability, 

however, was not expected, since many studies support the beneficial effects of AM 

fungi on aggregate stability (Rillig and Mummey, 2006; Rillig, 2006; Tisdall and 

Oades, 1982). Secondly, mycorrhizal associations are more prevalent under 

conditions that may not represent soil quality optimum levels. For example, root 

colonization by AM fungi is generally higher in systems with limited soil P. 

However, soil with limited P would receive a lower score for chemical soil quality 

than would a soil with an optimal soil P value, obscuring the relationship between 

AM fungi and overall soil quality. Third, the relatively small sample size (33 soils) 
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and limited geographic area of the study may not have provided a large enough range 

of soil quality values (very high or very low) to expose an underlying relationship 

between soil quality and AM fungi. All of the soils in the study, for example, have 

relatively high SQ values. These results are in contrast with Barr et al. (2010) who 

concluded that AM fungi were a reliable and sensitive indicator of soil quality in the 

Netherlands. This study found a significant relationship between AM colonization 

and soil quality by examining the extent of AM colonization in root samples 

throughout the Netherlands and analyzing the results to a defined criterion of soil 

quality.  

Although no relation with overall soil quality was seen, a significant relationship was 

observed in relation to one type of management practice, namely the planting of 

perennials vs. annual crops. Soils were collected in spring, after tillage, but before 

annual crops were planted. This is the time of year when AM populations in annual 

cropping systems would be expected to be the lowest based on the lack of a living 

host, and disruption to the hyphal network by seedbed preparation (tillage).  In spring, 

AM fungi associated with annual crops would primarily exist as dormant spores in 

dead roots and soil. Perennial crops, with longer-lived and potentially more extensive 

root systems, would give rise to more opportunities for colonization by AM fungi, 

and would provide a “green bridge” from one growing season to the next. Although 

plant growth is reduced in the winter months as compared to warmer months, AM 

fungi would occupy perennial roots as hyphae and possibly spores, and their 

extraradical hyphal networks would remain relatively unperturbed in these non-tilled 

perennial systems.  By April-June when soil samples were collected, AM fungi 
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associated with perennial crops would likely be actively growing, deriving 

photosynthate from their established hosts.  

Perennial crops, such as pastures or orchards with groundcover, also tend to have a 

greater diversity of plant species and low soil disturbance, which contributes to a 

build-up of inoculum (Smith and Read, 2008). Conversely, annual crops, with low 

host diversity and frequent disturbance resulting from tillage, have a lower potential 

for the accumulation of inoculum.   

Several researchers have documented a decline in AM populations resulting from 

crop rotations with non-mycorrhizal hosts, or barefallow (Smith and Read, 2008).  

While only 2 of the 33 soils in this study were fallow, limiting statistical comparisons 

with annual and perennial soils, both had very low root colonization potential. 

Additionally, the management history of 2 of 33 soils had a recent rotation with 

brassicas, both of which also had low root colonization (5.8%, 7.8%). 

In this study, no effect of organic vs. conventional management type on AM root 

colonization was discerned.  Sensitivity of AM fungi to management practices was 

observed by Bending et al. (2004) and Gosling et al. (2010), who reported lower AM 

colonization values in conventionally managed sites as compared to organically 

managed sites. The work of Mazzoncini, et al. (2010), however, found no significant 

difference in colonization potential between conventional and organic management 

systems, concluding this was a result of short-term monitoring and proposed long-

term assessment to reveal a measurable difference. Conversely, the work of Gosling 

et al. (2010) found that AM colonization was sensitive to organic management 
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implemented for only a short time (two years); sites that were in transition to organic 

management showed little difference from fields under longstanding organic 

management. Both of these studies confined management practices to organic and 

conventional systems, and no attention was given to other management practices such 

as crop cycle or tillage regime.  

While overall soil quality scores were not related to AM root colonization potential, 

two individual indicators of soil quality did have a significant relationship root 

colonization potential: pH and subsurface compaction. The pH of noncultivated 

Willamette Valley soils is typically fairly acidic (pH 4.5-5.5). Agricultural soils 

normally would be limed to raise the pH to 6.5-7.0.  It may be that the AM fungi 

endemic to the Willamette Valley are adapted to a lower pH, so that AM populations, 

or root colonization by these fungi, would be negatively impacted. Further 

experiments are warranted in which a range of soil pH values is tested for their direct 

or indirect effects on AM fungi.   

The lack of a statistically significant relationship between soil phosphorus and AM 

root colonization was unexpected. To further examine the relationship between soil P 

and AM fungi, soil P was added to the model. However, no relationship was observed 

though on average higher concentration of soil P was observed in annual crops (63 

mg kg-1) than in perennial crops (31 mg kg-1). The work of Gosling et al. 2010 found 

no AM response to soil P in the conventionally managed fields and a weak negative 

correlation in organically managed fields P, suggesting that the AM fungi response to 

soil P concentration may differ among management systems. The lack of relationship 
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found here might be a cause of interactions between AM fungi and management 

practices that were not accounted for such as the use of fumigation or fungicides. 

However, a negative effect of high soil P on the development of AM is well 

recognized (de Miranda et al., 1989; Olsson et al., 1997; Smith and Read, 2008; 

Leytem, 2012). A long-term fertilization experiment by Liu et al. (2012) 

demonstrated a reduced abundance and species richness of Glomeromycota. 

However, similar work by Shi et al. (2014) showed no significant influence of 

fertilization (P and N) on root colonization, but a statistically significant reduction of 

species richness was seen inside Ligularia vigaurea roots.  

Further examination between AM colonization and soil disturbance (disturbed vs. 

undisturbed) showed no significant relationship, though root colonization was on 

average higher in undisturbed soils compared to disturbed soils. Again, no significant 

relationship was revealed when disturbance was added to the model even though crop 

cycle and disturbance were highly correlated. AM colonization is commonly found to 

increase under no-till compared to tilled soils (Kabir, 2005; Bilalis et al., 2010; Brito 

et al., 2012). Kabir et al. (1998) found that an increase in spores, hyphae in roots, and 

extradical mycelium occurred with a reduction of soil disturbance, with no-till and 

reduced-till systems.  

 Other factors to be considered regarding the greenhouse experiment are 

complications that could have occurred relating to the processing of soils or the 

bioassay that may have obscured differences between soils that differed in soil 

quality. For example, there could be specific interactions between AM and particular 
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crop species that would not have been observed with sorghum as a trap plant. The air-

drying and sieving of soils prior to the bioassay could have had a detrimental effect 

on AMF hyphae, potentially obscuring any differences in AMF root colonization 

potential between soils. However, seeing that common trends did emerge such as 

greater colonization in soils from perennial fields than in annual fields, with the least 

colonization in fallow soils, suggest that the bioassay was a valid representation of 

potential root length colonization of those soils from those sites.  

In conclusion, it does not appear that a measurement of AMF root colonization 

potential, at least as assessed in this study for these 33 soils, has a relationship to soil 

quality.  Although a highly significant effect of crop cycle (annual vs. perennial) was 

observed, this is likely related to the time of soil sampling that is also associated with 

tillage which would have resulted in a larger population of AM fungi in perennial 

soils. Further exploration of AM root colonization potential comparing only soils 

from fields about to be planted may prove to be a more useful measure of biological 

soil quality.  

A difficulty in teasing apart the relationships between soil quality indicators and AM 

fungi, or determining the effects of agricultural management practices on AM fungi, 

is that individual factors are not isolated: many factors change simultaneously. For 

example, perennial crops differ from annual crops not only in the longevity of living 

roots, but also with regard to tillage practices, plant species diversity, and fertilizer 

inputs. To address the complexity of agricultural management practices or soil quality 

in relation to AM fungal colonization, many more soils would need to be included in 
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the analysis, or controlled experiments would need to be conducted in which 

individual variables can be manipulated one at a time.  

Conclusions  

This research project examined soil quality in the Willamette Valley. Field soils were 

collected from agricultural sites representing a range of management practices (soil 

disturbance, crop cycle, and management type). Soils were assessed for physical, 

chemical, and biological indicators of soil quality following the methods of the 

CSHT. A subset of samples was then used to examine the relationship between soil 

quality and AM fungi as potential predictor of biological soil quality. This is the first 

preliminary study to examine soil quality as defined by the CSHT within the 

Willamette Valley and to determine whether root colonization by AM fungi predicted 

soil quality.  

With the use of the Cornell Soil Health Test, preliminary results provided insight into 

the application of the concept of soil quality to Willamette Valley agricultural soils. 

The results from this study show that soil management appears to have significant 

effects on many soil quality indicators, but others are less impacted. Crop cycle 

appeared to influence many indicators (WSA, SC, PMN, pH, and Bray-P), while all 

indicators were affected by soil disturbance (except subsurface compaction and 

organic matter) and management type. These findings suggest that the CSHT is 

effective in assessing soil quality and detecting possible restraints of soil processes 

that in turn support soil functions of agronomic importance. 
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Annual crops commonly associated with soil disturbance showed greater biological 

soil functions related to PMN, but not AM root colonization potential. Soil 

disturbance showed lower surface compaction rates and suggests increased physical 

processes such as aeration and root proliferation. This is presumably a result of a 

temporary decrease in bulk density due to tillage, which relates to compaction. Soil 

disturbance was shown to adversely affect soil processes such as aggregation and 

structure stability, as measured by WSA. The cultivation of perennial crop had a 

greater influence on WSA compared to annual crops. Overall, the beneficial effect of 

perennial crops with minimal soil disturbance improved physical processes in our 102 

soils sampled, represented by WSA.  

Clear differences with respect to management type on physical, chemical, and 

biological indicators of soil quality were observed in agricultural soils within the 

Willamette Valley. Organic management resulted in higher soil quality values 

compared to conventional management. Many soil processes measured by soil quality 

indicators were enhanced, including soil structure and stability, root proliferation, 

biological activity, and nutrient mineralization and availability.  

The results from the greenhouse observed root colonization by AM fungi in all of the 

soils sampled. It was initially hypothesized that AM colonization potential would be 

positively correlated to overall soil quality scores. However, no association with 

overall soil quality and root length colonization by AM fungi was found. Root 

colonization by AM fungi is formed when it is a benefit to the host plant mainly, 

especially under nutrient-limiting conditions. However, root colonization potential by 
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AM fungi b may not directly affect soil attributes or soil processes measured by many 

of soil quality indicators in this study. Though no significant relationship was 

revealed between root colonization by AM fungi and overall soil quality, a 

relationship was seen between root colonization and crop cycle. Perennial crops were 

shown to have greater colonization by AM fungi compared to annual crops. This 

relationship was likely attributed to the time of sampling and tillage. Perennial crops 

have the advantage of potentially having more extensive root systems and live roots 

at the time of sampling.  

In conclusion, by conducting this survey on soil quality, measurable differences 

between management practices and SQ indicators were observed in our dataset of 102 

soil samples from the Willamette Valley. Additionally, AM fungi was significantly 

influenced by crop cycle, and may ultimately be a useful indicator of soil health, but 

has no apparent relationship to overall soil quality scores. SQ assessment is likely to 

benefit growers by providing useful information about the condition of their soil. 

Additionally, the soil assessments can help growers to implement soil management 

steps that encourage the sustainability of soil resources and crop production. 

However, to apply the CSHT framework to Willamette Valley soils, many limitations 

should be considered such as the diversity of crop production of the region and 

climate.  
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Appendix A. Letter to farmer for participation in the Soil Quality Project and AMF research 
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Appendix B Table: Summary of soil properties and agricultural practices.  

SQP 

#l ACm WSAn SCo SSCp pH Pq Kr Cas Mgt N03-N
u %OMv FMw C:Nx PMNy 

% 

Sand 

% 

Silt 

% 

Clay Texture 

Crop 

cycle Management  DISTz 

6 1035 58 151 152 6.6 168 547 2820 364 13.3 9.1 0.46 17 1.8 25 53 23 Medium perennial Organic no  

8 1727 73 123 178 6.3 11 193 3600 820 18.5 4.7 0.39 14.4 0.8 45 40 15 Medium perennial Unmanaged yes 

9 1013 67 123 170 6.7 74 410 5300 859 11.6 9 0.53 14.1 1.1 28 43 30 Fine annual Organic no  

10 755 86 95 135 6.1 8 141 3710 992 12.7 6.3 0.5 14.6 0.6 29 44 28 Fine perennial Unmanaged no  

19 194 16 575 600 6.2 24 128 1410 330 1.5 1  14.8  66 19 15 Coarse perennial Conventional yes 

20 300 11 153 178 5.7 66 159 1650 123 11.8 2.7  12.1     Medium annual Conventional yes 

21 479 37 16 484 6.7 49 330 1770 445 18.1 3.3  13.6  74 16 10 Coarse annual Organic yes 

22 451 49 285 620 6.8 42 395 1580 393 5.6 2.4  12.5  74 16 10 Coarse perennial Unmanaged no  

23 145 14 545 628 6.7 17 129 1400 391 0.7 1.1  16.5  73 16 11 Coarse annual Unmanaged no  

24 204 28 87 266 6.2 73 463 2740 428 28.9 3.5 0.32 11.4 0.4 23 43 35 Fine perennial Torg yes 

25 221 31 76 303 7.4 60 390 3660 393 25.1 3.6 0.3 9.9 0.3 18 48 35 Fine annual Torg yes 

                      

l SQP = Soil Quality Project number     t Mg = Magnesium (mg kg-1)  
m AC = Active Carbon (mg kg-1 NO3-N day-1)    u NO3-N (mg kg-1) 
n WSA = Water-stable aggregates (%)    v OM = Organic Matter (%)  
o Surface compaction (psi)    w FM = Field moisture (%) 
p Subsurface compaction (psi)    x C:N = Carbon to Nitrogen ratio 
q P = Bray-Phosphorus (mg kg-1)     y PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
r K = Potassium (mg kg-1)    z DIST = Soil disturbance  
s Ca = Calcium (mg kg-1)              
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Appendix B Table (Cont’d.) 

SQP 

#l ACm WSAn SCo SSCp pH Bray-Pq Kr Cas Mgt 

N03-

Nu %OMv FMw C:Nx PMNy % Sand 

% 

Silt 

% 

Clay Texture Crop cycle Management  DISTz 

26 845 48 35 121 7 78 549 4040 477 65 11.5 0.51 14.5 0.4 28 55 18 Medium annual Organic yes 

27 361 43 9 55 6.8 49 240 2620 306 33.4 6.2 0.44 12.9 0.3 19 54 28 Fine annual Organic yes 

28 398 21 145 301 6.8 130 668 2710 514 36.3 4.3 0.33 11 0.7 31 45 24 Medium annual Organic yes 

29 567 26 64 274 7.2 230 1070 3310 507 25.6 7.5 0.37 9.9 0.7 36 39 25 Medium annual Organic yes 

30 496 40 67 273 7 242 718 3490 532 59.5 8.9 0.4 9.8 0.4 36 39 25 Medium annual Organic yes 

31 238 67 106 313 6.3 43 420 2930 523 13.5 6.4 0.41 13.4 0 25 45 30 Fine perennial Organic no  

32 188 92 115 284 6.2 11 199 3760 715 11.1 7.4 0.48 14.3 0.1 11 56 33 Fine perennial Organic no  

33 208 57 183 313 6.7 23 271 3770 605 6.7 5.3 0.26 11.4 0.1 23 38 40 Fine perennial Unmanaged no  

34 279 60 108 278 6.6 179 575 2330 315 23.2 6.5 0.26 13.1 0.5 28 50 23 Medium perennial Organic yes 

35 168 26 193 321 4.8 237 456 879 217 3.5 4.3 0.22 11.9 0.2 11 56 33 Fine perennial Organic no  

36 98 8 288 296 6.6 35 209 1730 505 6.4 1.4 0.18 11.9 0.1 55 30 15 Coarse perennial Conventional no  

37 114 6 118 316 6.5 53 349 1600 531 7.2 1.3 0.22 11 0.1 45 38 18 Medium annual Conventional yes 

                      
l SQP = Soil Quality Project number     t Mg = Magnesium (mg kg-1)  
m AC = Active Carbon (mg kg-1 NO3-N day-1)    u NO3-N (mg kg-1) 
n WSA = Water-stable aggregates (%)    v OM = Organic Matter (%)  
o Surface compaction (psi)    w FM = Field moisture (%) 
p Subsurface compaction (psi)    x C:N = Carbon to Nitrogen ratio 
q P = Bray-Phosphorus (mg kg-1)     y PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
r K = Potassium (mg kg-1)    z DIST = Soil disturbance  
s Ca = Calcium (mg kg-1)              
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Appendix B Table (Cont’d.) 

SQP 

#l ACm WSAn SCo SSCp pH 

Bray-

Pq Kr Cas Mgt N03-N
u %OMv FMw C:Nx PMNy 

% 

Sand 

% 

Silt 

% 

Clay Texture Crop cycle Management  DISTz 

38 474 32 205 318 6.8 162 686 3650 634 26.1 5.7 0.3 9.7 0.7 40 40 20 Medium annual Organic yes 

39 250 58 173 346 6.8 24 204 3430 580 19 5.7 0.31 11.4 0.4        28     43        30 Medium annual Organic yes 

40 163 35 395 339 6.2 15 146 1650 496 22.4 2.5 0.2 8.6 0.5 54 28 19 Coarse perennial Conventional no  

41 155 20 318 276 6.2 33 328 1980 451 20.8 2.4 0.24 10 0.1 39 38 24 Medium perennial Conventional no  

42 169 25 271 315 6.1 20 297 1730 459 30.4 2.3 0.18 9.4 0.3 49 31 20 Medium perennial Conventional no  

43 133 14 291 306 6.3 33 261 1770 429 10 1.8 0.17 10.6 0.1 43 36 21 Medium perennial Conventional no  

44 233 66 165 217 6.1 5 137 3654 799 10.8 4.3 0.33 11.8 0 46 25 29 Medium perennial Unmanaged yes 

45 146 36 348 325 5.6 43 405 1896 270 24.1 4 0.26 10 0.2 13 49 39 Fine annual Unmanaged no  

46 142 33 124 308 5.8 44 204 2869 405 13.1 4.2 0.29 12.1 0.2 14 44 43 Fine perennial Conventional no  

47 203 53 165 236 5.7 19 159 2956 432 17 5.2 0.28 10.4 0.2 20 34 46 Fine perennial Conventional yes 

48 155 68 176 349 5.6 21 230 2569 460 16 5.8 0.35 10.2 0.3 19 43 39 Fine perennial Conventional yes 

49 188 49 378 465 6.3 5 104 3866 676 4.3 3.9 0.2 9.8 0.3 25 45 30 Fine perennial Torg no  

                      
l SQP = Soil Quality Project number     t Mg = Magnesium (mg kg-1)  
m AC = Active Carbon (mg kg-1 NO3-N day-1)    u NO3-N (mg kg-1) 
n WSA = Water-stable aggregates (%)    v OM = Organic Matter (%)  
o Surface compaction (psi)    w FM = Field moisture (%) 
p Subsurface compaction (psi)    x C:N = Carbon to Nitrogen ratio 
q P = Bray-Phosphorus (mg kg-1)     y PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
r K = Potassium (mg kg-1)    z DIST = Soil disturbance  
s Ca = Calcium (mg kg-1)              
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Appendix B Table (Cont’d.) 

SQP 
#l ACm WSAn SCo SSCp pH 

Bray-
Pq Kr Cas Mgt N03-N

u %OMv FMw C:Nx PMNy 
% 

Sand 
% 

Silt 
% 

Clay Texture 
Crop 
cycle Management  DISTz 

50 167 39 327 412 6.2 18 281 1833 464 13.9 2.7 0.19 9.2 0.4 55 28 18 Coarse perennial Conventional no  

51 257 34 435 375 5.5 78 648 1921 428 13.6 5.3 0.26 9.9 0.5 31 41 28 Fine perennial Conventional no  

52 198 33 503 424 6.2 19 137 2494 831 5 3.7 0.17 9.9 0.2 6 54 40 Fine annual Conventional yes 

53 175 34 370 416 6.2 19 138 2694 836 5.1 3.8 0.21 9.6 0.2 10 23 68 Fine annual Conventional yes 

54 177 45 248 338 6.3 4 102 3729 753 19.7 3.8 0.23 11.7 0.3 26 45 29 Fine perennial Torg no  

55 270 65 159 306 6.4 24 474 4739 847 15.8 5.9 0.36 12.1 0.3 31 31 38 Fine annual Conventional yes 

56 137 40 381 383 5.9 6 245 2906 874 5 3.3 0.25 11.8 0.1 19 33 49 Fine perennial Conventional no  

57 158 49 308 381 5.8 9 382 2120 847 5.4 4 0.28 11.7 0.1 23 28 50 Fine perennial Conventional no  

58 215 24 523 430 6.3 35 173 2332 499 10.3 2.6 0.16 9.5 0.3 31 43 26 Medium annual Conventional no  

59 215 30 488 462 6.3 28 152 2869 570 5.4 3.7 0.19 11.9 0.2 20 48 33 Fine annual Conventional no  

60 111 8 213 350 5.7 79 176 1241 88 21.2 3 0.14 12.4  12 55 33 Medium annual Conventional yes 

61 109 10 264 372 5.5 79 159 1245 95 17.6 2.9 0.15 12.1   12 55 33 Medium annual Conventional yes 

                      
l SQP = Soil Quality Project number     t Mg = Magnesium (mg kg-1)  
m AC = Active Carbon (mg kg-1 NO3-N day-1)    u NO3-N (mg kg-1) 
n WSA = Water-stable aggregates (%)    v OM = Organic Matter (%)  
o Surface compaction (psi)    w FM = Field moisture (%) 
p Subsurface compaction (psi)    x C:N = Carbon to Nitrogen ratio 
q P = Bray-Phosphorus (mg kg-1)     y PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
r K = Potassium (mg kg-1)    z DIST = Soil disturbance  
s Ca = Calcium (mg kg-1)  
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Appendix B Table (Cont’d.) 

SQP 

#l ACm WSAn SCo SSCp pH 

Bray

-Pq Kr Cas Mgt N03-N
u %OMv FMw C:Nx PMNy 

% 

Sand 

% 

Silt 

% 

Clay Texture 

Crop 

cycle Management  DISTz 

62 126 8 247 428 5.5 83 181 1453 101 9.2 2.9 0.15 11.9    12 55 33 Medium annual Conventional yes 

63 157 8 209 350 5.5 82 181 1396 97 14.1 2.9 0.15 12.1  12 55 33 Medium annual Conventional yes 

64 176 12 266 325 5.5 80 186 1518 102 11 2.9 0.05 12  12 55 33 Medium annual Conventional yes 

65 133 11 244 366 5.5 80 165 132 91 12 2.9 0.33 11.9  12 55 33 Medium annual Conventional yes 

66 330 66 495 446 5.5 15 374 1722 384 1.7 4.8 0.15 15.6 0.8 35 32 33 Fine perennial Conventional no  

67 349 61 375 426 5.3 10 188 1574 365 1.1 6.1 0.27 16 0.4 30 32 38 Fine perennial Conventional no  

68 394 67 312 473 5.7 5 120 3762 779 4.9 5.7 0.27 15.8 0 25 32 43 Fine perennial Conventional no  

69 400 76 410 580 5.7 6 213 2476 443 9.6 6.6 0.28 14.1 0.4 23 34 43 Fine perennial Conventional no  

70 520 90 358 575 6 5 100 5161 807 5.3 7.2 0.29 14.5 0.2 25 37 38 Fine perennial Conventional no  

71 288 72 505 525 5.5 7 82 1489 264 1.5 5.6 0.22 14.8 0.1 18 39 43 Fine perennial Conventional no  

72 421 46 370 533 5.9 21 112 2269 116 2.7 4.9 0.21 15.7 0.7 15 39 46 Fine annual Conventional yes 

73 470 31 320 576 5.3 20 195 1402 188 3.1 5.4 0.19 17.4 0.5 15 42 43 Fine annual Conventional yes 

                      
l SQP = Soil Quality Project number     t Mg = Magnesium (mg kg-1)  
m AC = Active Carbon (mg kg-1 NO3-N day-1)    u NO3-N (mg kg-1) 
n WSA = Water-stable aggregates (%)    v OM = Organic Matter (%)  
o Surface compaction (psi)    w FM = Field moisture (%) 
p Subsurface compaction (psi)    x C:N = Carbon to Nitrogen ratio 
q P = Bray-Phosphorus (mg kg-1)     y PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
r K = Potassium (mg kg-1)    z DIST = Soil disturbance  
s Ca = Calcium (mg kg-1)              
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Appendix B Table (Cont’d.) 

SQP 
#l ACm WSAn SCo SSCp pH 

Bray
-Pq Kr Cas Mgt N03-N

u %OMv FMw C:Nx PMNy 
% 

Sand 
% 

Silt 
% 

Clay Texture 
Crop 
cycle 

Manageme
nt  DISTz 

74 334 28 304 358 4.8 16 122 

59

5 100 9.4 4.2 0.17 17.2 0.5 18 39 43 Fine annual 

Convention

al yes 

75 433 36 419 297 5.4 11 100 

24

83 282 3.9 4.6 0.26 15.8 0.6 30 32 38 Fine perennial 

Convention

al yes 

76 420 51 415 465 5.2 12 50 75 128 6.2 5.4 0.22 15 0.6 25 32 43 Fine annual 

Convention

al yes 

77 369 40 455 483 5.7 17 82 

15

46 267 0.8 4.7 0.18 15.9 0.2 20 32 48 Fine annual 

Convention

al yes 

78 226 50 257 346 5.9 14 1 
40

1 10 17 1.7  16.3  33 52 16 Medium perennial 
Unmanage
d no  

79 197 9 100 292 5.7 32 139 

19

71 547 7.3 1.8 0.27 13 0.2 18 47 36 Medium annual 

Convention

al yes 

80 358 9 107 269 5.7 56 335 

19

00 573 16.6 3.1 0.34 10.7 0.3 13 52 36 Fine annual 

Convention

al yes 

81 314 6 139 301 5.8 57 244 
20
61 490 14.1 2.6 0.29 11.4 0.4 8 57 36 Fine annual 

Convention
al yes 

82 224 20 153 263 5.9 31 189 

18

35 454 2.4 1.9 0.23 12.4 0.2 10 57 33 Medium annual 

Unmanage

d yes 

83 407 54 238 290 5.5 11 371 

26

20 524 9.9 7.4 0.42 12.6 0.5 10 49 41 Fine perennial Organic no  

84 349 39 200 295 5.7 5 136 
25
09 549 4.4 6.2 0.37 13.8 0.5 13 44 43 Fine perennial Torg yes 

85 431 44 223 300 5.4 5 226 

23

80 437 4.9 6.9 0.4 14.2 0.3 25 44 31 Fine perennial Organic no  

                      
l SQP = Soil Quality Project number     t Mg = Magnesium (mg kg-1)  
m AC = Active Carbon (mg kg-1 NO3-N day-1)    u NO3-N (mg kg-1) 
n WSA = Water-stable aggregates (%)    v OM = Organic Matter (%)  
o Surface compaction (psi)    w FM = Field moisture (%) 
p Subsurface compaction (psi)    x C:N = Carbon to Nitrogen ratio 
q P = Bray-Phosphorus (mg kg-1)     y PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
r K = Potassium (mg kg-1)    z DIST = Soil disturbance  
s Ca = Calcium (mg kg-1)  
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Appendix B Table (Cont’d.)  

SQP 

#l ACm WSAn SCo SSCp pH 

Bray

-Pq Kr Cas Mgt 

N03-

Nu %OMv FMw C:Nx PMNy 

% 

Sand 

% 

Silt 

% 

Clay Texture 

Crop 

cycle Management  DISTz 

86 224 7 160 288 6.9 50 

236

.5 

23

76 518 7.4 2.1 0.28 11.3 0.5 38 37 26 Fine annual Organic yes 

87 404 8 120 300 6.3 106 

407

.7 

24

67 532 72.5 3.4 0.3 11.6 0.8 25 22 53 Fine annual Organic yes 

88 129 20 216 300 6.9 58 
187

.2 
22
86 488 5.6 1.8 0.27 11.9 0.5 25 32 43 Fine annual Organic yes 

89 131 9 89 186 5.8 44 

166

.8 

18

56 159 2.5 2.8 0.24 12.5 0.4 13 55 33 Fine annual Conventional no  

90 250 10 122 181 5.8 44 

171

.2 

16

53 154 1.4 2.4 0.22 14.1 0.6 13 50 38 Fine annual Unmanaged no  

91 286 8 92 190 5.7 46 
168

.3 
16
15 167 1.3 3 0.24 13.2 0.3 10 53 38 Fine annual Conventional no  

92 460 30 185 300 6.4 52 

397

.5 

22

08 552 6.2 3.7 0.27 11.3 0.5 13 45 43 Fine annual Organic yes 

93 463 45 235 302 6.3 39 

664

.5 

21

39 571 10.5 3.4 0.29 11.5 0.7 15 45 40 Fine annual Organic yes 

94 220 32 140 279 6 22 
98.

7 
22
96 492 8.7 2.4 0.3 12.7 0.4 28 40 33 Fine annual Organic yes 

95 279 45 255 288 5.8 35 

155

.2 

17

45 440 7 2.6 0.22 11.7 0.9 40 33 28 Fine annual Organic yes 

96 258 18 208 273 5.7 37 

187

.2 

22

92 401 15.2 2.9 0.19 11.9 0.7 35 33 33 Fine annual Organic yes 

97 243 14 260 300 5.6 106 
149

.4 
11
65 195 3.8 3 0.21 15.6 0.9 15 55 30 Fine annual Conventional yes 

                      
l SQP = Soil Quality Project number     t Mg = Magnesium (mg kg-1)  
m AC = Active Carbon (mg kg-1 NO3-N day-1)    u NO3-N (mg kg-1) 
n WSA = Water-stable aggregates (%)    v OM = Organic Matter (%)  
o Surface compaction (psi)    w FM = Field moisture (%) 
p Subsurface compaction (psi)    x C:N = Carbon to Nitrogen ratio 
q P = Bray-Phosphorus (mg kg-1)     y PMN = Potenially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
r K = Potassium (mg kg-1)    z DIST = Soil disturbance  
s Ca = Calcuim (mg kg-1)              
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Appendix B Table (Cont’d.) 

 

SQP 
#l ACm WSAn SCo SSCp pH 

Bray
-Pq Kr Cas Mgt 

N03-
Nu %OMv FMw C:Nx PMNy 

% 
Sand 

% 
Silt 

% 
Clay Texture 

Crop 
cycle Management  DISTz 

98 263 71 300 300 5.6 4 268 4013 1121 5.6 6.1 0.41 12.6 0.6 25 23 53 Fine perennial Organic no  

99 215 38 203 300 5.7 4 149 3407 912 3.8 6.4 0.51 13.3 0.6 25 23 53 Fine perennial Organic no  

100 190 14 283 300 5 60 125 1115 206 1.1 3.6 0.24 13.1 0.3 15 48 38 Medium perennial Torg no  

101 1101 48 184 300 6.7 96 460 3888 368 25.8 18.4 0.49 17 1.6 30 40 30 Fine annual Organic yes 

102 325 12 285 300 5.6 35 116 1258 204 4.6 3.9 0.22 13.4 0.5 15 50 35 Fine annual Conventional yes 

103 171 12 299 300 5.3 119 176 1323 141 1.8 3.9 0.19 12.6 0.4 13 53 35 Fine annual Conventional yes 

104 206 14 280 300 4.6 89 176 499 109 1.8 3.2 0.08 12.5 0.2 10 55 35 Fine perennial Unmanaged no  

105 191 8 206 290 5 116 228 771 157 1 3.1 0.43 13.6 0.3 8 60 33 Fine perennial Organic no  

106 334 12 295 295 6.1 85 223 2636 458 18 2.9 0.24 11.9 0.9 10 50 40 Fine annual Conventional yes 

107 297 15 293 272 6.3 57 163 2774 544 8.5 2.9 0.26 12.1 0.3 15 45 40 Fine annual Conventional yes 

108 220 9 253 300 4.9 192 167 995 170 10 3 0.19 12.4 0.7 10 58 33 Fine annual Conventional yes 

109 286 13 212 250 6.2 47 197 2203 600 8.8 2.2 0.22 13 1 38 40 23 Medium annual Conventional yes 

                      
l SQP = Soil Quality Project number     t Mg = Magnesium (mg kg-1)  
m AC = Active Carbon (mg kg-1 NO3-N day-1)    u NO3-N (mg kg-1) 
n WSA = Water-stable aggregates (%)    v OM = Organic Matter (%)  
o Surface compaction (psi)    w FM = Field moisture (%) 
p Subsurface compaction (psi)    x C:N = Carbon to Nitrogen ratio 
q P = Bray-Phosphorus (mg kg-1)     y PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
r K = Potassium (mg kg-1)    z DIST = Soil disturbance  
s Ca = Calcium (mg kg-1)              
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Appendix B Table (Cont’d.) 

SQP 

#l ACm WSAn SCo SSCp pH 

Bray-

Pq Kr Cas Mgt 

N03-

Nu %OMv FMw C:Nx PMNy 

% 

Sand 

% 

Silt 

% 

Clay Texture 

Crop 

cycle Management  DISTz 

110 194 48 300 300 6.5 5 78 7371 1739 4.8 2.5 0.3 24.3 0.07 20 28 53 Fine perennial Conventional no  

111 364 41 300 300 6.2 12 155 3933 636 20.1 4.9 0.25 14.3 0.25 25 38 38 Fine perennial Organic no  

112 487 31 100 176 5.5 71 283 1716 412 16.4  0.41  0.33 15 48 38 Fine perennial Conventional no  

113 354 17 60 129 5.3 64 317 1713 532 7.3  0.39  0.2 23 45 33 Fine perennial Conventional no  

114 233 19 303 404 5.6 43 71 1398 93 1.3  0.24  0.4 15 50 35 Fine perennial Organic no  

115 272 19 306 345 5.1 54 177 1312 103 4.4  0.26  0.5 15 50 35 Fine perennial Organic no  

130 370 15 233 315 6.2 75 419 2575 668 8.9   0.26   0.29 15 45 40 Fine annual Conventional yes 

                      
l SQP = Soil Quality Project number     t Mg = Magnesium (mg kg-1)  
m AC = Active Carbon (mg kg-1 NO3-N day-1)    u NO3-N (mg kg-1) 
n WSA = Water-stable aggregates (%)    v OM = Organic Matter (%)  
o Surface compaction (psi)    w FM = Field moisture (%) 
p Subsurface compaction (psi)    x C:N = Carbon to Nitrogen ratio 
q P = Bray-Phosphorus (mg kg-1)     y PMN = Potentially mineralizable nitrogen (mg kg-1 NO3-N day-1)  
r K = Potassium (mg kg-1)    z DIST = Soil disturbance  
s Ca = Calcium (mg kg-1)              
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Appendix C: Local Scoring curves  

Evaluation of soil quality was determined similarly to the CSHT (Gugino et al. 2009), 

following the interpretive framework of Andrews et al. (2004). Indicators of soil quality 

were analyzed from a local dataset, relevant to growing conditions found in the 

Willamette Valley. Previous studies showed SQ indicators to be affected by particle size 

distribution and thus, many of the scoring curves are developed according to textural 

class (fine, medium, coarse) (Moebius et al., 2007; Gugino et al., 2009). However, it 

should be noted that the Willamette Valley soils (n=134) included in this study 

dominated by medium (n=49) and fine (n=75) textured soils, leaving few coarse-textured 

samples (n=10) in the dataset. Additionally, local scoring curves were not ultimately used 

for evaluating soil quality in the Willamette Valley, as the soil samples were not 

randomly selected, causing a concern for a biased dataset. The scoring curves herein 

could be useful for the future development of scoring curves from the Willamette Valley 

from a normally distributed sampling population.  

To rate soil indicators, non-linear scoring functions were used and normalized between a 

score of 0-100 (Schindelbeck et al., 2008). Scoring curves were based on the Gaussian 

distribution:  

𝑓(𝑥) =
1

𝜎√2𝜋
𝑒
(𝑥−𝜇)2

2𝜎2  

with μ determined by the sample mean and σ defined by the sample standard deviation. 

Most curves were generated using the integral of the Gaussian equation, or the 
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cumulative normal distribution function (CND), which gave the probability that a given 

value of the distribution is < x (Moebius et al., 2009):  

𝐶𝑁𝐷(𝑥,𝑚, 𝑠) = 100
1

2
(1 + erf[

(𝑥 − 𝑚)

𝑠√2
]) 

where m is the population mean, s is the standard deviation, and erf is the error function. 

The CND was calculated using the NORM.DIST function in Excel (Microsoft Office, 

2011; Moebius et al., 2009). 

Three scoring curves were generally applied to rate scoring curves: (1) more is better, (2) 

less is better, and (3) optimum curve. The ‘more is better’ curve was applied to water 

stable aggregates, active carbon, potentially mineralizable nitrogen, potassium, and 

organic matter, with higher values leading to higher scores. The ‘less is better’ curve was 

applied to surface and subsurface compaction, with higher values leading to lower scores. 

The optimum curve was used for indicators that had a positive influence on soil quality to 

a point at which the influence became negative, such as with phosphorus, pH, and soil 

nitrate (Glover et al., 2000; Schindelbeck et al., 2008). Optimum curves are often 

appropriate in view of environmental risk due to excessive nutrient levels or due to 

interactions between soil pH and nutrients.  

The shape of the scoring curves was determined by threshold values that are established 

by published recommendations (Glover et al., 2000). Recommended threshold values 

were used for soil compaction, most nutrients and pH (Table 2.1). Local averages were 

used when no recommended threshold values existed in the literature (Karlen et al., 

1994). Local averages were established for active carbon, water-stable aggregates, and 
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potentially mineralizable nitrogen (Idowu et al., 2008; Gugino et al., 2009; Moebius-

Clune et al., 2011, Arshad and Martin, 2002, Moebius-Clune, 2009). To determine high 

and low threshold values of local averages, the 25th and 75th percentiles of the distribution 

curves were used (Schindelbeck et al., 2008). Values occurring below the 25th percentile 

were given a low score of 30 and below that indicates a restraint to soil processes, and 

above the 75th percentile a high score of above 70 that indicates optimal soil functioning 

(Idowu et al., 2008, Schindelbeck et al., 2008; Moebius-Clune et al., 2011). Critical 

values based on local values are anticipated to change as the Soil Quality Project’s 

database expands, and should be verified by local averages that represent ideal soil 

conditions specific to growing conditions and crops using controlled experiments (Karen 

et al., 1994; Glover et al., 2000).   

Soil compaction can affect many soil processes by limiting root penetration, aeration, and 

the movement of water. Root penetration is inhibited when compaction is above 2000 

kPa (Gugino et al., 2009), and likewise the emergence of seedlings is inhibited beyond 

1000 kPa in the surface layer (Moebius-Clune, 2009). Other soil processes such as 

aeration are also associated with soil compaction. Thus, greater compaction readings are 

not as favorable for soil function and a curve for a negative slope (less is better) was 

developed. Threshold values determined by the CSHT were used to generate surface and 

subsurface scoring curves. Because subsurface compaction is related to soil texture, 

separate scoring curves were developed for fine, medium, and coarse textured soils 

(Moebius et al., 2007). For fine-textured soil, penetration resistance readings above 2.1 

MPa can impede root growth, aeration, and the drainage of water and, thus, values below 

1.6 MPa received a score of 70 and above, and values exceeding 2 MPa were given a 
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score of 30 or below.  For medium textured soil, readings below 1.7 MPa were given a 

higher score, and above 2.4 MPa were given a lower score. For coarse textured soil, 

readings below 2.1 MPa received a score of 70 and above, and above 2.7 MPa received a 

score of 30 and below for coarse textured soils.    

An optimum scoring function was developed for the soil quality indicators P and pH. The 

phosphorus and potassium scoring curves were determined based on threshold values for 

soils west of the Cascades (Horneck et al., 2011). Bray-P values below 20 mg kg-1 are 

considered suboptimal and given a low score, values between 40-100 mg kg-1 are 

considered optimal and are given a score of 100. Additionally, values above 100 ppm are 

considered excessive and are assigned a score of 0 due to potential environmental 

concerns. Soil pH received a midpoint optimum range of 7.1 as most crops grow between 

6.0 and 8.2 pH values. Scores below 5.8 received lower scores, and soil quality scores 

began to decrease with pH above 8.0 (Horneck et al., 2011). Soil indicator K received a 

more is better scoring curve based of values given by Horneck et al., 2011, with K levels 

around 0-150 mg kg-1 receiving a lower score, 150-200 mg kg-1 receiving an intermediate 

score, and values greater than 200 mg kg-1 moved towards higher soil quality scores. K 

levels above 800 mg kg-1 are considered excessive (Horneck et al., 2011), but this was 

not considered in the scoring curve, because K leaching losses are greater in coarse-

textured or organic soils and most of the soils collected in this survey are fine and 

medium textured (Havlin et al., 2005). However, surface applications of K are a concern 

for runoff. Interpretation of soil quality scores should take into accounts land use 

objectives and limits of generalized scores across a diversity of crops, as found in the 
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Willamette Valley. Adequate nutrient assessments and pH are often crop-specific. 

Additionally, reliable scores should be developed in future controlled experiments. 
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Appendix C Table:  Soil indicators and their represented soil processes and scoring functions used to evaluate soil quality of Willamette Valley agricultural soils. 

Indicator and units Soil Function Scoring Curve Scoring function  Source of Threshold 

Physical        

Water Stable Aggregate (WSA, %) Structure, stability, aeration, infiltration More is better  CND (30, 19)*100 Average local conditions 

Surface Compaction (SC, kPa) Root proliferation, water infiltration and 

transmission 

Less is better (1-CND (1.18, 0.16)*100 Gugino et al. (2009) 

Subsurface Compaction (SSC, kPa) Root proliferation, water infiltration and 
transmission 

Less is better (1-CND (1.75, 0.13)*100 f (Gugino et al., 2009)  
(1-CND (2.05, 0.17)*100 m 

(1-CND (2.13, 0.17)*100 c 

Biological     

Active Carbon (AC, mg kg-1) Microbial activity, nutrient mineralization More is better CND (342, 195)*100 f Average local conditions 

  CND (426, 408)*100 m   
  CND (246, 142)*100 c   

Potentially Mineralizable N (mg kg-1 day-1) Microbial activity, nutrient mineralization More is better CND (0.45, 0.32)*100 f Average local conditions 

   CND (0.67, 0.52)*100 m   
   CND (0.63, 0.59)*100 c   

Total Organic Matter (LoiOM, g kg-1) Energy storage, water and nutrient retention More is better CND (4.5, 2.5)*100 f Average local conditions 

       

       

Chemical      

pH Nutrient availability, chemical buffering, toxicity Optimum 100*exp [-(pH) -7.1) 2/(2*0.552) Horneck et al (2011) 

Extractable Phosphorus (P, mg kg-1) P availability Optimum xxx Horneck et al (2011)  

Extractable Potassium (K, mg kg-1) K availability More is better CND (175, 380)*100 Horneck et al (2011)  

CND (m, s) = cumulative normal distribution, where m = mean, s = standard deviation. f= fine textured soil, m= medium textured soil, c = coarse textured soil. 

LoiOM = Loss on ignition       
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Appendix C Figure: Scoring curves developed to apply and interpret soil quality 

indicators a) water-stable aggregates, b) surface compaction, c) subsurface compaction, 

d) active carbon, e) potentially mineralizable nitrogen, f) pH, g) potassium with green 

indicating “good” soil quality, yellow as “fair”, and red as “poor”. 

  

 



 

 

 

101 

 

Appendix C Fig. (Cont’d.) 
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SQP # Ave. RLC (%) Ave. shoot wt. (g) Ave. root wt. (g) Root dry wt. (g) 

79 6.21 0.22 0.85 0.15 

80 10.87 0.21 1.45 0.15 

81 13.17 0.23 1.27 0.28 

82 3.25 0.26 1.34 0.25 

83 9.17 0.24 1.54 0.3 

84 18.5 0.2 1.17 0.21 

85 11.67 0.23 0.89 0.14 

86 16 0.3 0.90 0.18 

87 14.17 0.31 2.23 0.36 

88 7.83 0.27 0.95 0.18 

89 5.88 0.28 0.95 0.16 

90 1.81 0.24 0.86 0.18 

91 4.7 0.2 0.61 0.13 

92 11 0.29 1.80 0.29 

93 7 0.19 0.90 0.21 

94 16.33 0.21 0.64 0.19 

95 8 0.27 1.19 0.19 

96 22.2 0.26 1.23 0.24 

97 10.67 0.28 1.38 0.25 

98 18.4 0.22 2.04 0.27 

99 19.25 0.2 1.30 0.2 

100 11.67 0.29 1.47 0.16 

101 5.41 0.32 2.24  

102 5 0.29 1.73 0.23 

103 14.81 0.25 1.27 0.36 

104 27.78 0.21 1.42 0.35 

105 22.5 0.24 1.59 0.44 

106 5.67 0.34 1.62 0.25 

107 5.33 0.3 1.31 0.32 

108 12.67 0.26 1.08 0.24 

109 17 0.28 1.22 0.14 

110 6.52 0.14 1.12 0.17 

111 22 0.23 1.58 0.23 
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Appendix D: Summary of AMF counts and average root and shoot weight.  

 

 

Appendix E. Percent root length colonization by AM fungi in field samples, with shoot and root weights, 

Chapter 3  

SQP id  RLC% 

Ave. % 

RLC SD  # Reps 

Ave shoot 

wt. (g)  

Ave root wt. 

(g)  

79-R1 4.00 5.800 4.38 5 0.22 0.85 

79-R2 11.00      

79-R3 2.00      

79-R4 2.00      

79-R5 10.00      

80-R1 12.00 10.866 1.44 4 0.23 1.45 

80-R2 9.00      

80-R3 12.00      

80-R4 10.47      

81-R1 14.00 16.449 9.96 5 0.23 1.27 

81-R2 6.00      

81-R3 22.00      

81-R4 12.24      

81-R5 28.00      

82-R1 1.00 2.800     

82-R2 2.00  1.50 5 0.26 1.34 

82-R3 5.00      

82-R4 4.00      

82-R5 2.00      

83-R1 12.00 9.167 6.15 6 0.24 1.54 

83-R2 12.00      

83-R3 8.00      

83-R4 18.00      

83-R5 4.00      

83-R6 1.00      

84-R1 11.00 20.000 6.98 4 0.19 1.17 

84-R2 20.00      

84-R3 28.00      

84-R4 21.00      

85-R1 6.00 16.667 11.59 3 0.23 0.89 

85-R2 29.00      

85-R3 15.00      
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Appendix E. (Cont’d.) 

SQP id  RLC% 

Ave. % 

RLC SD  

# 

Reps 

Ave shoot wt. 

(g)  

Ave root wt. 

(g)  

86-R1 11.00 8.667 9.07 6 0.3 0.9 

86-R2 6.00      

86-R3 4.00      

86-R4 2.00      

86-R5 3.00      

86-R6 26.00      

87-R1 9.00 13.667 7.66 6 0.31 1.71 

87-R2 26.00      

87-R3 8.00      

87-R4 6.00      

87-R5 19.00      

87-R6 14.00      

88-R1 7.00 7.833 11.53 6 0.27 0.95 

88-R2 3.00      

88-R3 31.00      

88-R4 1.00      

88-R5 3.00      

88-R6 2.00      

89-R1 13.00 5.875 4.12 8 0.28 0.95 

89-R2 11.00      

89-R3 3.00      

89-R4 3.00      

89-R5 5.00      

89-R6 2.00      

89-R7 3.00      

89-R8 7.00      

90-R1 4.00 1.806 1.64 5 0.22 0.78 

90-R2 0.00      

90-R3 1.03      

90-R4 1.00      

90-R5 3.00           
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Appendix E. (Cont’d.) 

SQP id  RLC% 

Ave. % 

RLC SD  

# 

Reps 

Ave shoot wt. 

(g)  

Ave root wt. 

(g)  

91-R1 10.00 5.667 3.79 3 0.22 0.73 

91-R2 3.00      

91-R3 4.00      

92-R1 29.00 13.000 10.80 4 0.29 1.73 

92-R2 6.00      

92-R3 10.00      

92-R4 7.00      

93-R1 7.00 7.000 0.00 2 0.19 0.9 

93-R2 7.00      

94-R1 3.00 8.000 6.24 3 0.21 0.64 

94-R2 15.00      

94-R3 6.00      

95-R1 12.00 8.000 5.66 2 0.27 1.19 

95-R2 4.00      

96-R1 17.00 22.200 10.76 5 0.26 1.23 

96-R2 6.00      

96-R3 33.00      

96-R4 27.00      

96-R5 28.00      

97-R1 14.00 10.667 3.06 3 0.28 1.38 

97-R2 10.00      

97-R3 8.00      

98-R1 17.00 19.000 7.52 5 0.22 2.04 

98-R2 29.00      

98-R3 15.00      

98-R4 24.00      

98-R5 10.00      

99-R1 20.00 19.250 2.50 4 0.2 1.3 

99-R2 22.00      

99-R3 16.00      

99-R4 19.00      

100-R1 12.00 11.667 2.52 3 0.29 1.47 

100-R2 14.00      

100-R3 9.00           
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Appendix E. (Cont’d.) 

SQP id  RLC% 

Ave. % 

RLC SD  

# 

Reps 

Ave shoot wt. 

(g)  

Ave root wt. 

(g)  

101-R1 6.86 5.409 3.25 7 0.35 2.24 

101-R2 3.00      

101-R3 5.00      

101-R4 5.00      

101-R5 3.00      

101-R6 12.00      

101-R7 3.00      

102-R1 7.00 5.000 1.83 4 0.32 1.77 

102-R2 3.00      

102-R3 4.00      

102-R4 6.00      

103-R1 13.86 14.810 6.74 6 0.24 1.31 

103-R2 20.00      

103-R3 6.00      

103-R4 13.00      

103-R5 11.00      

103-R6 25.00      

104-R1 22.00 27.781 9.15 5 0.22 1.42 

104-R2 17.00      

104-R3 31.00      

104-R4 27.91      

104-R5 41.00      

105-R1 12.00 22.515 15.72 6 0.24 1.59 

105-R2 9.09      

105-R3 30.00      

105-R4 18.00      

105-R5 15.00      

105-R6 51.00      

106-R1 3.00 3.667 1.03 6 0.34 1.62 

106-R2 4.00      

106-R3 4.00      

106-R4 5.00      

106-R5 2.00      

106-R6 4.00           
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Appendix E. (Cont’d.) 

SQP id  RLC% 

Ave. % 

RLC SD  

# 

Reps 

Ave shoot wt. 

(g)  

Ave root wt. 

(g)  

107-R1 7.00 5.333 4.08 6 0.3 1.31 

107-R2 4.00      

107-R3 8.00      

107-R4 11.00      

107-R5 2.00      

107-R6 0.00      

108-R1 18.00 12.014 5.91 7 0.25 1.11 

108-R2 17.00      

108-R3 14.85      

108-R4 14.00      

108-R5 2.00      

108-R6 10.00      

108-R7 8.25      

109-R1 23.00 16.933 7.34 7 0.28 1.22 

109-R2 13.00      

109-R3 17.00      

109-R4 9.00      

109-R5 11.00      

109-R6 30.00      

109-R7 15.53      

110-R1 16.00 8.119 5.13 5 0.14 1.29 

110-R2 10.00      

110-R3 6.00      

110-R4 6.00      

110-R5 2.60      

111-R1 32.00 27.250 12.31 4 0.24 1.35 

111-R2 24.00      

111-R3 41.00      

111-R4 12.00           

 


