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ABSTRACT 

 

IMPACT OF COVER CROPS AND CROP RESIDUE REMOVAL ON SOIL QUALITY, 

N DYNAMICS, AND PROCESSING TOMATO (SOLANUM LYCOPERSICUM L.) YIELD 

AND QUALITY  

Inderjot Chahal        Advisor: 

University of Guelph, 2019      Dr. Laura L. Van Eerd 

 

Crop residue removal negatively impacts the soil physical, chemical, and biological properties. 

Therefore, inclusion of cover crops (CC) in the cropping systems offers an opportunity for 

maintaining agroecosystem functionality and counterbalancing the negative effects of crop residue 

removal on soil quality. Despite the multifunctional role of CC to agroecosystems, the benefits to 

soil quality have not been well investigated. Therefore, a medium-term experiment, established in 

2007 and repeated at an adjacent site in 2008, at University of Guelph, Ridgetown Campus was 

used to evaluate effects of CC (6-yr) and crop residue removal (3-yr) on soil quality (chemical, 

physical, and biological properties), nutrient cycling, and subsequent tomato (Solanum 

lycopersicum L.)-winter wheat (Triticum aestivum L.) yields in a horticultural system in 2015 and 

2016. This study is the first evaluation of comparisons between soil quality tests in a CC-based 

horticultural system in a temperate climate. Overall, our results indicated the positive influences 

of CC on soil quality where CCs had greater soil quality scores using comprehensive assessment 

of soil health (CASH), weighted soil quality test (WSQI), and Haney soil health test (HSHT) than 

the no CC control (no-CC). Among the three tested soil quality tests (CASH, HSHT, and WSQI), 

we recommend the WSQI as a more suitable and practical method for soil quality evaluation.



 

An increase in the soil organic C (SOC) concentration with CC compared with no-CC indicates 

the potential of CCs to build stable pools of soil C. Cover crop induced temporal effects on labile 

pools of C and N were detected in our production system indicating the potential role of CC on 

nutrient cycling and microbial activity. Increases (15 to 28%) in tomato yields with CC than 

without CC further confirms the suitability of the tested CCs for increasing crop productivity in 

otherwise similar cropping systems. Study results indicate the long-term implications of CC on 

increasing soil and crop productivity.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

1.1. Literature Review 

1.1.1. Introduction 

Inclusion of CC in cropping systems provides numerous benefits for sustaining agricultural 

production and improving agroecosystem resiliency (Blanco-Canqui et al., 2015). The benefits of  

CC  include reduction in wind and water erosion (Blanco-Canqui et al., 2013; Kaspar et al., 2001), 

alleviation of soil compaction (Blanco-Canqui et al., 2012; Chen and Weil, 2010; Raper et al., 

2000), improvement in wet aggregate stability (WAS; Blanco-Canqui et al., 2013; Liu et al., 2005; 

Ouellette et al., 2016), increases in microbial activity (Lehman et al., 2014;Wegner et al., 2015) 

and soil organic C (SOC; Blanco-Canqui et al., 2013; Sainju et al., 2002), mitigation of greenhouse 

gas emissions (Lal, 2004; Mitchell et al., 2013), promotion of nutrient cycling (Blanco-Canqui et 

al., 2011; Kaspar and Singer, 2011; O’Reilly et al., 2012; Van Eerd, 2018), enhanced weed control 

(Mirsky et al., 2011; O’Reilly et al., 2011), and increased subsequent crop yields (Belfry et al., 

2017; Olson et al., 2010; O’Reilly et al., 2012; Van Eerd, 2018). Additionally, an increase in the 

production costs of crops, food insecurity, degradation of land resources and agroecosystem 

resiliency, and global warming has led to a recent growth in the adoption of CC in modern 

intensive production systems (Blanco-Canqui et al., 2015; Garcia-Gonzalez et al., 2018; Fig 1.1). 

For instance, CC inclusion in the cropping systems by the Canadian growers has increased by 55% 

from 2011 to 2016 (Statistics Canada, 2017), and in organic vegetable production regions in USA 

(Silva and Moore, 2017). Moreover, the number of studies focusing on CC and their role in 

improving sustainability of cropping systems has increased from 1970 to 2018 (Web of Science, 

citation report, Fig 1.1).  
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Even though the concept of including CCs in crop rotations is not new, there is a need to 

understand and assess the effects of CC on the overall soil and environmental quality. The extent 

of the multi-functional benefits and services provided by CCs varies across different CC species 

(Carpenter et al., 2009), production regions and climatic conditions. Therefore, research studies 

focusing on CC management practices (species selection, planting and termination methods) for 

different agroecosystems are needed.  

Cover crop induced benefits on soil and crop productivity might be more evident in intensive 

horticultural systems due to the small quantity of residues left in the field after crop harvest. For 

example, winter wheat (Triticum aestivum L.)- processing tomato (Solanum lycopersicum L.) crop 

rotation is one of the most common and profitable crop rotations in Ontario and mid-west USA. 

In Ontario, processing tomatoes were grown on an area of approx. 5500 ha with a marketed 

production of 490000 tonnes and a farm value of CAD 88 million in 2018 (Mailvaganam, 2018). 

Globally, about 170 million tonnes of tomatoes were produced in 2014 (based on United Nations 

Food and Agricultural Organization Statistics). Since 2000 to 2014, global tomato production has 

increased by 54% (FAO, 2017). In this rotation, after the winter wheat harvest, growers tend to 

remove the winter wheat straw from the field, by baling, to facilitate subsequent tomato planting 

and to reduce potential for N deficiency. Moreover, crop residue removal for bioproduct 

production, bedding, and livestock feed is common practice in USA (Blanco-Canqui et al., 2016; 

Liska et al., 2014) and elsewhere. Sarath et al (2008) reported the potential of wheat straw as a 

feedstock for ethanol production in Great Plains, USA. Similar uses of wheat straw for biofuel 

production were reported by Tarkalson et al (2009). Removal of crop residue could negatively 

impact the soil quality by reducing SOC, soil fertility, microbial activity, crop productivity, and 

increase the potential for wind and water erosion (Ruis and Blanco-Canqui, 2017; Turmel et al., 
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2015). Crop residue removal after the main crop harvest reduces SOC concentration mainly due 

to a reduction in (i) C inputs from the aboveground biomass (Ruis and Blanco-Canqui, 2017; 

Turmel et al., 2015) (ii) aggregate stability (Six et al., 2000), and (iii) substrate availability for 

microbes (Stetson et al., 2012). Decreases in SOC concentration and nutrient retention were 

observed with wheat straw removal by Tarkalson et al. (2009). The extent of reduction in SOC 

concentration after crop residue removal varies with soil texture, climatic conditions, and residue 

removal duration. A reduction in the amount of water stable aggregates following residue removal 

has been reported previously by Blanco-Canqui and Lal, (2009). Decline in soil fertility status and 

soil biological activity is also observed with crop residue removal (Ruis and Blanco-Canqui, 2017; 

Turmel et al., 2015; Wegner et al., 2015). Thus, adoption of CC after crop residue removal might 

be a potential option to offset the residue removal induced negative implications on soil properties 

(Kaspar et al., 2001; Osborne et al., 2014; Ruis and Blanco-Canqui, 2017; Smith et al., 2012).  

1.1.2. Effect of cover crops on soil physical, chemical, and biological properties 

Several studies have reported a positive impact of CCs on soil physical, chemical, and 

biological properties (Blanco-Canqui et al., 2015; Blanco-Canqui et al., 2013; Sainju et al., 2001, 

2003; O’Reilly et al., 2012; Ouellette et al., 2016; Steenwerth et al., 2008; Ruis and Blanco-

Canqui, 2017; Wegner et al., 2015). Wet aggregate stability (WAS) is a commonly measured soil 

physical property to evaluate CC effects. A review by Blanco-Canqui et al. (2015) reported an 

inconsistent impact of CC on WAS across different studies. For instance, CCs increased WAS in 

seven out of 11 studies, whereas no effect was observed in four studies. Similarly, Steele et al. 

(2012) reported no significant difference in the distribution of the aggregates with or without the 

CCs in a vegetable cropping system.  However, Blanco-Canqui et al. (2015) reported an increase 

in the size (1.2 to 2 times) of the water stable aggregates compared to the no-CC. Moreover, CCs 
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increased WAS in the short-term (<3-yr), resulting in WAS to be considered as one of the most 

sensitive soil physical property for evaluating CC impacts. Moulin et al. (2011) and Villamil et al. 

(2006, 2008) also reported an increase in WAS with CCs due to addition of C inputs from the CC 

residues. Similar increases in WAS with CC than a control was reported by Liu et al. (2005) in a 

vegetable cropping system in British Columbia. Cover crops increase WAS by reducing the 

raindrop impact on the soil surface, adding C inputs to the soil, and thereby increasing SOC 

concentration (Blanco-Canqui et al., 2013; Blanco-Canqui et al., 2015). Cover crops hold the soil 

particles together by producing several binding agents which eventually promote soil aggregation.  

Penetration resistance is an indicator of soil compaction and a reduction in the resistance with 

CCs has been reported in several studies in the long-term (10-yr; Abdollahi and Munkholm, 2014; 

Blanco-Canqui et al., 2015). Soil compaction negatively impacts the soil structure by reducing the 

flow of water, air, nutrients, increasing soil bulk density (Horn, 2004), therefore, is considered as 

a major concern for the growers across the world. Cover crops can reduce soil compaction and its 

associated negative impacts on soil and crop productivity. However, the magnitude of the CC 

benefits varies with CC species, soil texture, duration of CCing, root growth, and type of CC roots 

(Chen and Weil, 2010). For instance, tap roots of brassica species can penetrate deeper soil layers 

and can help to remediate a compacted soil profile. Moreover, taproots have a greater potential of 

drilling through compacted surface and sub-surface layers compared with the fibrous roots. These 

taproots also create large channels for air and water flow through the soil profile upon termination 

of the CC (Chen and Weil, 2010). Additionally, CCs can reduce soil compaction by increasing C 

inputs which eventually leads to greater SOC concentration, and hence improves soil quality. 

Dozier et al. (2017) reported a decrease in penetration resistance with depth, which was attributed 

to increased C inputs from CC. Similarly, Blanco- Canqui et al. (2012) observed a decline in 
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surface compaction with CCs due to an increase in SOC concentration over time. Mupambwa and 

Wakindiki (2012) reported lower penetration resistance values with hairy vetch (Vicia dasycarpa 

L. cv. Max.) and lupin (Lupinus angustifolius L. cv. Tanjil) than a control.  

Cover crops increase SOC concentrations in the long-term due to the addition of above and 

below ground C inputs (Blanco-Canqui et al., 2013; Poeplau and Don, 2015). The changes in SOC 

concentration with CCs are not detected in the short-term due to high levels of spatial variability 

and heterogenous soil conditions (Blanco-Canqui et al., 2015). Additionally, CCs might reduce 

loss of organic C from soil via erosion, oxidation of organic matter (OM), protection of SOC in 

micro-aggregates, thus, increasing the SOC concentration. Intensive cultivation practices also lead 

to a loss of SOC from the soil system (Poeplau et al., 2011). Cover crops can also help to sequester 

SOC in the long-term (Mazzoncini et al., 2011; Poeplau and Don, 2015). An annual rate of change 

of SOC stock in 0-22 cm depth with CC over a 54-yr period was about 0.32±0.08 Mg ha-1 yr-1 C 

(Poeplau and Don, 2015). Soil organic C concentration increased by 2.8 Mg ha-1 with triticale than 

fallow (no CC) in a no-till system (Blanco-Canqui et al., 2013). Similarly, after 12-yr of CC in a 

no-till system, cereal rye (Secale cereale L.) and hairy vetch (Vicia villosa Roth) accumulated 0.88 

Mg C ha-1 y-1 (Olson et al., 2014). Sainju et al. (2002) also observed an increase in SOC 

concentration with hairy vetch in a tomato-based system. An increase in SOC concentration with 

cereal rye was reported by Sainju et al. (2000). Similar results in SOC with CCs were observed by 

Hargrove et al. (1986) and Kuo et al. (1997). 

The extent of SOC accumulation attributed to CC is dependent on CC species, soil texture, 

climatic conditions, duration of CCing, quantity of above- and below-ground biomass C inputs, 

soil type, and inherent soil fertility status (Blanco-Canqui et al., 2015; Lal, 2015). Compared with 

the leguminous CC species, greater increases in SOC concentration have been observed with grass 
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CCs, which could be attributed to relatively slower decay of crop residue of grasses (Blanco-

Canqui et al., 2013; Blanco-Canqui et al., 2015). Similarly, adoption of CCs with deep root systems 

might increase the SOC concentration in the deeper soil layers (Stavi et al., 2012). However, this 

concept of CC potential, with different CC species, to sequester SOC to lower depths in the soil 

has not been well investigated and needs further research. 

Cover crops are also known to play an important role in nutrient dynamics in a cropping system 

(Blanco-Canqui et al., 2011; Coombs et al., 2017; Dabney et al., 2001, 2010; Kaspar and Singer, 

2011; O’Reilly et al., 2012; Ouellette et al., 2016; Sainju et al., 2002; Van Eerd, 2018). Cover 

crops influence the pathways of nutrient gains and losses, and therefore, impact the cycling of 

nutrients within the agroecosystems. For instance, CCs affect the sequestration of soil mineral N, 

reduction in the loss of N via leaching and erosion. Similar to C sequestration, quantity of N 

released by the CCs is dependent on the C/N ratio of the CC species, soil moisture and temperature, 

and amount of CC biomass produced (Ketterings et al., 2015). Legume CCs have C/N ratio of <20, 

which results in rapid decomposition and mineralization (Dabney et al., 2001; Doran and Smith, 

1991). Grass CCs have wide C/N ratios, and therefore, a longer time is required to break the CC 

residue and release N in the system (Dabney et al., 2001; Blanco-Canqui et al., 2015). Moreover, 

Ketterings et al. (2015) recommended the adoption of grass CCs to scavenge the residual soil 

inorganic N in the fall after the crop harvest in temperate climates. Planting time of CCs also 

influences the nutrient cycling with CCs. For example, CC planted in summer and fall have a 

greater potential of nutrient retention compared with the winter-planted CCs in temperate, humid 

climates. This is due to the greater quantity of CC biomass produced when planted in summer 

and/or fall with a longer growing season than winter (Blanco-Canqui et al., 2011; Wang et al., 
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2009). This is especially true in temperate climates, where the planting window of CCs is very 

narrow and short compared with warm climates. 

Nitrate leaching potential is also reduced with the adoption of CCs (Snapp et al., 2005). 

However, the CC potential to reduce N leaching in temperate climates depends on the weather 

conditions during fall and spring, date of CC planting, management practices (tillage), and CC 

species (Ketterings et al., 2015). Inclusion of rye, oat (Avena sativa L.), winter wheat, mustard 

(Brassica sp.) led to a reduction in nitrate leaching from 6 to 94% across 16 different studies 

(Kaspar and Singer, 2011). O’Reilly et al. (2012) reported lower fall soil mineral N (SMN) 

concentrations with CC than a control and indicated the potential of CCs in reducing N losses via 

leaching, erosion, and denitrification in a vegetable production system in southwestern Ontario. 

Cover crops can utilize the excess soil water available and contribute to a decline in nitrate 

leaching. In temperate climates, N losses are more predominant during the period from post-

harvest to planting the subsequent crop.  Therefore, planting and growing a CC during that duration 

is recommended as CC might help to uptake the excess moisture and inorganic N present in the 

soil and contribute to a reduction in N losses (Ketterings et al., 2015; Kovar et al., 2011). Cover 

crops reduce N losses primarily by uptaking the residual inorganic N present in the soil and 

converting it into plant organic compounds, which eventually results in less N available for losses 

via erosion, leaching, and denitrification. Including CCs in the crop rotations might provide N 

credit to the subsequent crop in addition to helping to reduce N losses (Coombs et al., 2017; 

O’Reilly et al., 2012; Van Eerd, 2018). However, research studies evaluating the role of CCs on 

mitigating N losses are scant (Murrell et al., 2017).  

Soil microbial activity and community dynamics is also positively influenced by the CCs. 

Several research studies have reported an increase in soil microbial biomass C and N with CC 
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(Kirchner et al., 1993; Mullen et al., 1998; Ouellette et al., 2016; Wortman et al., 2013). Inclusion 

of CC after crop residue removal resulted in counterbalancing the negative impacts of residue 

removal on soil microbial activity and community (Blanco-Canqui et al., 2015). Lehman et al. 

(2014) reported less reduction in soil microbial population with CCs than without following crop 

residue removal. Wegner et al. (2015) observed reduced microbial activity following crop residue 

removal. Cover crops help to protect the soil surface, preventing the disruption of soil structure 

after crop residue is removed (Blanco-Canqui et al., 2015). Moreover, CC residue acts as a source 

of substrate for soil microbial communities, therefore, increasing the soil microbial biomass C and 

N concentration. An increase in soil microbial biomass after 2-yr of CCing with ryegrass and a 

mixture of oat and winter rye was reported by Fae et al. (2009). Similar increases in soil microbial 

biomass C and N with CCs were observed by Ouellette et al. (2016). Microbial biomass increased 

due to an addition of C inputs and belowground biomass from the CC (Fae et al., 2009; Ouellette 

et al., 2016). Therefore, CC promote soil microbial activity, populations, and community 

structures.  

Impacts of CCs on succeeding crop yields are inconsistent and vary with climatic conditions, 

CC species, soil type, inherent soil quality, time of CC planting, and duration of CC management 

(Blanco-Canqui et al., 2015; O’Reilly et al., 2012). Several studies have evaluated the impacts of 

CCs on the following crop yields (Andraski and Bundy, 2005; Balkcom and Reeves, 2005; Belfry 

et al., 2017; Kuo and Jellum, 2000; Olson et al., 2010; O’Reilly et al., 2012; Ouellette et al., 2016; 

Van Eerd, 2018; Van Eerd et al., 2015). Van Eerd (2018) reported the importance of crop-specific 

CC recommendations in a crop rotation to increase subsequent crop yields. For instance, an oat 

CC resulted in greater fresh bean (Phaseolus vulgaris L.) yields than the other CCs tested (winter 

cereal rye, forage pea (Pisum sativum L.), oilseed radish (Raphanus sativus L. var oleoferus Metzg 
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Stokes), and hairy vetch (Vicia villosa Roth.)) in the study (Van Eerd, 2018). Chahal and Van Eerd 

(2018) reported an increase in marketable tomato yields with cereal and brassica CCs than without 

in a medium-term (6y) CC study in a temperate climate. Greater tomato marketable yield with CCs 

was also reported by Belfry et al. (2017). Similarly, Van Eerd (2018) observed greater corn (Zea 

mays L.) yield with CCs than the control in a temperate humid climate. In contrast to these 

findings, O’Reilly et al. (2012) did not observe a CC effect on the marketable yield of sweet corn. 

Therefore, these results confirm that the CC effects on subsequent crop yields are dependent on 

the soil and environmental conditions and vary across production regions with diverse 

management practices (CC species and crop rotations).  

Precipitation, during the CC growing season, is an important factor determining the impacts of 

winter-planted CC on crop yields (Blanco-Canqui et al., 2015). Increased crop yields with CCs 

have been observed with greater rates of precipitation (Balkcom and Reeves, 2005; Blanco-Canqui 

et al., 2015). A significant interaction between CC and sampling year has been observed in most 

of the studies suggesting the need for long-term studies to better quantify the CC induced effects 

on soil and crop attributes. Greater crop yields following CCs might be attributed to the long-term 

effects of CC on soil C and N pools and soil characteristics. Therefore, CC influences on crop 

yield are highly variable and more research is needed to conclusively quantify crop productivity 

following CCs across different agroecosystems. 

1.1.3. Soil quality and its evaluation 

Soil sustainability relies on the ability of soil to maintain maximum long-term productivity 

without degrading the soil quality (Askari and Holden, 2014; Qi et al., 2009). Therefore, there is 

a need to monitor soil quality to evaluate the adverse trends in soil parameters and identify the 

problematic zones for crop production (Nakajima et al., 2015). The concept of soil quality and soil 
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health are not different from each other but should not be used interchangeably. Soil quality can 

be defined as an inherent ability of soil to support the functioning of ecosystems without causing 

a negative interaction with the environment (Andrews et al., 2004; Idowu et al. 2009), soil health 

represents soil as a dynamic living resource (Lal, 2016). Soil quality and health have been found 

to be responsive to the management practices (Doran and Zeiss, 2000; Fine et al., 2017). However, 

evaluation of overall soil quality is complex due to the interactions between soil physical, 

chemical, and biological properties (Karlen et al. 2003; Idowu et al. 2008, 2009). Several tools and 

methods, such as the Haney soil health test (HSHT, Haney et al., 2018), the comprehensive 

assessment of soil health (CASH, Fine et al., 2017), Solvita labile amino N (SLAN, Brinton, 2016) 

have been developed for quantification of soil quality. The CASH (Fine et al., 2017) and HSHT 

(Haney et al., 2018) integrate 15 and 3 parameters, respectively, to provide an overall soil quality 

score. Greater score values represent better soil quality. Moreover, HSHT uses water as an 

extractant for C and N quantification, as water mimics the soil-plant environment and might better 

correlate with C and N availability for crops and soil microbes. A study conducted by Haney et al. 

(2012) reported greater sensitivity and responsiveness of soil water extractable C:N ratio to the 

microbial activity than the total soil C:N, therefore, water extractable C:N ratio might be used as 

an indicator for determining the soil microbial activity. 

Several research studies have evaluated the applicability of afore-mentioned soil quality tests 

in agricultural production systems (Chahal and Van Eerd, 2018; Congreves et al., 2015; Fine et 

al., 2017; McGowen et al., 2018; Mitchell et al., 2017, Rogers et al., 2018; Roper et al., 2017; Yost 

et al., 2018). Congreves et al. (2015) assessed CASH in a long-term production system in a 

temperate climate and observed differences in the CASH score with tillage and crop rotation 

treatments. Similarly, Fine et al. (2017) evaluated CASH for a diverse range of soil types in USA 
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and reported it’s use as a tool for quantifying soil quality of variable pedogenic characteristics. In 

contrast to CASH, most studies have reported an inconsistent response of HSHT for soil quality 

quantification. Chahal and Van Eerd (2018) did not observe any correlation between the Solvita 

CO2-burst and standard NaOH test for C mineralization. Neither did the HSHT score correlate 

with the soil quality indicators of SOC, C mineralization, and crop yield (Chahal and Van Eerd, 

2018). Roper et al. (2017) did not observe any correlation between test scores (CASH and HSHT) 

and crop yield in a long-term tillage experiment in North Carolina. Mitchell et al. (2017) evaluated 

HSHT in a long-term tillage study with annual crop rotations in California and observed an 

increase in HSHT parameters of water extractable organic C and N with CC and no-tillage 

compared with standard tillage and no CCs. Inconsistency in the results might be attributed to the 

diverse agro-climatic conditions of different production regions. Therefore, there is a need to 

calibrate the commercial soil quality tests suitable for variable soil types, environmental 

conditions, and cropping systems to increase their usability. 

Soil quality assessment includes several soil measurements, which are considered as soil quality 

indicators (Andrews et al., 2004; Vasu et al., 2016). Soil quality indicators can be defined as the 

soil properties which are most responsive to changes in soil processes, are sufficiently diverse to 

represent the soil characteristics (Andrews et al., 2004). Moreover, soil quality indicators impart 

information about the soil’s ability for providing environmental services and play an important 

role in assessing the management-induced changes in the soil. Soil indicators which are easy to 

measure and sensitive to management practices are considered for assessing the soil functions 

(Bastida et al., 2008; Bunemann et al., 2018; Idowu et al., 2009). Several indicators are available 

for quantifying soil quality; however, due to the financial and practical concerns involved in the 

measurements, a selection of the most important indicators is required. A minimum dataset, 
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proposed by Larson and Pierce, (1994), is recommended which standardizes the various 

methodologies and procedures for evaluating soil quality at an international level.  

In the past, soil quality indicators consisted of only physical and chemical properties (Zornoza 

et al., 2015). However, recent advances in soil quality research have identified soil biological 

parameters to be highly sensitive and responsive for detecting the management induced changes 

in soil processes and functions (Aziz et al., 2013; Zornoza et al., 2015).  For instance, soil organic 

matter and SOC are important soil quality indicators due to their impact on soil physical, chemical 

and biological properties (Arias et al., 2005; Zornoza et al., 2015). Similarly, Karlen et al. (2006) 

reported soil organic matter as the most responsive indicator of soil quality evaluation in a long-

term experiment in a corn -soybean (Glycine max L.) rotation. Soil microbial biomass C and N is 

another important soil attribute used for quantifying overall soil quality due to its greater sensitivity 

to land management than other soil parameters. Quantity and quality of soil microbial biomass 

plays an important role in the mineralization of soil organic matter, cycling and retention of 

nutrients (Wang et al., 2007). It acts as a driving force for crop nutrient availability (Ruis and 

Blanco-Canqui, 2017). Mineralization potential of soil C and N is also governed by the microbial 

biomass quantity (Blanco-Canqui et al., 2015). Moreover, changes occurring in soil microbial 

biomass represent the short-term indicators of soil quality dynamics (Zornoza et al., 2015). 

Despite the importance of the individual soil quality indicators, most research has focused on 

the development of soil quality indices to relate soil quality with the land management practices. 

Development of soil quality indices involve three general steps of (a) indicator selection, (b) 

indicator transformation and scoring, and (c) calculation of soil quality index value by the 

integration of indicator scores in a scoring function (Andrews et al., 2002, 2004; Qi et al., 2009). 

The first step of indicator selection is based on the objective of the soil quality index (Karlen and 
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Stott, 1994). The set of indicators selected for soil quality evaluation represents the minimum 

dataset, which is identified using a multivariate analysis (principal component analysis).Indicator 

scoring helps to uniformly scale all the selected parameters from 0-1 (Askari and Holden, 2015; 

Andrews et al., 2002; Masto et al., 2008), which facilitates the final step of integration and 

calculation of an index for soil quality quantification (Bastida et al., 2006; Sinha et al., 2009). The 

selection of a wide range of soil quality indicators might help to provide a holistic soil quality 

assessment (Zornoza et al., 2015). The different approaches and quantitative models used by the 

researchers for developing the soil quality indices are shown in Table 1.1.  

Soil quality research area is still developing and quite promising, regardless of the quantity of 

research conducted (Qi et al., 2009; Fig 1.2). The concept of developing soil quality indices, 

integrating several soil indicators, has proven to be very valuable for making appropriate decisions 

to improve soil sustainability (Askari and Holden, 2014; Obade and Lal, 2016; Yu et al., 2018). 

Soil quality indices have been successfully used for quantifying soil quality across variable 

agroecosystems (Andrews et al., 2002; Congreves et al., 2015; Gong et al., 2015; Qi et al., 2009; 

Raiesi, 2017; Zhao et al., 2017). However, combining qualitative and quantitative soil indicators 

for assessing soil quality is still a major challenge, that needs to be addressed (Obade and Lal, 

2016). Most of the soil quality indices developed using an integration approach of soil parameters 

are valid under specific climatic conditions, which limits the universal applicability of these 

indices. Additionally, very few studies have focused on comparing the methods and indicators 

prior to the implementation of these indices under different regions (Askari and Holden, 2014; 

Guo et al., 2017; Qi et al., 2009). Developing site-specific soil quality indices that consider the 

regional production practices might provide valuable information to the growers in making 

appropriate decisions for increasing crop yields and improving agroecosystem resiliency.  
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Additionally, few studies have evaluated the short-term impact of CCs on the dynamics of soil 

quality indicators in a crop growing season. Most of the CC studies have been conducted in the 

long-term experiments (Olson et al., 2014; Sainju et al., 2015; Schmidt et al., 2018). Therefore, 

quantification of short and medium-term effects of CC on soil indicators might advance our 

understanding of CC induced effects on soil quality, nutrient dynamics and cycling, and crop 

productivity. Future research focusing on the (a) mechanism of CC mediated influences on soil 

and crop attributes, (b) impacts of the belowground C inputs from CCs on soil microbial 

community composition, diversity, and activity are needed to understand the role of CCs in 

sustaining the stability and resiliency of agroecosystems.  

This research study was conducted using a medium-term (6-yr) CC experiment, consisting of 

five CC (no CC control (no-CC), cereal rye, oat, oilseed radish (OSR), and a mixture of OSR and 

rye (OSR+Rye)) and two crop residue treatments (retained (+S) and removed (-S)), which was 

established in 2007 and the experiment was repeated on an adjacent site in 2008 at the University 

of Guelph, Ridgetown Campus. Previous studies on this experiment have reported differences in 

crop yield and soil mineral N dynamics with CC treatments (Belfry et al., 2017; O’Reilly et al., 

2012), mineralization of soil C (Ouellette et al., 2016), and SOC concentration (Chahal and Van 

Eerd, 2018). These differences detected in crop and soil parameters among CC treatments 

demonstrated the value of using the same experimental site to evaluate soil and crop parameters 

and soil quality.  
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1.2. Hypotheses and objectives: 

The hypotheses of the study were-  

Compared with the no-CC and -S, CCs and +S will: 

a. Increase the concentration of soil indicators and overall soil quality,  

b. Increase the concentration of stable and labile pools of C and N, 

c. Increase the processing tomato yield and quality, and  

d. Reduce the soil mineral N losses and provide N credit to the subsequent tomato crop. 

Therefore, to meet the afore-mentioned hypotheses, the objectives of this study were to evaluate 

the effect of CC (6-yr) and crop residue (3-yr) management on the: 

1. Soil quality indicators and quantify overall soil quality, 

2. Processing tomato fruit yield and quality,  

3. Temporal dynamics of labile and stable indicators of soil C and N over the tomato 

growing season, and 

4. N cycling during the CC and tomato growing season. 
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Table 1.1 Quantitative models used for developing soil quality indices in agroecosystems   

Soil quality index model/approach Method used for development Reference(s) 

Integrated quality index (IQI) ✓ Simple scoring system 

✓ Equal weights assigned to all 

selected indicators 

✓ Calculated as the sum of the 

weights of all the indicators 

Doran and Parkin, 1994 

Nemoro quality index (NQI) ✓ Weights of soil indicators are not 

used 

✓ Based on the minimum indicator 

score value 

✓ Takes into account the law of 

minimum  

Qin and Zhao, 2000 

Visual evaluation of soil structure 

(VESS) 

✓ Uses soil structure as the 

principle indicator for soil 

quality quantification 

✓ Semi-quantitative approach, not 

suitable for all soil types 

✓ Includes aggregate stability, 

shape, and strength, porosity, 

root development 

Askari et al., 2015; Ball et 

al., 2013; Guimaraes et al., 

2011; Mueller et al., 2013 

Additive soil quality index (ASQI) 

Includes soil management 

assessment framework (SMAF) 

✓ Average of transformed scores 

of indicators 

✓ SQI=Ʃ n i=1 Si/n 

✓ Si= scores of indicators, n= 

number of indicators used for 

soil quality quantification 

Andrews et al., 2002, 2004; 

Askari et al., 2015 

Weighted soil quality index (WSQI) ✓ Weighted average of indicator 

scores  

✓ SQI=Ʃ n i=1 WiSi/n 

✓ Wi= indicator weights assigned 

using principal component 

analysis, Si= scores of 

indicators, n= number of 

indicators used for soil quality 

quantification 

Andrews et al., 2002; 

Askari et al., 2015; 

Congreves et al., 2015 
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Fig 1.1 Since 1970, number of the studies focusing on the impacts of cover crops in agroecosystem 

sustainability (Source: Web of Science, citation report, 

http://apps.webofknowledge.com/summary.do?product=WOS&search_mode=CitationReport&qid=10&SID=5BHZ

Bv8SYatfU8p5wAy&page=1&crNavigationAction=Previous&endYear=24&isCRHidden= ) 

 

Fig 1.2 Since 1970, number of the studies focusing on the evaluation of soil quality and soil health 

in agroecosystems (Source: Web of Science, citation report 

http://apps.webofknowledge.com/CitationReport.do?product=WOS&search_mode=CitationReport&SID=8FVjDJL

dHPO3C8JRtvc&page=1&cr_pqid=12&viewType=summary&colName=WOS; 

http://apps.webofknowledge.com/CitationReport.do?product=WOS&search_mode=CitationReport&SID=5BHZBv8

SYatfU8p5wAy&page=1&cr_pqid=5&viewType=summary&colName=WOS) 
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CHAPTER 2: EVALUATION OF COMMERCIAL SOIL HEALTH TESTS USING A 

MEDIUM-TERM COVER CROP EXPERIMENT IN A HUMID, TEMPERATE 

CLIMATE 

 

2.1 ABSTRACT 

Various tests have been developed for quantifying soil health, such as Haney soil health test 

(HSHT), Solvita CO2 and Solvita labile amino N (SLAN). Although commercially available, the 

applicability of these tests in temperate agroecosystems is largely unknown. Therefore, these tests 

were evaluated using a medium-term cover crop (CC) experiment established in 2007 (repeated in 

2008). Treatments of four different summer-planted CCs and a no CC control (no-CC), with a 

split-plot of crop residue retained (+S) and removed (-S) were used to assess soil health treatment 

differences and correlations with tomato crop marketable yield, soil organic C (SOC), and 2 day 

cumulative C mineralization (Cmin2d). Average crop yield with CC was 7.9 to 22% greater than 

no-CC depending on the year. Similarly, compared to no-CC, plots with CC had 8.4 to 9.3% 

greater average SOC concentrations and 5.6 to 6.5% greater Cmin2d, suggesting the suitability of 

this trial to evaluate soil health tests. Inconsistencies between years with HSHT, Solvita and SLAN 

in (i) detecting CC treatment differences and (ii) correlations with crop yield or soil indicators 

(SOC, Cmin2d) suggests the limited applicability of these soil health tests. This research furthers 

our understanding of CC systems on soil health, C storage and by extension agroecosystem 

sustainability.  
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2.2. Introduction 

Tomato (Solanum lycopersicum L.) is an important horticultural crop in Ontario with 451,000 

tonnes produced and a farm value of CAD $91 million in 2016 (Mailvaganam, 2017). Numerous 

studies have been conducted highlighting the impact of CCs on the yield of processing tomatoes 

(Belfry et al., 2017; Sainju et al., 2000, 2001; Summers et al., 2014). In addition to improving crop 

yields, CCs are also known to play an important role in sustaining and improving soil quality 

(Tonnito et al., 2006), which may be due to reducing wind and water erosion (Blanco-Canqui et 

al., 2015; Ruis and Blanco-Canqui, 2017; Snapp et al., 2005; Wortman et al., 2012), reducing 

compaction (Blanco-Canqui et al., 2012), improving soil hydraulic conductivity (Blanco-Canqui, 

2013), moderating soil temperature (Teasdale and Mohler, 1993), and improving soil biology 

(Ruis and Blanco-Canqui, 2017). Aside from CCs, retaining crop residues in the field is also an 

important agricultural practice for improving soil quality (Gilley et al., 1986). Removing crop 

residue lowered subsequent processing tomato yield by 13% but no effect was observed in a 

production system where CCs were part of the rotation (Van Eerd et al., 2015).  Thus, CCs may 

play an important role in alleviating any potential detrimental effects of excessive crop biomass 

removal. But the combined effects of CC with and without crop residue removal on soil quality in 

horticultural systems are largely unknown.  

Due to an unsustainable use of land resources, there has been a degradation in the soil resulting 

in a decline in soil productivity (Zornoza et al., 2015). Therefore, there is an increased interest 

among the researchers and practitioners in improving soil sustainability (Zornoza et al., 2015). Soil 

quality is an integral component for maintaining and sustaining crop productivity and can be defined 

as the capacity of the soil to provide important ecosystem services (Idowu et al., 2009). However, 

assessment of soil quality is very difficult due to the complexity of the physical, chemical, and 
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biological properties of the soil (Arias et al., 2005; Karlen et al., 2003; Van Eerd et al., 2014). 

Different evaluation tools such as comprehensive assessment of soil health (Fine et al., 2017), Haney 

soil health test (HSHT) (Haney et al., 2004; 2008) have been used to assess soil quality. Among 

many soil quality indicators, soil organic C (SOC) (Merrill et al., 2013; Qi et al., 2009) and C 

mineralization (Cmin) (Haney et al., 2008; Morrow et al., 2016), have been commonly used as they 

are very sensitive in detecting changes in the soil quality due to short- and long-term management 

(Zvomuya et al., 2008), respectively, such as CC, crop rotation and crop residue removal (see 

reviews by Mueller et al. (2010) and Murphy (2015)). Crop yield can also be used as an indicator 

of overall soil quality (Gaudin et al., 2015). A direct relationship between field crop productivity 

and soil quality had been reported in grain crop systems (Congreves et al., 2017), but this 

relationship is not well known in horticultural systems.  

 Solvita CO2-burst test (Woods End® Laboratories Inc., Mt. Vernon, ME) (Haney et al., 2008, 

2012), Solvita labile amino nitrogen (SLAN) (Woods End® Laboratories Inc., Mt. Vernon, ME) 

and HSHT are commercially available soil health tests. The HSHT has been evaluated mostly in 

hot and/or dry climatic conditions in conventional corn (Zea mays. L.)-soybean (Glycine max L.) 

systems, such as in Texas, California, Idaho, Arizona, Washington, North Carolina USA (Haney 

et al., 2008; Harmel and Haney, 2013; Mitchell et al., 2017; Roper et al., 2017). Morrow et al. 

(2016) evaluated HSHT in five different long-term experiments in Northwest USA with different 

tillage systems and cropping intensity and found significant differences among treatments in 

HSHT score at only one site. These authors concluded that HSHT might be more applicable in 

sites with limited spatial variability (Morrow et al., 2016). In a long-term experiment in California, 

no tillage and CC systems had higher HSHT score values than conventional tillage and no cover 

crop (no-CC) control system (Mitchell et al., 2017). Likewise, in North Carolina, the HSHT 



21 
 

parameters and score detected differences among tillage systems, but due to a lack of consistency 

between sites Roper et al. (2017) recommend evaluating the HSHT in different climates. Thus, 

there is a need to evaluate the HSHT in humid, temperate climates and in horticultural systems. 

Results from a medium-term CC experiment in a vegetable and grain cropping system 

demonstrated differences between various CC treatments in soil mineral N dynamics, subsequent 

crop yields (Belfry et al. 2017; O’Reilly et al. 2012) and Cmin2d rates (Ouellette et al. 2016). Our 

research quantified the medium-term effect of CC on soil quality indicators and evaluated the 

validity of commercially available soil health tests (HSHT, Solvita and SLAN) to detect 

differences in soil quality. 

 

2.3. Materials and Methods 

 

2.3.1. Site description 

A medium-term CC field experiment was initiated in 2007 at the University of Guelph, 

Ridgetown Campus (42º46’N, 81º96’W, elevation 200 m) as previously described (Belfry et al. 

2017; O’Reilly et al. 2012; Ouellette et al. 2016). The soil at the site was a sandy loam (Orthic 

Humic Gleysol) with 68:21:11% sand:silt:clay, pH of 6.2 (1:1 vol/vol), 3.8% organic matter (loss 

on ignition), 9.9 cmolc kg-1 CEC (estimated based on ammonium acetate extraction and pH). The 

experiment had a crop rotation typical of processing vegetable production in southwestern Ontario 

(Fig. 2.1). The experiment with the same crop rotation was repeated in the adjacent site in 2008 

(Fig. 2.1). 
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2.3.2. Experimental design 

The experimental design was a split-plot arranged as a randomized complete block, with four 

replications. The main plot factor was CC treatment of no-CC, oat, winter cereal rye (here after 

referred to as rye), OSR, and OSR+Rye planted with a drill at 81, 67, 16, and 9+34 kg ha-1 y-1, 

respectively, in the autumn. The main plot size was 16 m by 6 m. The split plot factor was main 

crop residue removal treatment (+S or -S) in select years (Fig. 2.1); split plot size was 8 m by 6 m.  

The crop residue management treatment was done on 18 July 2014 and 7 August 2015 following 

mechanical grain harvest. For the crop residue removal (-S) treatment, winter wheat straw was cut 

to approximately 10 cm from the soil surface and removed by hand with a rake and for crop residue 

retained (+S) treatment, wheat residues were uniformly distributed in the plot as described by Van 

Eerd et al. (2015). The entire trial area was disked and cultivated to incorporate crop residues and 

to prepare the soil for CC planting, which occurred on 29 July 2014 and 17 August 2015. No other 

field management was conducted until the following spring when the entire trial area was sprayed 

with glyphosate at 810 g a.e. ha-1, after CC biomass and soil collection. Within a week of tomato 

transplanting, P and K fertilizer (0-23-30) was applied at 336 kg ha-1 and the entire trial area was 

disked, followed by two cultivator passes (Belfry et al., 2017). Starter 15 kg N ha-1 fertilizer (10-

34-0) was applied with water when transplanting but no other N fertilizer was applied. Tomato 

cultivar 1178 was transplanted on May 25 in both years. Each split plot had three twin rows of 

tomato; the spacing between the twin rows was 1.5 m and within row spacing was 46 cm between 

plants (Belfry et al., 2017; Van Eerd et al., 2015). Pest control and other field management 

operations were according to recommended Ontario processing tomato production practices 

(OPVG, 2010). 
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2.3.3. Growing conditions 

Average monthly temperatures from August to November in 2014 (11.8 ºC) were cooler than 

2015 (19.5ºC) and 30 years mean (13.7ºC). However, total precipitation from August to November 

in 2014 (304 mm) was greater than 2015 (207 mm), but less than the 30 years mean (321 mm). 

Although spring 2015 had near normal weather conditions, spring 2016 was warmer by 3.1 to 

5.3oC and drier by 58% and 48%, in April and May, respectively, than norm (8.3 and 14.8oC; 77 

and 75 mm, respectively). During the bulk of the tomato growing season, June through August 

2015 and 2016 were warmer (mean 24.7 and 25.8ºC, respectively) and drier (total rainfall of 194 

and 195 mm, respectively) than the 30 years norms (21.4ºC, 255 mm).  

 

2.3.4. Soil sampling and analysis 

Bulk density (331 cm3 volume ring), from 7.5-15 cm depth, was determined for each subplot 

(n=40) 3 to 4 days after tomato harvest. Soil samples for all other attributes were collected at 

tomato harvest on 11 September 2015 and 6 September 2016. A composite soil sample consisting 

of about 20 random soil cores (3.5 cm diameter) at 0-15 cm depth was taken from each sub-plot. 

Soil was homogenized by hand, stored on ice in the field and in a cooler (4oC) for less than 2 days 

before processing. Any visible plant residue present in the soil sample was removed in the field 

and prior to sieving. According to the method outlined in Carter and Gregorich (2008), soil was 

sieved through 4 mm mesh screen and oven dried at 50oC for SOC and Cmin2d quantification. For 

HSHT parameters including 1 day CO2 Solvita respiration, WEOC and WEON (Haney et al., 

2012), and SLAN (Woods End® Laboratories Inc., Mt. Vernon, ME) soil was sieved through a 2 

mm mesh screen and oven-dried at 40oC according to aforementioned methods or commercial 

recommendations.  
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To quantify Cmin2d, a substrate induced respiration study was conducted using an alkali CO2 

trap method (Carter and Gregorich, 2008) with microcosms and soil processing according to 

Congreves et al. (2013) and Ouellette et al. (2016). Sampling occurred on 0.5, 1, and 2 days of 

incubation. The Cmin2d was expressed as 2 day cumulative mg C kg-1 soil.  Soil organic C was 

determined according to Carter and Gregorich (2008). Briefly, a 15 g soil subsample was 

combusted in muffle furnace at 420°C for 24 hours prior to quantification of inorganic C. Soil total 

and inorganic C was quantified on a ground (mortar and pestle) subsample (2 g) using a LECO 

CN analyzer (Leco Corporation, St. Joseph, MI). The difference between total C and inorganic C 

was soil organic C.  

The HSHT parameters were assessed according to Haney et al. (2008) on soil oven-dried at 

40°C for 24 h and processed. Briefly, for the quantification of WEOC and WEON, 4 g of dry soil 

was extracted with 40 mL distilled water by shaking the samples using an orbital shaker for 10 

min, in 100 mL Erlenmeyer flasks (Haney et al., 2012). Samples were filtered (Fisherbrand Q5), 

filtrate was analyzed for total inorganic N on Auto Analyzer 3 (SEAL Analytical Inc., Mequon, 

WI, USA) using the cadmium reduction method for nitrate-N and phenate method for ammonium-

N. Total and inorganic C and N were quantified via LECO analysis as described above to 

determine WEOC and WEON. The WEOC and WEON were expressed as mg C kg-1 soil and mg 

N kg-1 soil, respectively. 

Solvita respiration was conducted according to Haney and Haney (2010) using commercially 

available Solvita CO2-Burst paddles and instructions (Woods End® Laboratories Inc., Mt. Vernon, 

ME).  Briefly, 40 g oven-dried soil (50ºC) placed in a polypropylene disposable vial with five 

holes at the bottom and lined with a filter paper (Whatman grade 4). The vial was placed in a 250-

mL glass jar with 25 mL distilled water and the Solvita paddle. The jars were sealed, left 
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undisturbed for 24 h, and CO2-C readings were taken using the digital colorimeter reader (Woods 

End® Laboratories Inc., Mt. Vernon, ME) and expressed as mg CO2-C kg-1 soil. Overall HSHT 

score was calculated as 1-day Solvita respiration/WEOC/WEON + WEOC/100 + WEON/10, 

where higher values indicate better soil health (Haney et al., 2008). 

According to instruction manual (Brinton, 2016), SLAN was determined by mixing 4 g of dry 

soil (50ºC) with 10 mL of 2 N NaOH in a 25 mL polypropylene vial and sealing it in a 250-mL 

glass jar along with the commercially available SLAN paddle (Woods End® Laboratories Inc., 

Mt. Vernon, ME). The jars were left undisturbed for 24 h, NH3-N evolved was measured using the 

same digital colorimeter reader previously described and expressed as mg NH3-N kg-1 soil.  

 

2.3.5. Crop sampling and analysis 

Cover crop biomass sampling dates were 22 October 2014, 22 April 2015, 7 May 2015, and at 

the second site on 22 November 2015, 29 April 2016, and 9 May 2016. Differences in sampling 

times largely reflect different weather conditions and the need to collect biomass before severe 

frost in the fall (see summary of weather conditions above). Two 0.25 m2 quadrants were randomly 

selected within the sub-plot to sample the aboveground biomass (O’Reilly et al., 2011). Biomass 

samples were taken regardless of the condition of the plant (dead or alive).  

When tomato fruit was at least 80% maturity, the center 2 m of the center set of twin rows was 

harvested in each sub-plot on 11 September 2015 and 6 September 2016. Grading of the fruit was 

done based on the industry standards (OPVG, 2010). If 50% of the fruit surface area was of a blush 

color and free from any defects, it was considered marketable. The remaining fruit was considered 

unmarketable. Based on fresh weight of fruit and area harvested, marketable yield for each plot 

were calculated and expressed as Mg ha-1. A representative marketable fruit sample was also oven 
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dried at 60°C for C and N quantification. To determine C concentration in CC and tomato plant 

biomass, a representative sample of dried plant tissue was ground in a Wiley mill using a 2-mm 

diameter opening mesh screen (Van Eerd et al., 2015). Dry combustion method was used to 

determine the C concentration as previously described. Carbon content (kg ha-1) was the product 

of plant dry weight and C concentration.  

 

2.3.6. Data analysis 

The different years were analyzed separately because an initial analysis indicated significant 

year by treatment interactions. Spearman correlation was used to evaluate the correlations between 

the variables using PROC CORR procedure in SAS (SAS Institute, version 9.4 Cary, NC, USA). 

Analysis of variance was conducted to test the effect of CC and crop residue management 

treatments on all data collected, using the PROC GLIMMIX procedure in SAS. In the model, CC, 

crop residue management, and their interaction were fixed effects; replication and interaction 

between replication and CC were random effects. The statement replication by CC accounted for 

the split plot effect in the design (Federer and King, 2007). The significance of random effects and 

their interaction with fixed effects were evaluated by performing the log likelihood ratio test and 

covariance test. The assumptions of ANOVA were confirmed by conducting the analysis of the 

residuals (plots of studentized residuals) and by applying statistical tests of normality (Shapiro-

Wilks test; Bowley, 2015). All assumptions of ANOVA were met, therefore no transformations 

were applied. All analyses were conducted using a type I error rate of α= 0.05. Means were 

compared using the protected LSD test.  
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2.4. Results 

 

2.4.1. Crop attributes 

In the fall of both years, OSR had the highest biomass (avg. 5780 kg ha-1) and rye had the lowest 

(avg. 1440 kg ha-1; Table 2.1 and 2.2). However, a significant CC by crop residue interaction was 

observed for CC biomass in fall 2015 (P = 0.0246l; Table 2.2), which was due to higher biomass 

in -S than +S for OSR+Rye (difference of 178 kg ha-1) and no difference for other CC and crop 

residue management combinations (Table 2.2). Cover crop biomass and C content trend was 

OSR>OSR+Rye>oat≥rye in fall of both years.  Cover crop biomass was 70 to 150 kg ha-1 

numerically higher in fall 2014 (P = 0.3992) and statistically higher in fall 2015 (P = 0.0012) when 

grown in -S than +S plots (Table 2.1 and 2.2). In fall 2014, no significant CC by crop residue 

interaction was observed for CC C content and biomass (P = 0.5291). In fall of both years, although 

crop residue management did not impact CC C content (P ≥ 0.1072; Table 2.1 and 2.2), the highest 

C content was with OSR (avg. 2170 kg ha-1) and the lowest was rye (avg. 602 kg ha-1) (Table 2.1 

and 2.2).  

In spring 2015 at both sampling times, there were no effect of CC, crop residue management 

nor their interaction on CC biomass and C content (P ≥ 0.3107; Table 2.1). Similarly, in spring 

2016, CC biomass and C content was not impacted by crop residue management and there was no 

interaction of CC and crop residue management (P≥ 0.0776; Table 2.2). But in contrast to 2015, 

in spring 2016 all CC were different than each other in terms of biomass and C content at both 

sample timings (Table 2.2). The highest biomass (avg. 1100 kg ha-1) and C content (avg. 460 kg 

C ha-1) was with OSR+Rye at both spring 2016 sample times. The oat CC had the lowest biomass 

and C content with average values of 680 kg ha-1 and 280 kg C ha-1 at the two spring sampling 
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dates. Cover crop biomass and C content trend was OSR+Rye>OSR> rye>oat in spring of 2016 at 

both sample times. 

In 2015, processing tomato yield was not influenced by crop residue removal (P = 0.7969) and 

there was no CC by crop residue management interaction (P = 0.9346). Oat had the highest yield 

(91.5±4.53 Mg ha-1), with the trend of oat≥ OSR+Rye≥ OSR≥ no-CC=rye P = 0.0521). Tomato 

marketable yield was greater with oat CC (approximately 11.8 Mg ha-1) than a no-CC in 2015. In 

2016, crop residue management (P = 0.0486) had a significant effect on the tomato marketable 

yield, however, no significant CC by crop residue interaction was observed (P = 0.4582). The OSR 

treatment had the highest yield (124±7.01 Mg ha-1) with a trend of OSR≥OSR+Rye≥rye≥oat≥no-

CC in 2016 (P = 0.0393). Marketable yield was 35.6 Mg ha-1 greater with OSR than the no-CC. 

 

2.4.2. Soil attributes 

There were no differences in bulk density among treatments in 2015 (mean of 1.62±0.003 g cm-

3, P = 0.2160) and 2016 (mean of 1.66±0.004 g cm-3, P = 0.9692). The lack of a medium-term CC 

effect was attributed to tillage in the spring as well as over the rotation. Due to the lack of difference 

in bulk density, data were expressed as concentration (mg kg-1). 

 

2.4.2.1. SOC and Cmin2d  

In 2015, the interaction of CC by crop residue management on SOC (P = 0.0226; Table 2.3) 

was attributed to the higher SOC in the +S than -S treatments for all CC treatments except for rye 

which was not different (Fig. 2.2). The highest values of SOC were observed for the OSR+Rye+S, 

rye+S and rye-S (avg. 38.1±0.20 mg C g-1). The no-CC controls (+S and -S) had the lower SOC 

concentrations (33.5 to 34.2 mg C g-1) than all CCs (35.5 to 38.1 mg C g-1) except oat-S (35.0 mg 
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C g-1) in 2015. In contrast to 2015, in 2016 there was no interaction of CC by crop residue for SOC 

(Table 2.4). The highest SOC concentrations were with oat=OSR=rye≥OSR+Rye≥no-CC (Table 

2.4). Cop residue management had no influence on SOC in 2016.  

In both years, no CC by crop residue interaction was detected for Cmin2d (P > 0.05). In 2015 

and 2016, the +S treatment had higher Cmin2d by 100 and 90 mg C kg-1, respectively, than the -S 

treatment. In 2015, Cmin2d was highest in OSR+Rye (1260±32.1 mg C kg-1), which was not 

different than OSR and rye (1190 to 1200 mg C kg-1) (Table 2.3). In 2016, no significant CC effect 

was observed for Cmin2d. However, OSR+Rye had numerically highest Cmin2d concentration 

values (1140±40 mg C kg-1). The no-CC treatment had the lowest Cmin2d values in both years but 

the effect was only statistically significant in 2015.  

 

2.4.2.2. Haney soil health test 

In 2015, the CC by crop residue interaction for HSHT score was due to the rye+S treatment 

having 47.1 to 59.4 higher scores than all other treatments, which were not different from each 

other (Fig. 2.2). In contrast, in 2016, there was no influence of the tested effects on HSHT scores 

(Table 2.4), suggesting temporal influences.  

In 2015, WEOC concentration followed the trend of OSR+Rye=no-CC≥oat≥OSR≥rye (Table 

2.3). Crop residue management had no impact on WEOC in 2015 but was significant in 2016. In 

2016, the +S compared to -S treatment had higher WEOC values for all CCs, except oat where the 

trend was reversed (Fig. 2.3), as demonstrated by the interaction (P < 0.0001). The highest WEOC 

concentration was with rye+S and lowest with oat+S. 

For WEON in 2015, a similar interaction of CC by crop residue management (Table 2.3) as the 

HSHT score was observed, where rye+S was 332 to 477 mg N kg-1 higher than all other CC by 
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crop residue combinations (Fig. 2.2). Unlike 2015, in 2016 there was no effect of both treatments 

on WEON concentration (Table 2.4), suggesting temporal influences. 

For Solvita and SLAN in 2015, there were no differences observed for CC and crop residue 

management and their interaction (Table 2.3). But in 2016 there was an interaction for both Solvita 

and SLAN (Table 2.4).  For Solvita, the interaction was due to the higher values for +S than -S for 

no-CC (difference of 1.1 mg CO2-C kg-1) and rye (0.8) but no differences for the other CC and 

crop residue management combinations were observed (Fig. 2.3). In 2016, both no-CC+S and no-

CC-S had statistically lower Solvita respiration than all other CC- crop residue treatments. The +S 

treatment had higher 35.5 mg NH3-N kg-1 SLAN concentration than -S for OSR+Rye treatment, 

while all other CCs were not impacted by crop residue management (Fig. 2.3). Both no-CC+S and 

no-CC-S had higher SLAN concentrations than all other treatments in 2016. 

 

2.4.2.3. Correlations among soil and plant attributes  

No correlations were observed between HSHT score and soil standards (SOC and Cmin2d) in 

both years (Tables 2.5 and 2.6). Likewise, HSHT score did not correlate with marketable tomato 

yield. The only significant correlations observed for HSHT were among its own parameters 

(WEON, WEOC). In 2015, marketable tomato yield was positively correlated to Solvita 

respiration (r=0.40; Table 2.5). Soil health indicators of SOC and Cmin2d were positively 

correlated to each other (r=0.46) and SOC was negatively correlated to SLAN concentration (r=-

0.39). Cover crop biomass (quantity and C content) at all sampling dates were correlated to each 

other (Table 2.5).  At both spring 2015 sample dates, SOC and CC parameters (biomass and C 

content) had a significant positive correlation (r = 0.36 to 0.54). In contrast, at both spring 2015 
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dates, CC biomass and C content were negatively correlated to WEOC (r = -0.35 to -0.54).  There 

were no other significant correlations observed in 2015. 

In 2016, marketable tomato yield was positively correlated to SOC (r = 0.38; Table 2.6). 

Marketable yield was also correlated to CC biomass quantity and C content at all sample timings 

(r = 0.38 to 0.50). Solvita respiration correlated with CC biomass (quantity and C content) at all 

sample dates (r = 0.39 to 0.71).  Likewise, in the May 2016 sampling, Cmin2d and CC biomass 

(quantity and C content) were positively correlated (r = 0.36). A positive correlation was observed 

with SLAN and WEOC (r = 0.47). But SLAN was negatively correlated with marketable yield (r 

= -0.45), as well as SOC concentration (r = -0.35). Additionally, CC biomass quantity and C 

content at all sample dates was negatively correlated to SLAN (r = -0.52 to -0.61). No other 

significant correlations were observed in 2016 except all CC attributes correlated with each other 

at all sample dates (Table 2.6). 

 

2.5.Discussion 

 

 

2.5.1. Cover crop growth and tomato yield 

In fall 2014 and 2015, OSR produced more biomass than all other CCs, which was consistent 

with several studies (Belfry et al., 2017; O’Reilly et al., 2011, 2012; Vyn et al., 1999; Yu et al., 

2015). In spring 2015, no differences in CC biomass were observed. However, in spring 2016, 

OSR+Rye had a greater quantity of biomass than the other CCs, which might be due to the 

production of greater quantity of biomass of OSR in the previous fall and ability of rye CC to 

overwinter and grow in the spring. Similar quantity of biomass production of OSR+Rye was 

observed in earlier studies (Belfry et al., 2017; O’Reilly et al., 2011).  
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Average tomato yield in 2015 and 2016 was approximately 15% and 31% higher than the 

provincial yield (71.8 Mg ha-1 y-1) that includes both fresh and processing field tomatoes 

(Mailvaganam, 2017). Marketable tomato yield was equal to or higher with CCs than the no-CC, 

which was consistent with several studies (Carrera et al., 2007; Lenzi et al., 2009; Sainju et al., 

2001; Summers et al., 2014; Wang et al., 2005). The mechanism of greater yields due to integrating 

CCs into the cropping systems is not well understood but might be attributed to the improvement 

in nutrient dynamics, soil microbial activity, and addition of residue from CC incorporation in soil. 

Regardless of the mechanism, a response in tomato yield was observed with the medium-term 

inclusion of CCs into the rotation. 

Tomato yield was not impacted by the crop residue management in 2015, which might be 

attributed to a masking effect of CCs as observed by Van Eerd et al. (2015).  Unlike 2015, in 2016, 

removing crop residue lowered marketable yield compared to retaining crop residues. The variable 

effect of crop residue management on the tomato yield has been reported in other studies 

(Campiglia et al., 2010; Karuku et al., 2014; Van Eerd et al., 2015), which attributed to differences 

in weather and soil characteristics between site-years. 

 

2.5.2. Effect of cover crop on soil health indicators 

Compared to no-CC, CC plots had a greater SOC concentration and Cmin2d, suggesting that 

medium-term CC C inputs have increased the SOC concentration and soil biological activity. 

Similar trend of greater SOC concentration with CCs than no-CC has been previously reported 

(Blanco-Canqui et al., 2015; Mitchell et al., 2017; Poeplau and Don, 2015; Ruis and Blanco-

Canqui, 2017; Sainju et al., 2000, 2002, 2003). Of the CC tested, rye and OSR+Rye had greater 

SOC, Cmin2d, Solvita, HSHT score and WEON values.  The mechanism of CC-induced increases 
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in SOC is most likely due to the quantity of C inputs over time but may be related to the CC species 

(Higashi et al., 2014), initial levels of soil C (Stewart et al., 2009), soil type and texture (Blanco-

Canqui et al., 2015; Malhi et al., 2011 a,b), and climate conditions (Ruis and Blanco-Canqui , 

2017).  

A significant positive correlation was observed between SOC concentration and tomato 

marketable yield in 2016, suggesting a directly proportional relationship between crop yield and 

soil health (Congreves et al., 2017). A similar improvement in crop yield with greater soil C levels 

was reported by Sainju et al. (2003).  

Unlike our results, Mitchell et al. (2017) observed greater HSHT score values with CCs than 

no-CC treatments. Of all the HSHT parameters, WEOC was the only parameter where differences 

among CC treatments was identified but the trend was opposite to SOC concentrations (i.e. greater 

WEOC concentrations with no-CC than CCs). In contrast, Grebliunas et al. (2015) observed no 

differences in WEOC with and without OSR+rye CC in a silage corn system.  

 

2.5.3. Effect of crop residue management on soil health indicators 

All HSHT parameters, and concentration of SOC and Cmin2d were lower in -S than +S plots, 

likely due to lower C input and reduced soil biological activity with crop residue removal (Lehman 

et al., 2014). Reduction in SOC concentration with crop residue removal was consistent with other 

studies (Blanco-Canqui et al., 2016a, 2016b; Blanco-Canqui and Lal, 2009; Kenney et al., 2015; 

Raffa et al., 2015; Ruis and Blanco-Canqui, 2017; Sainju et al., 1998, 2000; Smith et al., 2012; 

Stetson et al., 2012). Improvements in microbial activity and biomass due to crop residue retention 

have been reported previously (Arcand et al., 2016; Bajgai et al., 2015; Marschner et al., 2011). 
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Greater soil microbial activity might have accelerated the dissolution of soluble constituents of the 

residues and released the enzymes to metabolise those soluble constituents (Arcand et al., 2016).  

All HSHT parameters had lower values in -S than +S plots, which might be attributed to the 

adverse effects of crop residue removal on the nutrient pools resulting in an increase in soil organic 

matter mineralization (Blanco-Canqui and Lal, 2009), and reduction in soil biota (Lehman et al., 

2014; Ruis and Blanco-Canqui, 2017). Both WEOC and WEON are short-term and very dynamic 

nutrient pool for microbes (Jensen et al., 1997), and many factors such as variations in moisture, 

temperature and available substrate (Bai et al., 2012; Chen and Xu, 2008; Curtin et al., 2006; 

Murphy et al., 2007) are involved in influencing concentration of WEOC and WEON in soil (Zhou 

et al., 2012). It is not clear if the differences detected in labile C (Cmin2d and WEOC) were due to 

medium-term effects of CCs or due to tomato crop effects on belowground C dynamics (e.g. 

exudates, root senescence etc.). Thus, future research should evaluate the influence of sampling 

timing on soil attributes.  

 

2.5.4. Evaluating the applicability of HSHT, Solvita and SLAN  

Other than Solvita, no significant correlations were observed between HSHT score nor its 

parameters with SOC, Cmin2d, and tomato marketable yield. Negative, weak correlations between 

SLAN and SOC in both years, SLAN and tomato marketable yield in 2016, and significant positive 

correlation between Solvita and tomato marketable yield in 2015 were observed. The inability of 

HSHT, Solvita, and SLAN to consistently detect treatment differences over the years and the lack 

of correlations of these tests with soil indicators (SOC, Cmin2d) and crop yield calls into question 

the usefulness of HSHT, SLAN, and Solvita as indicators of soil health in our medium-term CC 

experiment. Similarly, others report the inability of HSHT to consistently identify tillage system 
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differences among years and locations (Morrow et al., 2016; Roper et al., 2017) and suggests this 

test is not universally consistent and valid.  

Of the few parameters that had significant correlations, they were weak (i.e., r = -0.3 to 0.5), 

which might be due to i) low sample size (n=40), ii) a lack of variability in soil attributes because 

samples came from the same trial where the only treatment difference was CCs and iii) there were 

minimal differences among treatments in quantity of above-ground C inputs among CCs tested. 

Regardless, the HSHT score did not correlate to any parameters measured other than WEON, 

which is part of the HSHT calculation.  In agreement with our results, the lack of correlation of 

HSHT score and crop yield was observed in North Carolina (Roper et al., 2017). Similarly, in 

Northwest USA, HSHT only detected tillage system and cropping intensity differences in one of 

five long-term experiments, suggesting limited utility (Morrow et al., 2016).  

In agreement with our results, Tu (2016) reported no correlation between Solvita test and soil 

organic matter in Minnesota. The absence of significant correlations between HSHT parameters 

(WEOC and WEON) and SOC might be due to a much larger pool of SOC (roughly 40 times 

larger) than WEOC and WEON, with WEOC being a subset of this pool (Burford and Bremner, 

1975; Davidson et al., 1987; Haney et al., 2012; Morrow et al., 2016; Grebliunas et al., 2015). 

However, others have reported significant correlations between WEOC and WEON with Solvita 

respiration (Haney et al., 2012) and Cmin (Morrow et al., 2016). The absence of correlation 

between the Solvita method and Cmin2d (NaOH trap method) in our study contrasted with the 

results of Haney et al. (2008), where a significant correlation was observed between the soil basal 

Cmin rate and 1 day CO2 flush measured by Solvita test.  
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2.6. Conclusions 

To our knowledge, this is the first evaluation of SLAN, the first independent evaluation of 

HSHT in Canada, and one of the few studies to relate soil health attributes to crop yield in 

horticultural systems. As expected, the HSHT score, SLAN and Solvita did not consistently detect 

treatment differences (CC and crop residue management) nor correlate with crop yield or soil 

quality (SOC or Cmin2d). This inconsistency response calls into question its usefulness of these 

tests as a soil health assessment tool in medium-term (6-yr) experiments. It is possible that 

treatments differences and/or correlations with soil attributes may have been detected in longer-

term (>10-yr) experiments or in those experiments with greater differences in production practices 

(i.e., tillage, crop rotation) and/or contrasting soil types (texture, pedogenesis, inherent SOC levels, 

etc.). 

We document how medium-term (6-yr) usage of summer planted CCs improved soil quality 

and crop yield compared to no-CC control. This research increases our understanding of CC-

induced changes to stable (SOC) and labile C (Cmin2d and WEOC) than no-CC control. It is not 

clear if the CC-induced effects were due to an increase in SOC concentration or reduction in SOC 

losses; hence, providing an opportunity for future research. Including CCs in a vegetable-grain 

crop rotation improved C storage and crop yield, which has important implications for resiliency 

and sustainable food production. 
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Table 2.1 Impact of medium-term summer-planted cover crop (CC, 6-yr) and crop residue 

retained (+S) or removed (–S) (3-yr) on CC biomass and C content in fall 2014 and spring 2015 

a-d For each parameter, means followed by a different letter indicate a significant difference per protected LSD test 

(P<0.05)   

zSE Standard error of mean 

Treatment 22 Oct 2014  22 April 2015  7 May 2015  

 Biomass C content Biomass C content Biomass  C content 

CC kg ha-1 

Oat 2060c 909c 600 221 561 248 

Oilseed radish 

(OSR) 

5430a 2240a 554 239 574 252 

OSR+Rye 3460b 1410b 532 237 558 242 

Cereal rye 1270c 540c 527 216 707 319 

zSE 219 95.4 121 49.7 123 55.3 

Crop residue       

-S 2520 1040 519 221 596 264 

+S 2370 1000 588 235 604 266 

SE 132 56.5 104 44.1 75.4 55.3 

Effects --------------------------------P values---------------------------------------------- 

CC <0.0001 <0.0001 0.9225 0.9422 0.7935 0.7364 

Crop residue 0.3992 0.6401 0.3654 0.6698 0.9218 0.9530 

CC x crop residue 0.5291 0.6050 0.3107 0.6358 0.4664 0.4409 
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Table 2.2 Impact of medium-term summer-planted cover crop (CC 6-yr) and crop residue 

retained (+S) or removed (–S) (3-yr) on CC biomass and C content in fall 2015 and spring 2016 

Treatment 17 Nov 2015 29 April 2016 9 May 2016 

Biomass  C content  Biomass  C content  Biomass  C content  

Cover crop (CC) kg ha-1 

Oat 2170c 883bc 725d 302d 632d 268d 

Oilseed radish 

(OSR) 

6160a 2100a 1070b 446b 966b 413b 

OSR+Rye 3720b 1520ab 1100a 456a 1110a 475a 

Cereal rye 1620d 665c 844c 349c 742c 320c 

zSE 53.3 160 8.23 4.59 7.96 4.70 

Crop residue       

-S 2770a 1330 748 390 861 369 

+S 2700b 1250 746 386 864 369 

SE 27.4 86.2 6.69 4.36 4.36 2.69 

Effects ---------------------------------------------P values----------------------------------------------------- 

CC <0.0001 0.0005 <0.0001 <0.0001 <0.0001 <0.0001 

Crop residue 0.0012 0.1072 0.4515 0.0776 0.3369 0.9801 

CC x crop residue 0.0246 0.4923 0.2732 0.4891 0.2429 0.5724 

a-d For each parameter and effect, means followed by a different letter indicate a significant difference per protected 

LSD test (P<0.05).  

zSE Standard error of mean  



39 
 

Table 2.3 Impact of medium-term summer-planted cover crop (6-yr) and crop residue retained 

(+S) or removed (–S) (3-yr) on the soil parameters (0-15 cm depth) in 2015 

Treatment HSHTz  Solvita-CO2  SLAN  WEOC  WEON  SOC  Cmin2d 

Cover crop (CC) Score mg CO2-C kg-1 mg NH3-N kg-1 mg C kg-1 mg N kg-1 mg C g-1 mg C kg-1 

No cover 53.9ab 15.3 111 1460a 352ab 33.8c 1120b 

Oat 43.4b 15.3 99.6 1000ab 277b 35.5b 1120b 

Oilseed radish 

(OSR) 

50.0ab 15.4 105 862b 340ab 35.8b 1200ab 

OSR+Rye 41.2b 15.4 102 1500a 236b 37.2a 1260a 

Cereal rye 71.0a 15.3 99.1 737b 476a 38.0a 1190ab 

ySE 5.97 0.08 3.86 142 50.4 0.18 32.1 

Crop residue        

+S 57.4a 15.3 99.3b 1170 376 36.5a 1230a 

-S 46.4b 15.3 108a 1055 296 35.7b 1130b 

SE 4.06 0.07 2.26 103 35.5 0.10 25.8 

Effects ----------------------------------------------------   P values   ----------------------------------------------------    

CC 0.0074 0.2194 0.1898 0.0015 0.0127 <0.0001 0.0041 

Crop residue 0.0388 0.7822 0.0084 0.2558 0.0632 <0.0001 <0.0001 

CC x Crop residue 0.0020 0.8703 0.1997 0.0956 0.0063 0.0226 0.3652 

a-c For each parameter and effect, means followed by a different letter indicate a significant difference per protected 

LSD test (P<0.05). 

HSHT Haney soil health test score, WEOC water extractable organic C, WEON water extractable organic N, SLAN 

Solvita labile amino N, SOC soil organic C, Cmin2d cumulative 2d soil C mineralization  

zGreater values represent better soil health 

ySE Standard error of mean 
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Table 2.4 Impact of medium-term summer-planted cover crop (6-yr) and crop residue retained 

(+S) or removed (–S) (3-yr) on the soil parameters (0-15 cm depth) in 2016 

Treatment HSHTz  Solvita-CO2
 z SLAN WEOC WEON  SOC  Cmin2d  

Cover crop (CC)  Score mg CO2 kg-1 mg NH3 kg-1 mg C kg-1 mg N kg-1 mg C g-1  mg C kg-1  

No cover 91.6 13.1c 154a 1780a 687 34.0b 1020 

Oat 119 14.7b 92.8b 1370d 935 38.1a 1020 

Oilseed radish 

(OSR) 

91.1 14.9b 86.8b 1660c 683 37.1a 1080 

OSR+Rye 101 15.4a 90.9b 1720b 771 36.ab 1140 

Cereal rye 97.6 15.3a 100b 1750ab 717 37.5a 1070 

ySE 11.2 0.09 5.09 15.0 102 0.664 40.0 

Crop residue        

+S 97.3 14.9a 109 1850a 716 36.7 1110a 

-S 103 14.5b 100 1460b 802 36.5 1020b 

SE 8.53 0.016 3.22 13.4 77.8 0.364 22.8 

Effects --------------------------------------------------   P values   --------------------------------------------------    

CC  0.2275 <0.0001 <0.0001 <0.0001 0.2436 0.0051 0.2239 

Crop residue 0.4841 <0.0001 0.0544 <0.0001 0.2786 0.7268 0.0003 

CC x crop residue 0.7047 <0.0001 0.0089 <0.0001 0.5445 0.7265 0.8449 

a-d For each parameter and effect, means followed by a different letter indicate a significant difference per protected 

LSD test (P<0.05). 

HSHT Haney soil health test score, WEOC water extractable organic C, WEON water extractable organic N, SLAN 

Solvita labile amino N, SOC soil organic C, Cmin2d cumulative 2d soil C mineralization. 

zGreater values represent better soil health 

ySE Standard error of mean 
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Table 2.5 In a medium-term cover crop (6-yr) experiment, Spearman correlation coefficients of 

soil (0-15 cm depth), cover crop and tomato crop parameters in 2015 

*Significant correlation at P < 0.05 

HSHT score Haney soil health test score, Solvita (1d CO2 test), SLAN Solvita labile amino N, WEOC water extractable 

organic C, WEON water extractable organic N, SOC soil organic C, Cmin2d cumulative 2d soil C mineralization, MY 

marketable yield, CCC cover crop C content, CCB cover crop biomass 

  

Parameters Units HSHT 

Score 

Solvita  SLAN  WEOC WEON SOC  Cmin2d MY CCC 

Oct 

2014 

CCC 

April 

2015 

CCC 

May 

2015  

CCB 

Oct 

2014  

CCB 

April 

2015 

CCB 

May 

2015 

HSHT Score - ----- ------ ------- ------ ------ ------ ------ -----

- 

----- ------

- 

----- ----- ----- ----- 

Solvita  mg CO2-C 

kg-1       

0.04 ----- ------ ------ ------- ------ ------ -----

- 

------ ------

- 

------ ----- ----- ----- 

SLAN  mg NH3-N 

kg-1 

-0.12 0.012 ----- ------- ------ ------

- 

------ -----

- 

------ ------

- 

------ ------ ------ ------ 

WEOC  mg C kg-1 -0.50* 0.16 0.30 ----- ------- ------

- 

------- -----

-- 

------ ------

- 

------

- 

------

- 

------

- 

------ 

WEON  mg N kg-1 0.99* 0.01 -0.12 -0.53* ----- ------

- 

------ ----- ------

- 

------

- 

------

- 

------

- 

------

-- 

------ 

SOC  mg C kg-1 -0.007 0.09 -0.39* -0.16 0.02 ------ ------ -----

- 

------ ------

- 

------ ------ ----- ----- 

Cmin2d mg C kg-1 0.01 -0.11 -0.16 -0.08 0.02 0.46* ------ -----

- 

------ ------

- 

------ ------ ------ ------ 

MY Mg ha-1 -0.22 0.40* -0.16 0.16 -0.23 0.01 0.11 -----

- 

------ ------

-- 

------ ------ ------ ------ 

CCC Oct 

2014 

kg C ha-1 -0.23 0.04 -0.05 -0.05 -0.22 0.25 0.29 0.29 ----- ------

- 

------ ------ ------ ----- 

CCC April 

2015 

kg C ha-1 0.04 -0.23 -0.10 -0.51* 0.07 0.41* 0.34 0.07 0.52* ------

- 

----- ------ ----- ----- 

CCC May 

2015 

kg C ha-1 -0.004 0.12 -0.09 -0.35* 0.02 0.54* 0.22 0.28 0.43* 0.52* ------ ------ ----- ----- 

CCB Oct 

2014 

kg ha-1 -0.22 0.05 -0.04 -0.05 -0.21 0.26 0.30 0.06 0.99* 0.53* 0.42* ------ ----- ----- 

CCB April 

2015 

kg ha-1 0.07 -0.26 -0.05 -0.54* 0.10 0.36* 0.28 0.06 0.48* 0.97* 0.55* 0.48* ------ ----- 

CCB May 

2015 

kg ha-1 -0.007 0.12 -0.08 -0.35* 0.01 0.54* 0.23 0.28 0.43* 0.53* 0.99* 0.43* 0.57* ------ 
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Table 2.6 In a medium-term cover crop (6-yr) experiment, Spearman correlation coefficients of 

soil (0-15 cm depth), cover crop and tomato crop parameters in 2016 

*represents significant correlation at P < 0.05 

HSHT score Haney soil health test score, Solvita (1d CO2 test), SLAN Solvita labile amino N, WEOC water extractable 

organic C, WEON water extractable organic N, SOC soil organic C, Cmin2d cumulative 2d soil C mineralization, MY 

marketable yield, CCC cover crop C content, CCB cover crop biomass  

Parameters Units HSHT 

Score 

Solvita SLAN WEOC  WEON SOC  Cmin2d MY  CCC 

Nov 

2015 

CCC 

April 

2016 

CCC 

May 

2016  

CCB 

Nov 

2015  

CCB 

April 

2016  

CCB 

May 

2016  

HSHT 

Score 

------- ------- ------ ------- ------ ------ ------ ------ ------ ----- ------

- 

----- ----- ----- ----- 

Solvita mg CO2-

Ckg-1  

-0.03 ----- ------ ------ ------- ------ ------ ------ ------ ------

- 

------ ----- ----- ----- 

SLAN  mg NH3-N 

kg-1 

-0.13 -0.46* ----- ------ ------- ------ ------ ------ ------ ------

- 

------ ----- ----- ----- 

WEOC  mg C kg-1 0.20 0.20 0.47* ------ ------- ------ ------ ------ ------ ------

- 

------ ----- ----- ----- 

WEON  mg N kg-1 0.99* -0.08 -0.13 -0.25 ----- ------ ------ ------ ------ ------

- 

------ ----- ----- ----- 

SOC  mg C kg-1 -0.06 0.32 -0.35* -0.22 -0.06 ------ ------ ------ ------ ------

- 

------ ----- ----- ----- 

Cmin2d mg C kg-1 -0.07 0.26 -0.016 0.23 -0.12 -0.03 ------ ------ ------ ------ ------ ------ ------ ------ 

MY Mg ha-1 -0.20 0.30 -0.45* -0.13 -0.19 0.38* -0.08 ------ ------ ------

- 

------ ------ ------ ------ 

CCC Nov 

2015 

kg ha-1 0.16 0.44* -0.61* -0.14 0.14 0.20 0.19 0.49* ------ ------

- 

------ ------ ------ ----- 

CCC April 

2016 

kg C ha-1 0.07 0.66* -0.53* 0.02 0.03 0.20 0.27 0.41* 0.84* ------

- 

------ ------ ------ ----- 

CCC May 

2016 

kg C ha-1 -0.006 0.71* -0.53* 0.03 0.02 0.21 0.35* 0.45* 0.81* 0.95* ----- ------ ------ ----- 

CCB Nov 

2015 

kg ha-1 0.11 0.39* -0.59* -0.13 -0.13 0.27 0.18 0.50* 0.96* 0.81* 0.77* ------ ------ ------ 

CCB April 

2016 

kg ha-1 0.09 0.65* -0.52* 0.003 0.003 0.19 0.31 0.38* 0.83* 0.99* 0.95* 0.80* ------ ----- 

CCB May 

2016 

kg ha-1 -0.01 0.70* -0.53* 0.04 0.04 0.24 0.36* 0.44* 0.80* 0.95* 0.99* 0.77* 0.95* ------ 
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Fig. 2.1 Gantt chart of crop rotation in a medium-term cover crop experiment since establishment 

in 2007 (Site 1) and repeated at an adjacent site in 2008 (Site 2). Main crop residue removal 

treatment shown since establishment but details on the timing of biomass and soil sampling are 

shown only during this study period. Letters indicate months of the year. 

 

  

1: 2007 2008 2009 2010 2011 2012

2: 2008 2009 2010 2011 2012 2013

J A J O J A J O J A J O J A J O J A J O J A J O

Pea Sweet corn Spring wheat Tomato Grain corn Squash 

Site 1: 2013 2014 2015

Site 2: 2014 2015 2016

J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D

Soybean Winter wheat Tomato

Main crop Biomass and soil sampling

No crop Biomass removal treatment

Cover crop
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Cover crop treatment 
Fig. 2.2 Effect of medium-term summer-planted cover crop (6-yr) and crop residue retained (+S) 

or removed (–S) (3-yr) on water extractable organic N (WEON) concentration, Haney soil health 

test (HSHT) score, and soil organic C (SOC) concentration in 2015. For each attribute, means 

followed by a different letter indicate a significant difference per protected LSD test (P<0.05). 
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Cover crop treatment 

Fig. 2.3 Effect of medium-term summer-planted cover crop (6-yr) and crop residue retained (+S) 

or removed (–S) (3-yr) on Solvita respiration (1-d), water extractable organic C (WEOC) 

concentration, and Solvita labile amino N (SLAN) concentration in 2016. For each attribute, 

means followed by a different letter indicate a significant difference per LSD test (P<0.05). 
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CHAPTER 3: QUANTIFYING SOIL QUALITY IN A COVER CROPPING SYSTEM  

 

3.1 ABSTRACT 

Understanding and interpretation of soil quality is crucial to strategize land management practices 

for sustaining agricultural productivity while mitigating environmental degradation. A medium-

term cover crop (CC) trial, established in 2007 and repeated in 2008, at Ridgetown, Ontario was 

used to evaluate the comprehensive assessment of soil health (CASH), to develop a weighted soil 

quality index (WSQI), and to compare scores of CASH, Haney soil health test (HSHT), and WSQI 

in surface soil (15 cm) in 2015 and 2016 (herein referred to as site-years). Differences detected in 

soil mineral N, soil C mineralization, and crop yield with CC treatments previously demonstrated 

the appropriateness of this experiment for quantifying soil quality.  Out of 25 potential soil quality 

indicators, 19 soil indicators were responsive to CC treatments and represented a total dataset. 

Using principal component analysis (PCA) of the total dataset, a minimum dataset (five indicators; 

pH, organic matter (OM), Solvita labile amino N (SLAN), Solvita CO2-burst, and water extractable 

organic C (WEOC)) was identified to calculate a WSQI. The WSQI and CASH scores were 

equivalent in detecting CC treatment differences in site-year 2015, but CASH detected greater 

magnitude (12.1%) of treatment differences than WSQI (5.7%) in site-year 2016.  Soil quality 

indicator values were greater with cereal rye and a mixture of oilseed radish and rye (OSR+Rye) 

than other tested CCs. Our results indicate the potential of CCs in significantly improving soil 

quality in the medium-term (6-yr). This study is the first independent evaluation of CASH in a 

horticultural system in a humid, temperate climate, and first study to compare WSQI with 

commercial soil quality tests. Even though CASH and WSQI differentiated between CC treatments 

for soil quality evaluation in both site-years, we recommend WSQI as a valuable and practical tool 
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(lesser number of indicators; five vs. 15), for quantifying soil quality in similar production regions 

and climatic conditions.  

 

3.2. Introduction 

Sustainable use of land resources is critical for preventing soil degradation, maintaining 

agroecosystem resiliency, and improving human health (Nakajima et al., 2015; Wall et al., 2015). 

Therefore, agricultural management practices that maintain crop and soil productivity without 

causing a deleterious effect on the soil and environmental quality are needed. Integrating cover 

crops (CC) into the cropping system may provide numerous benefits such as sequestering soil C 

and N, increasing organic matter (OM), increasing aggregate stability, nutrient cycling, crop 

productivity, and overall soil quality (Blanco-Canqui et al., 2015; Lal, 2016). Cover crops are also 

known to reduce the potential negative impacts of crop residue removal on soil quality (Ruis and 

Blanco-Canqui, 2017).  However, the CC and crop residue removal effects on soil and crop 

attributes, vary depending on soil, climatic, and agricultural management practices. Therefore, 

research is needed to better discern the regional impacts of agroclimatic conditions, land 

management, and their interactions on soil quality.  

Soil quality is closely associated with soil functions and processes (Karlen et al., 2003; 

Kibblewhite et al., 2008) and can be defined as the ability of soil to support ecosystem functioning 

while sustaining and maintaining environmental quality (Andrews et al., 2004). Yet, evaluation of 

overall soil quality is complex due to the interactions between soil physical, chemical, and 

biological properties (Idowu et al., 2008, 2009; Karlen et al., 2003). The lack of a single universal 

approach (Andrews et al., 2004; Askari and Holden, 2014; Obade and Lal, 2017) is a major 

constraint limiting the assessment of soil quality. Despite the lack of a uniform approach, 



48 
 

commercial tests such as the comprehensive assessment of soil health (CASH; Fine et al., 2017), 

and Haney soil health test (HSHT; Haney et al., 2018), have been used to quantify soil quality. 

However, specificity (sites, cropping systems, agroclimatic conditions) of these tests limits their 

applicability across larger scales. Therefore, research is needed to reliably evaluate soil quality 

over different geographical scales.      

The first step of quantifying soil quality is selecting a set of soil indicators (Andrews et al., 

2002). Use of principal component analysis (PCA; Andrews and Carroll, 2001), for the selection 

of a minimum dataset, helps to reduce the data redundancy, explains the data variability, and 

facilitates the selection of soil indicators by categorically grouping them into principal components 

(PC; Vasu et al., 2016).  The next step in developing a soil quality index is indicator interpretation 

and scoring using scoring functions. The final step is integrating the indicator score values into an 

overall soil quality index score (Andrews et al., 2002; Askari and Holden, 2014; Govaerts et al., 

2006; Obade and Lal, 2016; Qi et al., 2009). Many different quantitative models (additive, 

weighted, integrated, nemero) have been developed for calculating soil quality indices (Askari and 

Holden, 2014; Doran and Parkin, 1994; Qi et al., 2009; Qin and Zhao, 2000). Regardless of the 

approach soil quality indices might give variable and contradictory results in a specific 

management system (Vasu et al., 2016). This highlights the need for research to compare the 

different approaches of quantifying soil quality. 

For instance, CASH includes soil texture evaluation and integrates fifteen (four physical, four 

biological, and seven chemical) different soil indicators; individual indicators are scored (0-100) 

based on the cumulative normal distribution of the datasets used (Moebius-Clune et al., 2017). The 

CASH score is an un-weighted average of indicator scores (Idowu et al., 2009). In contrast to 

CASH, the HSHT score includes three different soil indicators (biological) associated with nutrient 
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cycling (Haney et al., 2018). Both CASH and HSHT were designed to assist producers in 

identifying potential crop production constraints (Idowu et al., 2009; Haney et al., 2018). However, 

un-weighted approach used in CASH and lack of physical and chemical indicators in HSHT are 

limitations. Thus, weighted soil quality index (WSQI), using the minimum dataset, was developed 

for quantitative assessment of soil quality in our production region. Compared with an un-weighted 

approach, a weighted index is considered to be more reliable as it better explains the relationship 

between soil quality score and a distinct soil function (Vasu et al., 2016). The WSQI, developed 

using PCA, also provides better explanation of inter-relationships between the soil quality 

indicators (Congreves et al., 2015). Additionally, a correlation was detected between a WSQI score 

and crop yield by Vasu et al. (2016), indicating the potential of WSQI to be used as a reliable tool 

of soil quality assessment. Although the results of soil quality indices vary across diverse 

management systems and climatic conditions, developing a WSQI based on the intended use by 

the researcher/grower might increase its spatial adaptability. 

In addition to the aforementioned indicators of CASH and HSHT, other soil quality indicators 

are bulk density, soil mineral N (ammonium-N and nitrate-N) and SLAN (Brinton, 2016). Bulk 

density is a direct reflection of aeration and infiltration status of soil (Schoenholtz et al., 2000), 

whereas soil mineral N concentration has been observed to be highly sensitive to CC management 

(Coombs et al., 2018; Belfry et al., 2017; O’Reilly et al., 2012). But none of these indicators have 

been included in commercial tests. Solvita labile amino N (SLAN) is a commercial test which 

includes only one indicator of labile N and provides information about the status of soil microbial 

activity. Therefore, all these additional soil indicators were evaluated for WSQI development due 

to their potential role in influencing soil processes and functions. 
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Compared with HSHT (Chahal and Van Eerd, 2018; Mitchell et al., 2017; Roper et al., 2016; 

Yost et al., 2018) and SLAN (Chahal and Van Eerd, 2018), CASH has been evaluated across 

numerous studies in field grain crops (Andrews and Carroll, 2001; Armenise et al., 2013; 

Congreves et al., 2015; Idowu et al., 2009, Karlen et al., 2006; Svoray et al., 2015). However, the 

applicability of these commercial tests in horticultural systems has not been well investigated 

(Chahal and Van Eerd, 2018; Roper et al., 2016). Due to the shorter growing season of vegetable 

compared to grain crops, more time is available for CC growth and C inputs. But compared to 

grain crops, many vegetable crops return less C in the form of crop residues (Sainju et al., 2001). 

A shorter window for CC establishment and growth in temperate than in tropical conditions poses 

a major challenge in achieving adequate CC growth; thus, limits in maximizing CC benefits on 

soil and crop productivity. Moreover, the intensive management practices (excessive use of tillage 

and heavy harvesting equipment) of vegetable cropping systems may increase soil degradation and 

nutrient losses, and decrease soil OM and fertility. Therefore, assessments of soil quality methods 

in vegetable cropping systems are needed. This study will provide valuable information by 

identifying the key soil quality indicators in CC-based vegetable systems in humid temperate 

climates. 

We hypothesize that (i) CC and crop residue retention will have a positive influence on soil 

quality indicators used in CASH and overall soil quality as measured by CASH, HSHT, and WSQI 

compared with the no cover crop control (no-CC) and crop residue removal, and (ii) WSQI will 

be more suitable and appropriate method of assessing soil quality than either CASH and HSHT. 

Therefore, the main objectives of this study were to (i) evaluate the medium-term (6-yr) effects of 

CC on CASH indicators, (ii) identify a minimum dataset (representing key soil quality indicators) 

for developing WSQI, and (iii) compare the soil quality scores of CASH, HSHT, and WSQI in a 
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temperate humid climate. Although the WSQI would be specific to the production system and 

climatic conditions, the methods used for developing WSQI can be extended to other agroclimatic 

regions and may be a valuable tool for assessing and monitoring soil quality. 

 

3.3. Materials and Methods 

 

3.3.1. Site description and experimental design  

A medium-term CC experiment was established in 2007 at the University of Guelph, Ridgetown 

Campus (42º46’N, 81º96’W, elevation 200m) as previously described (Belfry et al., 2017; Chahal 

and Van Eerd, 2018; O’Reilly et al., 2012; Ouellette et al., 2016). The experiment was on a sandy 

loam soil (Orthic humic gleysol), which was tile-drained. The tiles were aligned perpendicular to 

the replications at a depth of 0.91 m from the surface. Mean annual air temperature and total 

precipitation from 1986-2016 were 9.6 ºC and 72.4 mm, respectively. The rotation was typical of 

Ontario processing vegetable production systems and included grain and oilseed crops (Table 

S3.1). Since 2007, CCs were planted each summer (either in July, August or early September 

depending on the main crop harvest date), except CC were not sown in 2011 after grain corn 

harvest nor in 2014 when winter wheat was planted (Table S3.1). Therefore, CC were grown six 

times over the rotation since 2007 to 2015 when soil sampling occurred. In select years, a main 

crop residue management treatment (i.e., biomass removed or retained) was applied in the split-

plot in 2009, 2011, and 2014 after spring wheat, grain corn, and winter wheat harvest, respectively 

(i.e., three times over the rotation since 2007 to 2015). The experiment was repeated in 2008 at an 

adjacent site (6 m apart) following the same crop rotation, CC treatments and crop residue 



52 
 

management treatments. To clearly note that sampling occurred at different sites in different years 

the term “site-year” was used.  

In both site-years, the experimental design was split-plot arranged as a randomized complete 

block, with four replications.  The main plot (16 by 6 m) was CC treatment and split-plot (8 by 6 

m) was crop residue management (removed vs retained).  The CC treatments were no-cover crop 

control (no-CC), oat (Avena sativa L.), winter cereal rye (rye; Secale cereale L.), oilseed radish 

(OSR; Raphanus sativus L. var. oleoferus Metzg. Stokes), and a mixture of OSR and winter cereal 

rye (OSR+Rye) and were grown in the same main plots every year. Therefore, each experimental 

site had 40 plots (5 CC treatments x 2 crop residue management treatment x 4 replicates). See 

Chahal and Van Eerd (2018) for further details on field operations, CC biomass and C content.  

 

3.3.2. Soil sampling and analyses 

Both experimental sites were sampled at processing tomato harvest which occurred on 11 

September 2015 (designated site-year 2015) and 6 September 2016 (site-year 2016; Table S3.2). 

From each split-plot (40), a composite sample of ≥ 20 soil cores (3.5 cm diameter) was taken from 

0-15 cm depth. In the field, soil was homogenized, plant debris removed and placed in a cooler 

with ice packs for transportation to the lab. Analysis occurred at Ridgetown Campus or samples 

were shipped to another lab (Cornell Soil Health Laboratory, Ithaca, USA). Regardless, all soil 

quality indicators were expressed on dry weight basis, except penetrometer readings. 

 

3.3.2.1. Comprehensive assessment of soil health  

For CASH analysis, soil was packed on ice packs, and shipped to the Cornell University Soil 

Health Laboratory (Ithaca, NY). The protocols for analyzing CASH indicators of wet aggregate 
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stability (WAS, % by rainfall simulation; Moebius-Clune et al., 2011), active C (mg kg-1 by 

permanganate oxidation; Weil et al., 2003), soil respiration (mg g-1 by KOH trap method; Zibilske, 

1994), autoclaved citrate extractable protein index (API, mg g-1 by autoclaved citrate extractable 

protein; Wright and Upadhyaya, 1996), available water capacity (AWC, g g-1 by subtracting 

gravimetric water content at field capacity (-10 kPa) and permanent wilting point (-1500 kPa); 

Reynolds and Topp, 2008), OM (% by loss on ignition; Broadbent, 1965), pH (1:1 v/v), extractable 

P (mg kg-1 by Olsen bicarbonate extraction), K (mg kg-1), Mg (mg kg-1), and some micronutrients 

(Zn, Fe, Mn; mg kg-1 using atomic absorption via ammonium acetate extraction) are listed in 

Moebius-Clune et al. (2017). Surface (0-15 cm) and sub-surface (15-45 cm) penetration resistance 

was measured with a penetrometer by taking an average of 10 measurements from each sub-plot 

avoiding the wheel traffic tracks (Moebius-Clune et al., 2017), at tomato harvest in 2015, but due 

to an oversight, was not done in 2016. However, surface (0-15 cm) and sub-surface (15-45 cm) 

penetration resistance measurements were taken in 2017 from both sites at two weeks before tillage 

(May 19) and 10 weeks after tillage (August 4; Table S3.1). In site-year 2015, penetration 

resistance measurements were taken at the same time as sampling for CASH indicators (tomato 

harvest in September). Thus, soil was relatively dry and not at field capacity, which is ideal 

moisture content according to methods by Moebius-Clune et al., (2017). However, measurements 

in May 2017 were taken when the soil moisture content was nearer field capacity. Penetrometer 

readings were not corrected for soil moisture content, which is consistent with CASH 

recommended methods (Fine et al. 2017). Regardless, there were no treatment differences on 

gravimetric soil moisture at tomato harvest.  

Comprehensive assessment of soil health score was calculated as an un-weighted average of 

the individual normalized scores of the indicators. The individual indicator values were scored 
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using a scoring function of cumulative normal distribution (Fine et al., 2017; Moebius-Clune et 

al., 2017). 

 

3.3.2.2. Haney soil health test 

For HSHT, soil samples were sieved (2 mm), dried (40º C for 24h), and analyzed for water 

extractable organic C (WEOC), water extractable organic N (WEON), and Solvita 1d CO2-burst 

(Chahal and Van Eerd, 2018; Haney and Haney, 2010; Haney et al., 2008, 2012) for calculation 

of HSHT score.  The HSHT protocol suggests the use of de-ionized water (at room temperature) 

for evaluation of WEOC and WEON (Haney et al., 2018). The HSHT score was calculated as:  

HSHT score= Solvita CO2-burst/WEOC/WEON+WEOC/100+WEON/10 (Haney, 2015) 

Although, the Haney soil fertility test measures inorganic nutrients (N, P, K), and weak acid 

extractable P, Fe, and Al (Haney et al., 2018), the study did not measure these indicators. As 

described in Chahal and Van Eerd (2018), Solvita CO2-burst was quantified by incubating the soil 

and gel paddles for 24h with readings taken with the digital colorimeter reader. Solvita CO2-burst 

was expressed as mg CO2-C kg-1 soil.  

 

3.3.2.3.Additional soil quality indicators  

Bulk density and ammonium and nitrate-N concentrations are reported to be important 

indicators for evaluation of management induced impacts on soil quality (Bunemann et al., 2018; 

Zornoza et al., 2015), but these indicators are not included in CASH and HSHT. Ammonium-N 

and nitrate-N were quantified according to Maynard et al. (2008) and O’Reilly et al. (2012). 

Briefly, 5 g moist soil sub-sample was oven-dried (105º C) for estimating moisture content, 

whereas another 5 g sub-sample was extracted with 25 mL of 2M KCl by shaking for 30 mins, 
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followed by filtering, and analyzing the extracts on an Auto Analyzer (SEAL Analytical Inc., 

Mequon, WI, USA) using the cadmium reduction and phenate methods (Maynard et al., 2008). 

Bulk density was measured on a composite sample of three cores (ring 7.5 cm diameter by 7.5 cm 

height), avoiding the wheel traffic tracks, from 7.5-15 cm depth from each sub-plot (n=40) within 

3 to 4 d of soil sampling (15 September 2015 and 9 September 2016; Maynard and Curran, 2008). 

The SLAN was quantified similar to Solvita CO2-burst and expressed as mg NH3-N kg-1 soil 

(Chahal and Van Eerd, 2018). Marketable processing tomato yield (calculated using fresh fruit 

weight and area harvested) in 2015 and 2016 (Chahal and Van Eerd, 2018) was used to characterize 

the relationships of crop productivity with soil indicators and production practices. 

 

3.3.3. Statistical approach and data analysis 

Statistical analysis was conducted using SAS (SAS Institute, version 9.4 Cary, NC, USA), 

where data from each site-year were subjected to an analysis of variance (PROC GLIMMIX).  

Each site-year was analyzed separately due to an interaction between the site-years and CC 

treatments (P < 0.05). Initial analysis revealed no crop residue management effect in both site-

years. No CC by crop residue management interaction was detected in site-year 2015. However, 

in site-year 2016, out of 15 CASH indicators, only respiration and surface penetration resistance 

had an interaction between CC and crop residue management (Fig. S3.1). The general lack of 

interaction of the CASH indicators suggests a similar response of soil indicators to CC treatment 

with or without crop residue retention. Therefore, analysis focused on CC effects. 

To determine the impact of CC treatment on all soil quality indicators, a generalized linear, 

mixed model (PROC GLIMMIX) was used with CC treatment as fixed effect and replication as 

the random effect. No data transformations were required because analysis of residuals 
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(studentized residuals) and Shapiro-Wilks test of normality confirmed the assumptions of ANOVA 

(Bowley, 2015). No outliers were detected based on the studentized conditional residuals. Cover 

crop treatment means were compared using protected least significant difference test at P<0.05.  

Multivariate analysis (PROC PRINCOMP) was used to calculate the weights of the individual 

soil indicators and evaluate the relationships between indicators. The indicator groupings and 

direction of eigenvectors (as determined from the eigenanalysis) visually indicates the relationship 

and interdependence of indicators. To identify the minimum dataset, only the indicators sensitive 

to CC treatment (P < 0.05) were included in the total dataset for PCA. Thus, the total dataset 

consisted of 19 soil indicators (i.e., six indicators were excluded (bulk density, P, Fe, Zn, silt, and 

sub-surface penetration resistance) because no CC effect was detected in either site-year; Table 

3.1). At site-year 2015, no differences were observed in the penetration resistance values between 

2015 and 2017 (paired t-test P > 0.05, Table S3.3). Therefore, for the PCA to develop WSQI, 

penetration resistance data collected in 2015 was used from site-year 2015 and in August 2017 

from site-year 2016.  

Using these 19 soil indicators (Table 3.1) of the total dataset (consisting of indicators of CASH, 

HSHT, SLAN, ammonium-N, and nitrate-N), four principal components (PC) were selected based 

on scree plots (i.e., the point of inflection). In each PC, indicators with greatest absolute 

eigenvectors and within 10% of the greatest values were retained (seven indicators; Andrews et 

al., 2002; Table 3.1). When more than one indicator was selected from a PC, a multivariate 

correlation analysis was evaluated to confirm redundancy between indicators. If a significant 

correlation (Spearman correlation analysis (PROC CORR) P < 0.05) was present between the 

indicators, the parameter with the lowest eigenvector was eliminated (Andrews et al., 2002).  
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3.3.4. Development of a weighted soil quality index 

The minimum dataset, used for developing WSQI, identified five soil quality indicators. Soil 

indicator values identified in the minimum dataset were transformed to scores on a scale of 0 to 1 

using the “more is better” approach, except for pH, where a threshold value approach was used. In 

the “more is better” approach, each indicator value was divided by the maximum value observed 

(Vasu et al., 2016). For pH, the threshold was 7.01, where “more is better” system was followed 

for values below the threshold and “lesser is better” approach for values above the threshold 

(Andrews et al., 2002). After scoring the indicators, weighting factors for the minimum dataset 

were calculated using the PCA (Table 3.1). Indicator weights were calculated by dividing the 

percent variance accounted by each PC by the cumulative variance of the selected PCs (Ray et al., 

2014). All the indicators selected within each PC were assigned the same weighting factor (Vasu 

et al., 2016).  

The WSQI score was calculated as the weighted average of the indicator score values, as 

described in an equation as follows: 

 WSQI score= (S1 x w1)+ (S2 x w2) + (S3 x w3)+…………………(Sn x wn) 

    (w1+w2+w3+………..wn) 

where S represents the individual soil quality indicator score, and w represents the indicator 

weights. The WSQI score was multiplied by 100 to convert the score values to a unitless number 

expressed as a percentage. To compare among the soil quality tests (CASH, HSHT, and WSQI), 

an analysis of variance was conducted with score values as a dependent variable using a mixed 

model (PROC GLIMMIX) with replicate as a random effect and fixed effects of CC, test and their 

interaction. Additionally, Spearman correlation analysis (PROC CORR) was used to evaluate the 

relationship between test scores and tomato marketable yield. 
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3.4. Results  

 

3.4.1. Principal component analysis  

In the total dataset (19 soil quality indicators), four PCs accounted for 62.9% of the cumulative 

variance (Table 3.1). From the total dataset, two distinct groups were observed in the PC1-PC2 

and PC1-PC3 due to the two site-years (Fig. S3.2), but not between the other PCs (Fig. S2). Clear 

separation of no-CC from other CC treatments was observed between PC2-PC3 (Fig. 3.1), and 

PC4-PC3 (Fig. S3.3). However, no clear relationship was observed for CC treatment when plotted 

on the other PCs (Fig. S3.3). From the first two PCs of the total dataset, the PCA accounted for 

45.4% of the cumulative variance; two-dimensional plotting and the pattern of eigenvectors 

indicated five major groups of related soil quality indicators, highlighting the categories of 

indicators with close association (Fig. 3.2). A close association between OM and active C was 

detected from the biplots of the PCs of the total dataset, except between PC3 and PC4 (Fig. S3.4).  

From the PCA of the total dataset, indicators with the greatest eigenvectors and within 10% of 

the greatest values in each PC were soil pH (eigenvector 0.39) and respiration (eigenvector 0.37) 

on PC1, OM (eigenvector 0.46) and API (eigenvector 0.43) on PC2, SLAN (eigenvector 0.54) and 

Solvita CO2-burst (eigenvector -0.45) on PC3, and WEOC (eigenvector 0.54) on PC4 (Table 3.1). 

Due to the presence of a strong significant positive correlation between soil pH and respiration on 

PC1 (r=0.68, P < 0.0001), between OM and API on PC2 (r=0.82, P < 0.0001), consequently only 

soil pH and OM were retained on PC1 and PC2, respectively. However, no significant multivariate 

correlation (P = 0.5750) was present between the variables on PC3 and PC4, therefore, Solvita 

CO2-burst and SLAN from PC3, and WEOC from PC4 were selected for the minimum dataset due 

to the greatest eigenvectors of these soil indicators (Table 3.1).Within the minimum dataset, soil 
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pH had the greatest weighting factor (Table 3.1) and hence the maximum contribution to WSQI 

score. The other indicators include in WSQI in order of greater significance were OM, SLAN, 

Solvita CO2-burst, and WEOC (Table 3.1). The remaining indicators did not meet the selection 

criteria into the WSQI and were thus deemed not relevant.  

In contrast to the total dataset, using PCA on the minimum dataset (i.e., indicators in WSQI) 

led to the selection of two PCs which accounted for 62.2% of cumulative variance (Fig. 3.3). From 

the biplot of PC1 and PC2, three groups were identified: (i) Solvita CO2-burst and OM, (ii) pH and 

WEOC, (iii) SLAN (Fig. 3.3).  

 

3.4.2. Effect of CC treatments on soil quality indicators 

In site-year 2015, CC treatments had a positive influence on eight out of 15 CASH indicators 

(Table 3.2). Compared to other CC tested in the study, OSR and OSR+Rye had greater values for 

WAS, OM, active C, API, respiration, whereas, oat and no-CC had the lowest values for those soil 

indicators.  Surface penetration resistance was greatest with oat and OSR but lowest with no-CC. 

The CC effect was not observed in the remaining seven soil quality indicators in site-year 2015 

(Table 3.2). 

In site-year 2016, WAS, AWC, OM, active C, API concentrations were numerically greatest 

with rye CC (Table 3.3). Rye and OSR+Rye had the greatest values of soil respiration (avg. 

0.51±0.021 mg g-1); pH and Mn were greatest from OSR+Rye plots. In contrast to other indicators, 

the no-CC had the greatest concentration of Mg. The remaining six CASH indicators in site-year 

2016 were not influenced by CC treatments (Table 3.3 and S3.3). 

In addition to CASH indicators, CCs impacted other soil quality indicators. In site-year 2015, 

observed CC trend listed from greatest to least in WEOC was OSR+Rye, no-CC, oat, OSR, and 
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rye; WEON was rye, no-CC, OSR, oat, and OSR+Rye (P ≤ 0.0581). No statistical differences were 

detected in Solvita CO2-burst and SLAN in site-year 2015 (P ≥ 0.0708). In site-year 2016, SLAN 

(154±6.11 mg NH3-N kg-1) and WEOC (1780±183 mg C kg-1) were greatest with no-CC, whereas 

Solvita CO2-burst was lowest with no-CC treatment (13.1±0.14 mg CO2-C kg-1; See Chahal and 

Van Eerd 2018 for more details on HSHT). In site-years 2015 and 2016, oat and OSR had greater 

yield than no-CC (Table 3.4). The trend observed of greatest to least tomato marketable yield in 

site-year 2015 was oat, OSR+Rye, OSR, no-CC, rye and in site-year 2016 OSR, OSR+Rye, oat, 

rye, no-CC (Table 3.4). No CC differences were detected in bulk density (P ≥ 0.2160); average 

bulk density across CC treatments was 1.62±0.003 g cm-3 in site year 2015 and 1.66±0.004 g cm-

3 in site-year 2016 (Table S3.4). Soil ammonium-N concentrations were greatest in the no-CC 

treatment (avg. 4.60±0.187 mg kg-1) and lowest in cereal rye (avg. 3.31±0.187 mg kg-1) in both 

site-years (Table S3.5). Similar trends among CC treatments were observed for soil nitrate-N in 

site-year 2015 (P = 0.0109) and 2016 (P = 0.0591; Table S3.5).  

 

3.4.3. Soil quality test scores 

Test scores for all the three methods (CASH, HSHT, and WSQI) were compared for each site-

year separately (Table 3.4). The impact of CC treatment was detected on the scores of CASH and 

WSQI (in both site-years) but not HSHT (both site-years). In site-year 2015, OSR+Rye had the 

greatest CASH score and oat had the lowest. A similar trend (P = 0.0010) in CCs was observed 

for WSQI (i.e. greatest with OSR+Rye and lowest with oat), however, an opposite trend was 

detected with HSHT (i.e. cereal rye being the greatest and OSR+Rye being the lowest). In site-

year 2016, CASH and HSHT identified OSR with the lowest soil quality score, whereas oat had 

the smallest WSQI score. Cereal rye had the greatest CASH and WSQI scores, but HSHT score 
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was greatest with oat in site-year 2016. Thus, there were CC differences in test scores between 

site-years and among tests but CASH and WSQI were the most similar.  

Across CCs, average scores of CASH and WSQI were different from each other, where WSQI 

score was greater than CASH by 19% in 2015 and 10.8% in 2016. Average HSHT score was lower 

than the WSQI (by 34%) and CASH (by 15%) in 2015 and greater than WSQI (by 16%) and CASH 

(by 26.8%) in 2016. Across tests, average scores were not consistent between site-years; cereal rye 

had the greatest test score average (73.7±2.51%) in 2015 while oat was greatest (91.7±3.97%) in 

2016. None of the test scores correlated with crop yield (P ≥ 0.1134 in 2015, P ≥ 0.1129 in 2016; 

data not shown). 

 

 

3.5. Discussion 

Site-years had a stronger influence on soil quality indicators than CCs as indicated by a clear 

demarcation of the groups shown by the PCA (Fig. S3.2). Partitioning of components due to site-

years also supports our decision to analyze site-years separately. The variation in the soil quality 

indicators and test scores between site-years might be attributed to the differences in the weather 

conditions. Average air temperature (25.2 ºC) and total precipitation (64.8 mm) from June to 

August (bulk of tomato growing season) across both site-years was warmer and drier than 30y 

mean (21.4 ºC, 85 mm). The no-CC treatment was a distinct group from the other CCs (Fig. 3.1), 

which indicates an impact of CCs on soil quality indicators. This was consistent with our earlier 

findings of greater soil organic C concentration with CC (avg. across planted CC was 35.5 mg C 

g-1 in site-year 2015 and 38.1 mg C g-1 in site-year 2016) than the no-CC control (33.8 mg C g-1 in 

2015 and 34.0 mg C g-1 in 2016; Chahal and Van Eerd, 2018). Moreover, there was a significant 
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positive correlation between soil organic C and crop yield in 2016 (r =0.38, P = 0.0153; Chahal 

and Van Eerd, 2018). Variability among CCs for soil quality assessment might be attributed to the 

differences in the quantity of CC biomass and C inputs into the soil system. Overall, CCs had a 

positive influence on the soil quality indicators than no-CC indicating the suitability of the tested 

CCs for improving soil quality and resiliency in CC based horticultural systems.  

 

3.5.1. Cover crop effects on individual soil indicators 

Soil biological indicators of CASH (active C and respiration) had greater values with CC 

treatments than no-CC, indicating an influence of CCs on soil biology over the medium-term (6-

yr). Similar results of increased soil microbial activity with CC than no-CC has been reported 

(Blanco-Canqui et al., 2015; Jokela et al., 2009). The role of CCs in improving soil organic C 

concentration over time has been documented in several medium and long-term studies (Blanco-

Canqui et al., 2013, 2015; Higashi et al., 2014; Olson et al., 2014; Poeplau and Don, 2015; 

Steenwerth et al., 2008). Increase in soil organic C concentration with CC could be attributed to 

CC induced effects on the balance between C losses (greenhouse gas emissions, leaching of 

WEOC, and erosion) and gains (addition of plant above- and below-ground biomass), indicating 

the potential role of CCs on soil C sequestration (Blanco-Canqui et al., 2015).  

Cover crop treatment effects on soil physical indicators were similar to the biological indicators; 

greater values with than without a CC. Compared to other CCs, greater values of physical 

indicators were observed for OSR, rye, and OSR+Rye treatment. Improvements in WAS with CC 

might be attributed to an increase in soil C concentrations from the CC residues (Blanco-Canqui 

et al., 2015; Ruis and Blanco-Canqui, 2017) resulting in an increase in the soil microbial 

communities affecting WAS (Le Guillou et al., 2012). Inconsistent effects of CC on AWC and 
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surface penetration resistance were detected in both site-years. In our study, greater penetration 

resistance values could be attributed to dry soil conditions when sampled late in the growing season 

(September 2015 and August 2017). No CC treatment differences were detected for sub-surface 

penetration resistance in both site-years. The greater AWC with cereal rye than the other CC tested 

might be related to an improvement in soil physical properties, such as water retention capacity 

(Blanco-Canqui et al., 2015; Hartwig and Ammon, 2002) with the inclusion of cereal rye into the 

rotation.  

Cover crop treatments had an inconsistent effect on the chemical indicators in both site-years. 

Soil P concentration was not affected by CC treatment, which contrasted with lower soil P 

concentration in rotations with CC than without CC (Hargrove, 1986; Villamil et al., 2006). Slight 

differences in soil pH with CC treatments might be related to the role of microbial processes and 

CC residue decomposition on the hydrolysis of organic N (Vanzolini et al., 2017). Similar soil pH 

results with CC have been reported in other studies (Duval et al., 2016; Yan et al., 2006). Several 

studies have also identified the soil pH as one of the frequently used chemical soil quality indicator 

(Bunemann et al., 2018; Doran and Parkin, 1994; Qi et al., 2009) due to a direct relationship 

between soil pH and nutrient availability, which in turn impacts the microbial activity. Our results 

of lower soil mineral N (ammonium and nitrate) concentrations with the CC than no-CC were 

consistent with other studies (Coombs et al., 2017; O’Reilly et al., 2012). Compared with the no-

CC, lower soil mineral N concentration with CC was related with greater N uptake by the tomato 

plant from CC than no-CC (plant N data not presented). 

Reduced sensitivity of soil chemical indicators for detecting CC treatment differences in this 

medium-term study might be attributed to greater variability of chemical indicators than biological 

indicators. It might also be associated with the timing of sampling. Since the soil was sampled at 
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only one time (tomato harvest) for evaluating CC impacts on soil quality, it is possible that greater 

treatment differences in the chemical indicators might have been observed temporally (during the 

CC or tomato growing season). Therefore, research studies assessing the temporal impacts of CC 

on soil quality indicators are needed to better discern and quantify soil quality.  

 

3.5.2. Soil quality assessments  

From the PCA of the total dataset, a minimum dataset of five soil indicators (pH, OM, SLAN, 

Solvita CO2- burst, and WEOC) was selected for developing WSQI and hence, represented the 

key indicators for soil quality quantification in our medium-term CC experiment. Minimum dataset 

identified both dynamic and inherent soil indicators which are commonly used to describe soil 

functioning and are reported to be very responsive to agricultural management practices (Arias et 

al., 2005; Bastida et al., 2008; Zornoza et al., 2015). It should be noted that the minimum dataset 

that was used to develop the WSQI for our study area did not include any soil physical indicators. 

Others have shown soil physical indicators to be important soil quality indicators of management 

effects (Green et al., 2007; Gregorich et al., 1997; Shukla et al., 2006). But consistent with our 

results, the minimum dataset developed in a tillage system by Raiesi and Kabiri (2016) did not 

include physical indicators. Generally, soil physical properties are expected to change in the long-

term due to their lesser dynamic nature than the chemical and biological properties (Filip, 2002), 

and partially explains the lack of physical indicators in our medium-term study. 

Soil pH and OM are the most commonly used indicators for soil quality assessment (Arias et 

al., 2005; Bastida et al., 2008; Congreves et al., 2015; Merrill et al., 2013), which were consistent 

with our medium-term CC study. Key roles of soil OM in soil nutrient cycling, formation of soil 

aggregates and microbial activity (Blanco-Canqui and Lal, 2004; Six et al., 2002) further confirm 
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its use as a soil quality indicator to evaluate the CC-induced impacts on soil performance and to 

monitor the changes in the soil quality. Moreover, most (three out of five) of the indicators in 

WSQI were biological indicators. Biological indicators of soil quality have a greater sensitivity to 

changes in soil management than the physical and chemical properties, and hence are frequently 

used in a minimum dataset (Barrios, 2007; Bastida et al., 2008; Bone et al., 2010; Bunemann et 

al., 2018; Filip, 2002; Fuentes et al., 2009; Jimenez et al., 2002; Kibblewhite et al., 2008; 

Nannipieri et al., 2003; Shukla et al., 2006). Therefore, indicators selected in our minimum dataset 

(i.e., WSQI) were in agreement with other soil quality indices (Andrews et al., 2004; Bunemann 

et al., 2018; Zornoza et al., 2015).  

Biplots of total dataset showed a close relationship between OM, active C, Mg, and K (Fig. 

3.2). Similar association between these indicators due to tillage systems and crop rotation has been 

reported by Congreves et al. (2015) and can be attributed to the various interactions between the 

mineral ions present in the soil and the exchangeable sites on OM and active C. In contrast, no 

close association was detected between OM and WEOC (Fig. 3.2 and 3.3), which might be 

attributed to the differences in the CC induced effects on the stable and labile pools of C in our 

medium-term study. A similar weight of WAS and OM was observed on the second PC by 

Congreves et al. (2015), reflecting the role of OM in aggregate formation (Six et al., 2002). Biplots 

of total dataset also demonstrated a close relationship of WAS with Solvita CO2-burst, clay 

content, and AWC, indicating the role of microbial activity on soil C (active and labile) dynamics 

in the system. 

Both CASH and WSQI scores differentiated between CC and the no-CC control but HSHT 

score was not influenced by CC treatments. Weighted soil quality index score was greater than 

CASH in both site-years. However, magnitude of treatment differences detected by CASH (6.3%) 
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and WSQI (7.2%) scores was similar in 2015, but not in 2016 as the CASH score (12.1%) 

differentiated between CC treatments to a greater extent than WSQI (5.7%). This result contrasted 

with Congreves et al. (2015), where the magnitude of scores between treatments was 2 to 10 times 

greater in a weighted approach than CASH. Compared to CASH and WSQI, the HSHT score 

detected a greater magnitude (avg. 28.6%) of CC treatment differences but the variability was too 

great to detect significant differences, which suggests the limited applicability of HSHT in this 

medium-term CC system. The CASH test includes more number of indicators than WSQI and 

HSHT, but a similar response of WSQI and CASH to detect treatment differences suggest the 

appropriateness of WSQI for soil quality quantification and to assess the CC induced impacts on 

the soil quality indicators and functions in our study area. 

Soil quality tests and indices might provide variable and inconsistent results in a specific 

production system. For instance, Vasu et al. (2016) compared two methods for soil quality 

assessment at a same location. The two tested approaches identified and selected different set of 

indicators which might lead to a misinterpretation of soil quality for the same production system; 

thus, confirming the need for a reliable and universal approach for quantifying soil quality. 

Therefore, development of a single index value (WSQI), integrating soil quality indicators 

addressing a specific soil function for a study area, might be more valuable, meaningful, and 

pragmatic (Andrews et al., 2002; Andrews et al., 2004; Erkossa et al., 2007; Vasu et al., 2016). 

Multivariate analysis (PCA and correlation), employed in this study for developing WSQI in a 

CC based cropping system, is considered to be a quantitative tool for soil quality assessment as it 

reduces data redundancy and identifies the set of key soil indicators, by providing greatest weights 

to the highly significant indicators, having the greatest sensitivity to management for soil quality 

evaluation (Andrews et al., 2002; Govaerts et al., 2006; Yao et al., 2013), which in our study was 
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CCs. Moreover, the weighted approach of soil quality assessment has been previously evaluated 

under variable climatic conditions and management practices (Andrews et al., 2002; Bastida et al., 

2008; Congreves et al., 2015; Sinha et al., 2009; Zhang et al., 2011). Therefore, this method offers 

the potential to be deployed as a practical tool for improving our understanding of soil quality in 

different agroecosystems. Thus, we recommend the use of WSQI (derived from a minimum 

dataset) as a useful tool for soil quality assessment in similar agroclimatic conditions for soil 

quality monitoring, management, and identification of adverse trends in soil properties.  

Though weighted approach is recommended for soil quality evaluation, however, indicator 

selection (for minimum dataset) is highly site-specific, non-transferrable, and changes with 

varying climatic conditions, management practices, soil textures, and production systems, and 

warrants caution for making indicator recommendations across diverse management practices. 

Defining the soil quality indices based on their intended use might help to increase the applicability 

of these indices, resolve the problems limiting the use of an index at the spatial scale, and help in 

the selection of a minimum dataset focusing on a specific soil function in response to a specific 

management practice.  

 

3.6. Conclusions 

To our knowledge, this is the first independent study comparing three different approaches 

(CASH, WSQI, and HSHT) to quantify soil quality. Compared to CASH, we recommend WSQI 

as a useful, practical, and quantitative tool for soil quality assessment due to its weighted approach 

using a minimum dataset of five indicators. In contrast, large variability in the HSHT score, calls 

into question the suitability of this test as a soil quality tool in our medium-term CC experiment. 

It is possible that these tests might have detected greater treatment differences in the longer-term, 
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in diverse soil types and climatic conditions, or across different agroecosystems with varying 

intensities of management practices (e.g., tillage, crop rotation), and thereby warranting future 

research.   

Overall across both site-years, compared with the no-CC control, CCs had a positive influence 

on soil quality (individual indicators and scores) and crop yield; cereal rye and OSR+Rye were 

greater than the other CCs tested. Although CCs impacted crop yield, tomato marketable yield did 

not correlate with any of the test scores in both site-years. Due to the favourable CC effects on soil 

quality and crop yields, we conclude that including CCs in crop rotations have medium-term and 

likely long-term improvements on agroecosystem resiliency and sustainability. Our results 

indicate that in the medium-term, CCs increased stable (OM) and labile (active C, WEOC) 

fractions of C. These CC-induced effects on C fractions indicate the potential of CCs to sequester 

C and therefore has implications for mitigating climate change. Future research should focus on 

the mechanism(s) and species-specific effects of CCs on C sequestration.  
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Table 3.1 Eigenanalysis of soil indicatorsz used in the total datasety for selecting a 

minimum dataset to develop the weighted soil quality index  

    Eigenvectors 

Test Indicators PC1 PC2 PC3 PC4 

CASH Active C (mg C kg-1) 0.22 0.40 0.02 0.09 

CASH Ace protein index (mg g-1) 0.04 0.43 0.14 0.06 

CASH Mg (mg kg-1) 0.07 0.21 0.36 -0.29 

CASH Organic matter (%) 0.12 0.46 -0.02 -0.09 

- SLAN (mg kg-1) 0.03 -0.03 0.54 0.12 

CASH K (mg kg-1) 0.10 0.30 0.07 0.15 

CASH Respiration (mg CO2 g-1 soil) 0.37x 0.15 -0.20 0.13 

CASH Surface penetration resistance 

(kPa) 

0.28 0.00 -0.04 -0.18 

HSHT WEOC (mg kg-1) 0.22 -0.06 0.14 0.54 

CASH Wet aggregate stability (%) -0.15 0.28 0.06 0.39 

- Nitrate-N (mg kg-1) 0.28 -0.15 0.16 -0.12 

- Ammonium-N (mg kg-1) 0.04 -0.12 0.35 0.07 

CASH pH 0.39 -0.10 -0.06 0.20 

HSHT WEON (mg kg-1) 0.29 -0.06 -0.08 -0.20 

CASH Available water capacity (g g-

1) 

-0.28 0.17 0.01 0.14 

CASH Mn (mg kg-1) 0.35 -0.13 -0.30 0.15 

CASH Clay (%) -0.23 0.13 -0.13 -0.15 

CASH Sand (%) -0.16 -0.29 0.13 0.39 

HSHT Solvita CO2-burst (mg kg-1) -0.19 0.11 -0.45 0.22 

Eigenvalue 
 

4.81 3.80 2.02 1.31 

Proportion 

variance 

- 25.30% 20.00% 10.60% 6.90% 

Cumulative 

variance 

- 25.30% 45.40% 56.00% 62.90% 

Weighting factor - 0.40 0.31 0.16 0.11 

CASH, comprehensive assessment of soil health; HSHT, Haney soil health test; PC, principal component; 

SLAN, Solvita labile amino N; WEON, water extractable organic N; WEOC, water extractable organic C 

z Soil indicators, except penetration resistance, evaluated were expressed on dry weight basis 

y P, Fe, Zn, sub-surface penetration resistance, silt, and bulk density were not included in the total dataset as 

no differences were observed with cover crop treatment in both site-years (P>0.05) 

x Bold faced eigenvectors correspond to the highly weighted indicators in each PC and used for multivariate correlation 

to determine minimum data set for the development for WSQI 
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Table 3.2 Impact of medium-term summer-planted annual cover crop (6-yr) on 

comprehensive assessment of soil health (CASH) indicators from 0-15 cm depth in site-year 

2015  

Indicator
z
 Units No 

cover 

Oat Oilseed 

Radish 

(OSR) 

OSR+Rye Cereal 

rye 

SEy P values 

Wet aggregate 

stability 

% 47.4ab 47.2b 54.5a 55.4a 45.3b 3.82 0.0428 

Available 

water capacity 

g g-1 0.188 0.183 0.202 0.192 0.213 0.18 0.2780 

Organic matter mg g-1 27.7ab 26.8b 29.3ab 30.9a 29.9ab 0.117 0.0289 

Active C mg C 

kg-1 

495b 528ab 585a 577a 528ab 23.7 0.0104 

Ace protein 

index 

mg g-1  7.96ab 7.42b 8.36ab 8.85a 8.14ab 0.332 0.0311 

Respiration mg 

CO2 g-1  

0.344b 0.347b 0.388ab 0.401a 0.377ab 0.023 0.0087 

pH  5.97 6.10 6.23 6.31 5.98 0.105 0.0880 

P mg kg-1 5.74 5.08 6.13 5.56 5.49 0.499 0.1769 

K mg kg-1 118b 121b 151a 154a 138ab 7.38 0.0020 

Mg mg kg-1 191 190 176 198 174 9.26 0.3163 

Mn mg kg-1 2.17b 2.22b 2.79a 2.53ab 2.53ab 0.273 0.0017 

Fe mg kg-1 4.24 3.98 3.96 3.92 4.09 0.421 0.8382 

Zn mg kg-1 0.43 0.37 0.43 0.36 0.40 0.038 0.4419 

Surface 

penetration 

resistance 

kPa 805b 1050a 1030a 990ab 981ab 60.5 0.0270 

Sub-surface 

penetration 

resistance  

kPa 1700 1810 1600 1690 1480 141 0.5535 

a-b For each indicator, means followed by a different letter indicate a significant difference according to least 

square means comparison (P<0.05)  

z All soil indicators, except for penetration resistance, were expressed on dry weight basis.  

y SE= standard error of mean 
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Table 3.3 Impact of medium-term summer-planted annual cover crop (6-yr) on 

comprehensive assessment of soil health (CASH) indicatorsz from 0-15 cm depth in site-year 

2016 

Indicatory Units No cover Oat Oilseed 

Radish 

(OSR) 

OSR+Rye Cereal 

rye 

SEx P 

values 

Wet 

aggregate 

stability 

% 41.3ab 41.5ab 36.4b 45.8ab 51.7a 2.82 0.0035 

Available 

water 

capacity 

g g-1 0.161ab 0.142b 0.149ab 0.154ab 0.167a 0.007 0.0353 

Organic 

matter 

mg g-1 28.2b 28.8ab 28.0b 28.7ab 32.2a 1.6 0.0471 

Active C mg C kg-1 572b 583b 531b 585ab 677a 25.1 0.0014 

Ace protein 

index 

mg g-1  7.98ab 8.19ab 7.34b 7.61b 9.18a 0.442 0.0166 

Respiration mg CO2 

g-1  

0.433b 0.431b 0.432b 0.505a 0.519a 0.021 0.0004 

pH  7.08ab 6.83b 7.12ab 7.23a 7.01ab 0.087 0.0169 

P mg kg-1 18.7 16.7 25.9 21.5 24.3 4.98 0.0636 

K mg kg-1 146 130 154 129 176 14.8 0.0531 

Mg mg kg-1 202a 188ab 182ab 152b 197ab 11.5 0.0338 

Mn mg kg-1 4.26b 4.85ab 5.83ab 6.85a 5.54ab 0.61 0.0035 

Fe mg kg-1 3.49 3.62 3.01 3.16 3.67 0.347 0.1922 

Zn mg kg-1 1.18 1.26 1.68 1.07 1.19 0.321 0.6604 

a-b For each indicator, means followed by a different letter indicate a significant difference according to least 

square means comparison (P<0.05) 

z Surface and sub-surface penetration resistance was not measured at the same time as other indicators. Refer 

to Table S3.3 for penetration resistance data recorded in May and August 2017 in both site-years 

y All the soil indicators were expressed on dry weight basis. 

x SE= Standard error of mean
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Table 3.4 Impact of medium-term summer-planted annual cover crop (6-yr) on tomato marketable yield (Mg ha-1), 

comprehensive assessment of soil health (CASH), Haney soil health test (HSHT), and weighted soil quality index (WSQI) 

scoresz in site-years 2015 and 2016 

 Site-year 2015 Site-year 2016 

Soil quality 

indicator/ 

test 

No 

cover   

Oat Oilseed 

Radish 

(OSR) 

OSR+

Rye  

Cereal 

rye 

SEy P values Avg. 

score 

No 

cover   

Oat OSR OSR+

Rye  

Cereal 

rye 

SE P 

values 

Avg. score 

Marketable 

yield  

79.5bc 91.4a 85.2abc 89.9ab 76.6c 3.66 0.0293 --- 88.8b 102ab 124a 104ab 102ab 5.49 0.0017 --- 

CASH 65.0b  64.0b  68.5ab 70.3a  66.7ab 1.27 0.0051 66.9B 73.5ab 74.6a  66.5b 73.1ab 78.6a 2.04 0.0020 73.2B 

HSHT  53.9 43.4 50.0 41.2 71.0 7.33 0.0535 51.9C 91.6 119 91.1 101 97.6 10.9 0.1917 100A 

WSQI 86.9ab 83.0b 85.7ab 90.2a 83.5b 1.19 0.0010 85.9A 86.9a 81.2b  81.8a

b 

83.3ab 86.9a 1.40 0.0070 84.0B 

Avg scores 68.6 63.4 68.1 67.3 73.7 2.51 0.0803 P<0.0001 84.0 91.7 79.8 86.1 87.7 3.97 0.1346 P<0.0001 

In each site-year, according to least square means comparison (P<0.05), lower-case letters denote significant differences between treatments for each test, and 

upper-case letters denote differences between test score averages. 

z Unitless values, where greater test score values indicate better soil quality. 

y SE= standard error of mean
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+++ No cover             □□□ OSR ○○○ OSR+Rye *** Oat ∆∆∆ Rye 

Fig. 3.1 Principal component analysis (PC2 vs PC3) of soil quality indicators (n=19) in the total 

dataset showing the variability in the data between cover crop. (OSR, oilseed radish; OSR+Rye, 

mixture of oilseed radish and cereal rye)
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Fig. 3.2 Factor groupings of soil quality indicators (n=19), used in total dataset, on principal 

component PC1 vs PC2 as influenced by medium-term summer-planted annual cover crop (6-yr). 

(SLAN, Solvita labile amino N; WEOC, water extractable organic C; WEON, water extractable 

organic N)  
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Fig. 3.3 Factor groupings of soil quality indicators (n=5), selected for the minimum dataset to 

develop weighted soil quality index, on principal component PC1 vs PC2 as influenced by 

medium-term summer-planted annual cover crop (6-yr)  
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Table S3.1 Crop rotation and crop residue management in the medium-term cover crop (CC) 

experiment since establishment from 2007 to 2015 (labeled site-year 2015) and at an adjacent site 

from 2008 to 2016 (site-year 2016) 

Site-year 

2015 

Site-year 

2016 

Main crop  Fall crop sown/activity 

Year 

2007 2008   Processing fresh pea  CC  

2008 2009   Processing sweet corn  CC  

2009 2010 Spring wheat + retain/remove 

straw 

CC  

2010 2011 Processing tomato  CC  

2011 2012 Grain corn  Retain /remove stover 

2012  2013 Processing squash  CC  

2013  2014 Soybean  Winter wheat 

2014  2015 Harvest wheat + 

retain/remove straw  

CC  

2015 2016 Processing tomato  CC  
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Table S3.2 Chronology of major field activities in the study period before soil quality sampling 

in the medium-term cover crop (CC) experiment at both site-years  

Activity Site-year 2015 Site-year 2016 

Winter wheat harvest and crop 

residue management treatment 

(retained or removed) 

18 July 2014 7 August 2015 

CC planting 29 July 2014 17 August 2015 

Glyphosate application 2 May 2015 3 May 2016 

Tillage 19 May 2015 20 May 2016 

Tomato transplanting 25 May 2015 25 May 2016 

Tomato harvest and soil quality 

sampling 

11 September 2015 6 September 2016 
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Table S3.3 In 2017, surface (0-15 cm) and sub-surface (15-45 cm) soil penetration resistancez as 

influenced by medium-term summer-planted annual cover crop (6-yr)  

 Site-year 2015 Site-year 2016  

 May 19 2017 August 4 2017 May 19 2017 August 4 2017y 

 Penetration resistance (kPa) 

Cover crop Surface  Sub-

surface  

Surface  Sub-

surface  

Surface  Sub-

surface  

Surface  Sub-

surface  

No cover 1920 1670a 870b 1780 1020 1510 1140 2010 

Oat 2020 1430ab 878b 1810 1070 1700 1220 1990 

Oilseed radish 

(OSR) 

2020 1400ab 878b 1750 990 1550 1110 1890 

OSR+Rye 1960 1400ab 965a 1790 1010 1490 1140 1780 

Cereal rye 1880 1330b 921ab 1800 978 1680 1100 1910 

SEx 91.6 106 23.5 38.4 39.9 83.4 33.5 85.4 

P values 0.5573 0.0329 0.0363 0.6316 0.5541 0.0514 0.1126 0.1135 

a-b In each column, means followed by a different letter indicate a significant difference according to least squares 

means comparison (P<0.05) 

z Penetrometer data were not collected in site-year 2016 at the same time as with other soil indicators, therefore, 

readings were taken in 2017 from both sites. Penetration resistance data collected in 2015 and 2017 from site-year 

2015 was not different based on paired t-test (P>0.05).  

y For determining minimum dataset, surface penetration resistance data collected in 2015 from site-year 2015 and in 

August 2017 from site-year 2016 were used. 

x SE= standard error of mean 
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Table S3.4 Impact of medium-term summer-planted annual cover crop (6-yr) on soil bulk 

density from 0-15 cm depth in site-years 2015 and 2016 

 Bulk density (g cm-3) 

Cover crop Site-year 2015 Site-year 2016 

No cover 1.61 1.66 

Oat 1.62 1.66 

Oilseed Radish (OSR) 1.61 1.66 

OSR+Rye 1.62 1.66 

Cereal rye 1.62 1.65 

SEz 0.003 0.004 

P values  0.2160 0.9692 

z SE= standard error of mean 
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Table S3.5 Impact of medium-term summer-planted annual cover crop (6-yr) on soil 

ammonium-N and nitrate-N concentration from 0-15 cm depth in site-years 2015 and 2016 

 Site-year 2015 Site-year 2016 

Cover crop Ammonium-N Nitrate-N  Ammonium-N Nitrate-N 

 mg kg-1 

No cover 4.70a 17.3a 4.51a 17.7 

Oat 4.41ab 16.3ab 4.53a 16.9 

Oilseed Radish 

(OSR) 

3.97ab 17.0a 4.07ab 17.3 

OSR+Rye 3.74bc 16.6ab 4.06ab 16.9 

Cereal rye 3.03c 14.7b 3.59b 15.5 

SEz 0.188 0.819 0.187 0.806 

P values <0.0001 0.0109 0.0060 0.0591 

a-b In each column, means followed by a different letter indicate a significant difference according to least square 

means comparison (P<0.05) 

zSE= standard error of mean 
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Cover crop treatment 
 

Fig. S3.1 Impact of medium-term summer-annual planted cover crop (6-yr) and crop residue 

management (3-yr) on respiration (top), and surface penetration resistance (bottom, sampled 

in August 2017) from site-year 2016. For each indicator, means followed by a different letter 

indicate a significant difference per least significant difference test (P<0.05) 
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+++ site-year 2015   □□□ site-year 2016 

Fig. S3.2 Principal component analysis of the total dataset showing the variability from site-years. 

Soil indicators (n=19) used are presented in Table 3.1.  
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+++ No cover             □□□ OSR         ○○○ OSR+Rye      *** Oat ∆∆∆ Rye 

Fig. S3.3 Principal component analysis of the total dataset showing the variability from medium-

term summer-planted annual cover crop (6-yr). Soil indicators (n=19) used are presented in Table 

3.1. (OSR, oilseed radish; OSR+Rye, mixture of oilseed radish and cereal rye)   
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Fig. S3.4 Factor groupings of soil quality indicators (n=19), used in the total dataset, on principal 

component PC3 vs. PC1 (A), PC2 vs. PC3 (B), PC1 vs. PC4 (C), PC2 vs. PC4 (D), and PC3 vs. PC4 

(E) as influenced by medium-term summer-planted annual cover crop (6-yr). (API, ace protein 

index; SLAN, Solvita labile amino N; SPR, surface penetration resistance; WEOC, water 

extractable organic C; WEON, water extractable organic N) 
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CHAPTER 4: COVER CROP AND CROP RESIDUE REMOVAL EFFECTS ON 

TEMPORAL DYNAMICS OF SOIL CARBON AND NITROGEN IN A TEMPERATE, 

HUMID CLIMATE 

4.1.ABSTRACT 

Although the long-term impact of cover crops (CC) on soil C and N dynamics has been 

documented previously, very little consideration is given to the cycling of soil C and N over a crop 

growing season (short-term) in a CC-based cropping system. Moreover, role of CCs in mitigating 

the negative impacts of crop residue removal on soil quality indicators has not been widely 

investigated. Therefore, a CC trial established in 2007 and repeated in 2008, was used to evaluate 

the medium-term impact of five CC (6-yr) and two crop removal (3-yr) treatments on temporal 

dynamics of eleven soil C and N attributes (stable and labile) over a tomato (Solanum lycopersicum 

L.) growing season. Soil indicators were determined at seven different time points from 0-15 cm 

depth in site-year 2015 and 2016. The stable indicators, organic C (OC) and total N (TN) did not 

change temporally; however, concentrations were greater with than without CCs in both site-years. 

In contrast to the stable indicators, labile indicators of soil C and N changed temporally in both 

site-years where indicator (cumulative 2d soil C mineralization (Cmin2d), Solvita CO2-burst, 

Solvita labile amino N (SLAN), and wet aggregate stability (WAS)) values peaked at 2 WAT 

(weeks after tillage, early June). Among the labile indicators, microbial biomass C and N (MBC 

and MBN) were consistently lowest with no cover crop control (no-CC) while Solvita labile amino 

N (SLAN) was greatest from no-CC. Our results indicate that 2 WAT (early June; due to easy 

sampling and short height of tomato crop) and tomato harvest (early September; due to observed 

greater treatment differences for seven out of eleven indicators) as the optimum sampling time for 
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measurements of soil C and N attributes. Retaining crop residues had enhanced indicator 

concentrations in both site-years across different sampling times. Therefore, this study highlights 

the (i) short and medium-term impact of CC and crop residue removal on the soil C and N cycling, 

and (ii) potential of CCs to improve soil and environmental quality in a temperate humid climate. 

4.2. Introduction 

Winter wheat (Triticum aestivum L.)- processing tomato (Solanum lycopersicum L.) is a 

common crop rotation in Ontario, Canada, and Midwest USA. Leaving the winter wheat straw 

may delay planting due to excess soil moisture and can cause inorganic N immobilization leading 

to crop N deficiency. To avoid these potential problems, growers tend to remove winter wheat 

straw from the fields after grain harvest. However, crop residues are a source of C and N for the 

heterotrophic soil organisms and residue removal may have some negative implications on long-

term soil productivity and quality (Moore et al., 2014; Ruis and Blanco-Canqui, 2017) by reducing 

soil organic C (OC) and total N (TN) levels (Blanco-Canqui and Lal, 2009; Wang and Sainju, 

2014), reducing soil microbial activity (Wegner et al., 2015), and increasing potential for wind and 

water erosion leading to loss of nutrients (Ruis and Blanco-Canqui, 2017). Therefore, inclusion of 

cover crops (CC) after crop residue removal may be an effective management strategy to offset 

the expected reductions in soil C inputs and soil quality (Ruis and Blanco-Canqui, 2017).   

Several benefits to agro-ecosystems have been observed with adoption of CC in crop rotations 

(Belfry et al., 2017; Sainju et al., 2000, 2001; Summers et al., 2014). Improvements in soil physical 

(Blanco-Canqui et al., 2013, 2015; Steele et al., 2012), biological (Ruis and Blanco-Canqui, 2017), 

and chemical (Coppens et al., 2006; Ding et al., 2006) soil quality indicators are observed with 

CCs, which are dependent on the quantity and quality of CC biomass input to the soil (Ghimire et 

al., 2017). Cover crops also maintain the soil C and N levels by sequestering atmospheric C and 
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N. Additionally, very little consideration has been given to the soil C and N dynamics under 

different CCs (single vs multi-species) and crop residue treatments, which might be an important 

aspect for developing efficient agricultural management strategies.  

In addition, labile C and N indicators are known to vary over short (seasonal) term, while years 

to decades are required to detect change in stable indicators. Seasonal variability (across the 

growing season) in the labile indicators of C and N (Jiang et al., 2006; Moebius et al., 2007; Omer 

et al., 2018; Piao et al., 2000; Ryan et al., 2009) is primarily dependent on the quantity of crop 

residue produced, addition of C inputs from the roots during the period of crop growth 

(rhizodeposition), and soil temperature and precipitation, which influence the soil microbial 

activity and residue decomposition (Xiang et al., 2008). Decomposition of the soil organic matter 

by soil microbes also contributes to the labile fractions of C and N. An increase in soil OC with 

the long-term inclusion of CCs was also reported by Poeplau and Don (2015), due to the residue 

degradation by soil microbes (Coppens et al., 2006; Ding et al., 2006). Moebius et al. (2007) 

reported significant temporal variation in soil physical indicators, such as wet aggregate stability 

(WAS), over a crop growing season in a tillage system. Similarly, soil respiration, water 

extractable fractions and microbial biomass C and N (MBC and MBN) are very sensitive and 

responsive to land management practices (Huang et al., 2008; Rui et al., 2011). Labile indicators 

of C and N are very useful for detecting the initial changes in the status of soil organic matter 

which affects the nutrient turnover (Salinas-Garcia et al., 1997). Moreover, evaluation of short-

term changes in the soil C and N indicators, especially after CCs, provides valuable information 

about microbial biomass quantification and nutrient cycling. Therefore, assessments of seasonal 

variability in soil labile indicators in response to the management practices are needed.  
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To date, few studies have examined the effects of CC on soil C dynamics over a crop growing 

season (short-term). Most of the documented studies on seasonal variability of soil C have 

measured only soil microbial properties (Piao et al., 2000; Ryan et al.,2009) and respiration 

(Ghimire et al., 2017) but not OC. Several studies have reported a substantial variability in the 

total OC concentration in the short-term (sampled over different time points in a year; Boener et 

al., 2005; Campbell et al., 1999a,b; Dormaar et al., 1977; Stoyan et al., 2000); thus, highlighting 

the significance of seasonal fluctuations in soil C status. The observed short-term variability in the 

aforementioned studies might not be exclusive to treatments evaluated but due to experimental 

errors during sample handling and weather variations. Ogle et al. (2003) also reported the 

uncertainty in the long-term measurement of total soil C. Long-term studies often neglect the short-

term and seasonal changes impacting the soil C reserves (Wuest, 2014). Differences in the seasonal 

trends of soil functions and treatments indicates the need for short-term assessments of soil C to 

avoid misinterpretation of treatment effects on the C dynamics.  

Additionally, Ruis and Blanco-Canqui (2017) concluded that CCs may mitigate the negative 

impacts of crop residue removal on soil properties in the medium-term (>5y). But most of the 

research has focused on the effect of CC and crop residue management on soil C in the long-term 

(see reviews by Blanco-Canqui et al., 2015; Blanco-Canqui and Lal, 2009; Ruis and Blanco-

Canqui, 2017). Therefore, the objective of this study was to assess the effect of CC (6-yr) and crop 

residue (3-yr) management on the temporal dynamics of soil C and N indicators during tomato 

growing season. We hypothesize that (i) short-term (seasonal) changes will be detected in the labile 

indicators of soil C and N across the tomato growing season, (ii) no seasonal variability will be 

detected in the stable indicators of soil C and N, and (iii) compared with the no cover crop control 
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(no-CC) and crop residue removal (-S), CCs and crop residue retention (+S) treatments will have 

greater concentrations of labile and stable indicators of soil C and N.  

4.3. Materials and Methods 

 

4.3.1. Site description 

The medium-term CC experiment, established in 2007 and repeated in 2008 at Ridgetown, 

Ontario, Canada used for studying soil C and N dynamics has been previously described (Belfry 

et al., 2017; Chahal and Van Eerd, 2018; O’Reilly et al., 2012; Ouellette et al., 2016). Site soil 

characteristics are described in Table 1. Since the initiation of the CC experiment in 2007, crop 

rotation consisted of grain and vegetable crops, typical of southwestern Ontario (See Chahal and 

Van Eerd, 2018). 

4.3.2. Experimental design 

The experimental design consisted of a split-plot arranged as a randomized complete block with 

four replicates. Summer-planted (July, August, September) annual CC treatments (6-yr) were 

grown in the main plots since 2007 and 2008 at both sites. Cover crops were not planted after the 

harvest of grain corn in 2011 and soybean in 2014. After the soybean harvest in 2014, winter wheat 

was planted instead of CCs. Thus, from 2007 to 2015 (when this study was conducted), CCs were 

planted for six times in the crop rotations. Five CC treatments were no-cover crop control (no-

CC), oat (Avena sativa L.), oilseed radish (OSR) (Raphanus sativus L. var. oleoferus Metzg. 

Stokes), winter cereal rye (rye, Secale cereale L.), and a mixture of OSR+Rye. Crop residue 

management (-S) vs. (+S)) was applied in the sub-plots three times (2009-after spring wheat 

harvest, 2011- after grain corn harvest, and 2014- after winter wheat harvest) in the production 

system.  All the crop management and field operations have been previously described in Chahal 
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and Van Eerd (2018). Cover crop attributes (biomass and C concentration) were quantified three 

times (October/November, April, and May) in 2014-15 and 2015-16.  

 

4.3.3. Growing conditions 

Monthly air temperature and total precipitation for site-years 2015 and 2016 are shown in Fig. 

4.1. Spring 2016 (April to May) was drier than 30y mean by 52.8%, while spring 2015 was similar 

in total precipitation (74.7 mm) to the 30y mean (76 mm). The tomato growing season from June 

to August in 2015 (mean 24.7 ºC) and 2016 (mean 25.8 ºC) was warmer than 30y mean (21.4 ºC) 

while total monthly precipitation was lower than 30y mean by 20.3 and 19.3 mm, respectively. 

However, total precipitation during the entire growing season in both years was equivalent (65.7 

mm in 2015 and 65.5 mm in 2016; Fig. 4.1). Despite differences in weather between years, in both 

site-years there were no effects of CC and crop residue management treatment on soil gravimetric 

moisture content (Table S4.1). In site-year 2015, soil moisture content in April was greater than 

June, July, and September. No seasonal variability in soil gravimetric moisture content was 

detected in site-year 2016.  

 

4.3.4. Soil sampling and analysis 

In both site-years, soil was sampled from 0-15 cm depth (based on spring tillage) at seven times 

during tomato growing season. The sampling regime was based on tillage; 3 weeks before tillage 

on April 29, 2015 and April 27, 2016; at tillage on May 19, 2015 and May 20, 2016; and two, four, 

eight and twelve weeks after tillage (WAT) on June 5, June 16, June 29, July 29 in both site-years; 

and at tomato harvest on September 11, 2015 and September 6, 2016. A composite sample of 
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random 20 soil cores (3.5 cm dia.) was taken from each sub-plot and soil samples were 

homogenized by hand in the field. 

Sample handling and sieving for OC, TN, cumulative 2d soil C mineralization (Cmin2d), MBC, 

and MBN was similar among the indicators. Therefore, for quantifying OC (Skjemstad and 

Baldock, 2008), TN (Rutherford et al., 2008), Cmin2d (Hopkins, 2008), MBC and MBN (Voroney 

et al., 2008), soil was sieved through 4 mm mesh screen and protocols described in Carter and 

Gregorich (2008) were followed. Until processing, soil samples for OC, TN, Cmin2d, and total 

inorganic N (TIN) were stored in a cooler (4ºC); MBC and MBN were stored in the freezer (-

20ºC). A sub-sample of soil (5 g for OC and TN, and 80 g for Cmin2d) was oven-dried at 50ºC for 

24 h. A ground (mortar and pestle) sub-sample of oven-dried soil (0.15 g) was used for quantifying 

OC and TN on LECO CN analyzer (Leco Corporation, St. Joseph, MI). For evaluating Cmin2d, a 

substrate induced respiration was conducted with an addition of glucose (1.6 mg C g-1 dry soil). 

An alkali trap method with 60 g dry soil was used for quantification of Cmin2d (Congreves et al., 

2013; Ouellette et al., 2016).  Soil organic C and Cmin2d were expressed as mg C g-1 dry soil; TN 

and TIN were expressed as mg N g-1 dry soil. 

 For conducting the Solvita CO2-burst, water extractable organic C (WEOC), water extractable 

organic N (WEON), and Solvita labile amino N (SLAN), soil was sieved through 2 mm mesh 

screen and 60 g soil sub-sample was oven-dried at 40ºC for 24 h (Brinton, 2016; Chahal and Van 

Eerd, 2018; Haney et al., 2008, 2012; Haney and Haney, 2010). Briefly, 4 g of oven-dried soil (40 

ºC ) was used for quantifying SLAN, WEOC, and WEON; Solvita CO2-burst was measured using 

40 g dry soil (see Chahal and Van Eerd, (2018) for details). For quantifying WEOC and WEON, 

4 g oven-dried soil was extracted with 40 mL distilled water by mechanically shaking on an orbital 

shaker for 10 mins, followed by filtration and analyzing the extracts for inorganic N (on an auto 
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analyzer SEAL Analytics) and total and inorganic C (on LECO CN analyzer; Chahal and Van 

Eerd, 2018). Soil with the gel paddles was incubated for 24h in a sealed glass beaker to evaluate 

Solvita CO2-burst and SLAN. After 24h incubation, gel paddles changed the colour due to evolved 

CO2 (Solvita) and NH3 (SLAN); colour intensity measurements were taken using a digital 

colorimeter reader (Chahal and Van Eerd, 2018). Concentrations of SLAN, WEON, WEOC, and 

Solvita CO2-burst were expressed on dry weight basis as mg NH3-N kg-1, mg N kg-1, mg C kg-1, 

and mg CO2-C kg-1.   

Wet aggregate stability was measured by using 4 g un-sieved air-dried soil in an apparatus 

(Eijelkamp Agrisearch Equipment 08.13, Giesbeek, The Netherlands) similar to that described by 

Kemper and Rosenau (1986). Microbial biomass C and N were measured by using chloroform-

extraction method as described by Carter and Gregorich (2008). Fifteen grams of moist soil sub-

sample was fumigated, in a sealed glass desiccator kept under vacuum for 24h in the dark in a 

fume hood, using 50 mL of ethanol-free chloroform which was placed in a beaker along with 

boiling chips; whereas another 15 g soil was non-fumigated. Both fumigated and non-fumigated 

soil samples were extracted using 30 mL of 0.5 M K2SO4 solution, and filtrates were analyzed for 

C and N via dry combustion on a LECO CN analyzer (Leco Corporation, St. Joseph, MI). 

Microbial biomass C and MBN were quantified as the difference of fumigated and non-fumigated 

samples and were expressed as μg C g-1 and μg N g-1, respectively. The kEC and kEN coefficients 

used for MBC and MBN were 0.45 and 0.18, respectively (Carter and Gregorich, 2008, 

Joergensen, 1996).  

4.3.5. Data Analysis 

All indicators were expressed on a soil dry weight concentration basis. Soil OC and TN 

represented the stable indicators of soil C and N, whereas all other tested parameters were the 
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labile attributes. Both site-years were evaluated separately as initial statistical analysis detected an 

interaction between site-year and treatments. In each site-year, fixed effects of CC, crop residue 

management, and sampling time, and their interactions on soil attributes were assessed using 

repeated measures analysis with PROC GLIMMIX in SAS (SAS Institute, version 9.4 Cary, NC, 

USA). Replication, and replication by CC were the random effects (Federer and King, 2007). To 

account for the repeated measure analysis, a random statement of replication by sampling time was 

included. Analysis of residuals and normality test (Shapiro-Wilk) was conducted to confirm the 

assumptions of ANOVA (Bowley, 2015). Based on the output of studentized conditional residuals, 

no outliers were detected. All assumptions of ANOVA were met, therefore, no adjustments to 

covariance structure and data transformations were conducted. A protected LSD test was used to 

compare treatment means at α=0.05 when ANOVA indicated significant effects at 0.05 level of 

probability. Additionally, radar charts were prepared for both crop residue treatments at tomato 

harvest in each site-year; where data were expressed as a ratio of the average indicator value for 

each CC treatment and the mean maximum value of the respective attribute, to facilitate the visual 

interpretation of the impact of management on soil parameters. 

 

4.4. Results  

 

4.4.1 Cover crop attributes 

In fall of both site-years, greatest CC biomass and C content was OSR (avg. 5780 kg ha-1 and 

2170 kg C ha-1, respectively) whereas cereal rye was the lowest (1440 kg ha-1 and 602 kg C ha-1, 

respectively; see Chahal and Van Eerd, 2018). Contrary to fall, in the spring, OSR+Rye had the 

greatest CC biomass and C content (avg. 825 kg ha-1 and 465 kg C ha-1, respectively) while oat 

was the least (avg. 630 kg ha-1 and 285 kg C ha-1, respectively; see Chahal and Van Eerd, 2018). 



94 
 

Cover crop C concentration was not different among CC treatments in both springs (2015 and 

2016, Table S4.2). In site-year 2015, spring C:N of CC was approx. 24.1 with the trend of  

OSR≥OSR+Rye=rye≥oat (Table S4.2). In contrast, spring C:N of C:N in site-year 2016 was not 

different among CC treatments (Table S4.2).  

4.4.2. Soil indicators of C and N  

In both site-years, concentration of stable indicators of soil C and N (OC and TN) did not change 

over the tomato growing season (Table 4.2 and 4.3). However, a significant CC by time interaction 

for OC was detected in both site-years which was attributed to the lowest OC concentration in no-

CC plots at tomato harvest (Fig. 4.2 and 4.3). In both site-years, CC treatment differences, but no 

two-way interaction of CC by time, were detected on TN concentration with no-CC being the 

lowest (Table S4.3 and S4.4). In addition to medium-term CC effects on OC and TN, the +S 

treatment had greater OC concentration than -S in site-year 2015 (P < 0.0001) but no effect in site-

year 2016 (P = 0.9888). 

In contrast to stable indicators, labile C and N indicators varied temporally with either CC 

and/or crop residue management effects. Seasonal variability with CCs was detected in all labile 

indicators in site-year 2015 (Table 4.2), but in site-year 2016, 6 out of 9 indicators changed 

temporally with CCs (Table 4.3). Moreover, compared with the CCs, interaction between crop 

residue and time was detected in only two labile indicators (SLAN and Cmin2d in site-year 2015, 

SLAN and TIN in site-year 2016; Table 4.2 and 4.3). Across tomato growing season, no-CC had 

the lowest Cmin2d, MBC, and MBN concentrations in site-year 2015 (Fig. 4.2), and the lowest 

MBC and Solvita CO2-burst concentration in site-year 2016 (Fig. 4.3). The CC by time interaction 

in site-year 2015 for Solvita CO2-burst, MBC, MBN, and Cmin2d was due to lowest 

concentrations in no-CC (oat intermediate for Solvita, Cmin2d) in April but these differences were 
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minimized at other time points (Fig. 4.2). A sharp decrease was observed in the no-CC treatment 

only for MBC concentration from April to 2WAT followed by a levelling in the values until tomato 

harvest in site-year 2016 (Fig. 4.3). For WAS, greater CC treatment differences were detected at 

April in site-year 2016 (Fig. 4.3). As expected, WEON was highly variable in its temporal response 

to CCs and hence, no clear trend was detected in CC treatments across different sampling times 

(Fig. 4.2). Greater concentration of labile indicators with CC than no-CC across the season confirm 

the positive influences of CC on C and N dynamics in our medium-term experiment. 

In both site years, retaining crop residues in the field resulted in greater indicator concentrations 

than removing residues with the exception of TIN and WEOC in site-year 2015 (Table S4.3 and 

S4.4). Over the season, +S had greater concentrations of labile indicators (Cmin2d in site-year 2015 

and TIN in 2016) than -S. For Cmin2d, interaction between crop residue treatments and time was 

due to greater values in +S than -S at all sampling times, except tomato harvest. In contrast, TIN 

concentration in April was not different between +S and -S, while +S had greater concentration 

than -S across all other sampling times; thus, leading to an interaction between sampling time and 

crop residue treatments (data not shown).  

In addition to the two-way interactions described above, three-way interactions between CC, 

crop residue treatment, and sampling time (Table 4.2 and 4.3) were detected on SLAN in both site-

years, and WAS, WEOC, and TIN in site-year 2015 (Fig. 4.4). In both site-years, no-CC+S and 

no-CC-S had the greatest SLAN concentration at all time points (Fig. 4.4). In site-year 2015 only, 

the least differences in SLAN concentrations among treatments were observed at harvest (Fig. 

4.4). Least treatment differences for WEOC and TIN were detected in mid-June to July (Fig. 4.4). 

As expected, WEOC and TIN were highly variable temporally; no clear trend was detected in CC 

and crop removal treatments, however, cereal rye had the least concentration over the season (Fig. 
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4.4). Therefore, these results of variable response of soil attributes due to CC and crop residue 

treatments over the growing season confirms the dynamic nature of soil C and N indicators.  

To facilitate comparison of CC and crop residue management on soil C and N indicators, radar 

charts were prepared for each site-year at tomato harvest (i.e., early September, Fig. 4.5). In both 

site-years, even at one time-point (at tomato harvest representing cumulative effect of CC and crop 

residue treatments), differences in stable and labile indicators of C and N were detected with CC 

and crop residue treatments. Overall, in both site-years, the -S treatment had fewer differences 

among CC treatments than +S. No cover crop control had the lowest values of MBC, MBN, TN, 

OC, WAS, and Cmin2d in both crop residue treatments in site-year 2015 (Fig. 4.5). In addition to 

aforementioned indicators, no-CC was lowest for Solvita CO2-burst in +S and -S in site-year 2016 

(Fig. 4.5). Overall between both site-years and crop residue treatments, cereal rye had the greatest 

values of Cmin2d, MBC, MBN, OC, TN, and Solvita CO2-burst. These CC effects (i.e, no-CC 

lowest MBC, MBN, TN, and OC but greatest SLAN) and crop residue effects on soil attributes at 

tomato harvest were consistent with treatment effects observed temporally over the crop growing 

season. 

4.5. Discussion  

The observed range of C:N of CC in spring 2015 and 2016 was favourable for 

mineralization(18.4 to 24.8 for all but OSR (32.3) in spring 2015). Similar C:N of CC was reported 

in previously in this CC experiment (Belfry et al. 2017; Ouellette et al. 2016) and elsewhere 

(Blanco-Canqui et al. 2015). Our results of greatest CC biomass from OSR in fall 2014 and 2015 

and OSR+Rye in spring 2015 and 2016 were consistent with the previous studies in the same 

medium-term CC experiment (Belfry et al., 2017; O’Reilly et al., 2012; Ouellette et al., 2016). 

Previously, in our medium-term CC study, average CC biomass in fall 2007 was 4800 kg ha-1 
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(O’Reilly et al., 2011) and in fall 2009 to 2011 was 3100 to 3600 kg ha-1 (Ouellette et al., 2016). 

This difference in CC biomass was due to timing of main crop harvested (i.e. fresh processing pea 

in late July and processing tomato in early Sept) and consequently the length of the CC growing 

season. Using these CC biomass data, the cumulative CC biomass and C input for the 6-yr CC 

were grown was approximately 21 Mg ha-1 and 9030 kg C ha-1 (assuming 43% C in CC), 

respectively.  

Stable indicators of soil C and N (OC and TN) did not change temporally in both site-years, 

except OC at tomato harvest. At both sites, no-CC had the least soil OC concentrations at tomato 

harvest. Additionally, TN concentration was the least in no-CC and all -S plots. Lowest 

concentration of TN and OC in no-CC treatment could be attributed to lesser C and N biomass 

inputs than CCs in the medium-term. In agreement, Sainju et al. (2007, 2008) observed least TN 

concentration from no-CC. Non-legume CC have been known to increase soil TN concentration 

by scavenging mineral N and converting it to organic forms of N thereby reducing N losses 

(Blanco-Canqui et al., 2015). Greater OC and TN concentrations with CCs and crop residue 

retention indicates the potential of these management practices to increase stable pools of soil C 

and N in the medium-term and beyond.  

As expected, labile indicators of soil C and N (WAS, WEOC, WEON, MBC, MBN, SLAN, 

Cmin2d, Solvita CO2-burst, and TIN) changed with CC and crop residue treatments over the tomato 

growing season indicating the dynamic nature of these indicators. Labile C and N indicators are 

highly dependent on the quantity and quality of the plant substrate available, soil temperature, soil 

moisture content (Murphy et al., 2007). Our observed variation in the concentrations of labile 

indicators across the growing season and between years might be attributed to the differences in 

the quantity of CC biomass produced, residue quality (C concentration and C:N) among the tested 
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CCs, and weather differences (air temperature and precipitation) between sampling years; 2016 

was warmer in spring (April to May) and drier (from April to June) than 2015, which likely 

impacted the microbial activity and residue decomposition. Additionally, in both site-years, the 

bulk of tomato growing season (June to August) was warmer (avg. 25.2ºC) and drier (avg. 194.5 

mm) than 30y mean (21.4ºC and 255 mm), which might have led to within season variability in 

the concentration of labile C and N indicators. Our result of greater MBC and MBN in early spring 

compared with summer (June to August), perhaps due to low soil temperature, greater soil 

moisture, and less microbial activity, was consistent with several studies (Omer et al., 2018; Piao 

et al., 2000; Ryan et al., 2009).  

Out of all the sampling times evaluated in this study, 2WAT (early June) and harvest (early 

September) is recommended for sampling soil C and N indicators. In one out of two site-years, 

2WAT had greater concentrations of Solvita CO2-burst, WEON, Cmin2d, and SLAN for all CC 

treatments than other sampling times, which might be attributed to an increase in the microbial 

activity and nutrient cycling due to residue incorporation. Moreover, early June (2WAT) 

represented the medium- (CC) and short- (residue incorporation) term effects on the concentrations 

of soil indicators. Similar increases in the indicator concentrations following residue incorporation 

has been reported by Sainju et al. (2000) in a CC based tomato production system.  In contrast to 

June, microbial activity would be expected to be slower in April due to less availability of substrate 

and cool soil temperature, leading to the observed lower concentrations of soil indicators. Hence, 

April may not be recommended as an optimum time for soil C and N sampling. Additionally, 

compared with other sampling times, greater treatment differences in soil indicator concentrations 

(WEOC, TIN, Solvita CO2-burst, SLAN, WAS, and MBC) were detected at tomato harvest. 

Greater concentration of soil indicators with CC than no-CC at tomato harvest might be a reflection 
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of a build up of stable and labile pools of C and N due to the cumulative effects of 6-yr of CCing. 

Therefore, soil sampling in June and/or September in a crop growing season is recommended as 

optimum times for sampling to evaluate soil C and N dynamics and overall soil quality. 

Compared with the no-CC, CCs positively impacted the tomato yield (data not shown), further 

confirming the positive influences of CC on soil functionality and quality. In addition to the 

cumulative (6-yr) effect on CC on soil and crop attributes, observed seasonal changes in the soil 

C and N indicators with CCs might have impacted the tomato yield and crop nutrient uptake in our 

study. Peak period of tomato growth initiates in June (Sainju et al., 2001) and greater indicator 

concentration during June might have increased the nutrient availability to tomato roots and hence 

increased crop yield. 

In addition to the two- and three-way interactions of treatments (CC and/or crop residue) with 

time, fixed effects of CC and crop residue management were also detected on all labile soil 

attributes, except WEON, in both site-years (Table S4.3 and S4.4). Compared to other CC 

treatments, lowest values of WAS, MBC, MBN, Solvita, and Cmin2d were observed with no-CC. 

A review by Blanco-Canqui et al. (2015) reported greater percentage of water stable aggregates 

with CC than without. Soil aggregation is known to be impacted by the CC and crop residue 

retention due to an increased production of organic binding agents resulting in stabilization of 

aggregates (Blanco-Canqui et al., 2015; Stetson et al., 2012).  

In only one of two site-years, -S lowered Cmin2d, Solvita CO2-burst, TIN, and WEOC, which 

could be attributed to a reduction in microbial activity and C inputs with the crop residue removal 

(Ruis and Blanco-Canqui, 2017). Likewise, WAS was consistently lowest from -S plots in both 

site-years, which concurs with other research (Blanco-Canqui and Lal, 2009; Stetson et al., 2012; 

Wegner et al., 2015). At tomato harvest sampling date, greater proportions of soil C and N 
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indicators with +S than -S further confirm the positive effects of crop residue retention on 

increasing soil C and N pools. Inclusion of CC in cropping systems has shown to offset the negative 

effects of residue removal on soil indicators (Blanco-Canqui et al., 2014); however, the extent to 

which CC mitigate the residue removal effects were highly dependent on CC biomass produced, 

duration of study, soil texture, initial OC concentration, and climatic conditions (Ruis and Blanco-

Canqui, 2017).  

Furthermore, crop residue (winter wheat) retention (high C:N (80)) might cause N 

immobilization in the earlier stages of decomposition, and may potentially reduce the crop N 

availability and decrease crop yield. But, the lack of any negative impacts of crop residue 

management on crop yield and C and N dynamics in our study might be due to the masking of the 

negative impacts of crop residue removal and/or retention soil processes by the CCs.  

Observed differences in soil C and N indicators with treatments could not be attributed 

exclusively to the quantity and quality of CC biomass. This suggests the possibility of another 

mechanism (other than inputs) may be influencing soil C and N pools. It is not clear if the observed 

increases in indicator concentrations with CC and crop residue retention were due to minimizing 

C and N losses, protecting soil OC in micro-aggregates, preventing decomposition of organic 

matter, and/or influencing rhizodepositions and microbial community structures. Thus, future 

research elucidating the mechanism of CC and crop residue effects on soil C and N cycling is 

needed. 

 

4.6. Conclusions 

To our knowledge, this is the first assessment of temporal dynamics of soil C and N indicators 

in a horticultural system with CCs and crop residue management. Soil C and N indicators reflected 
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both short- and medium-term dynamics in our study. In contrast to the temporal effects of CC and 

crop residue treatments on labile indicators of soil C and N, stable indicators of soil C (OC and 

TN) did not change temporally due to CC and crop residue treatments. Temporal variations in soil 

parameters were attributed to the short-term impact of CCs and crop residues on labile C and N 

indicators (MBC, MBN, SLAN, Solvita CO2-burst, WEOC, WEON, TN, TIN, and Cmin2d). The 

cumulative medium-term CC effect was greater concentrations of stable soil C indicators (OC and 

TN) with CC than without CC. Our observed differences (within and between site-years) in 

indicator concentrations with CC and crop residue treatments might not be exclusive to the 

quantity and quality of CC biomass produced in this study, suggesting the possibility of another 

mechanism influencing soil C and N dynamics. Thus, future research evaluating the mechanism 

governing the pathway of soil C and N losses and gains with CC and crop residue management is 

needed.  

Overall, compared to no-CC and crop residue removal treatments, CCs and crop residue 

retention had greater concentrations of soil parameters temporally indicating the impact on soil C 

inputs and microbial processes and hence has implications on soil quality. This study improves 

our understanding of CC and crop residue removal effects on stable and labile indicators of C and 

N and indicates the potential of CC to offset the negative impacts of crop residue removal on soil 

quality in the medium-term. Additionally, our results demonstrated the role of CCs in (i) increasing 

OC and TN concentration after 6-yr of CCing, (ii) providing ecosystem services such as C and N 

sequestration, with implications on mitigating climate change. Future research focusing on CC 

effects after crop residue removal with diverse land management practices, soil types, and cropping 

systems would enhance our understanding of the C and N cycling.  

 



102 
 

Table 4.1 Select soilz properties from 0-15 cm depth at Ridgetown, Ontario, Canada during 2015 

and 2016  

Propertyy  Site-year 2015 Site-year 2016 

Soil texture Sandy loam (Orthic Humic Gleysol) 

Particle size distribution   

Sand (%) 76.7±0.26 76.3±0.31 

Silt (%) 16.9±0.24 18.5±0.29 

Clay (%) 6.34±0.14 5.07±0.20 

pH 6.12±0.05 7.06±0.04 

Phosphorus (mg kg-1) 5.60±0.17 21.4±1.55 

Potassium (mg kg-1) 136±3.93 147±5.87 

z Means of a composite sample (sixty soil cores of 3.5 cm diameter) taken from each cover crop and crop residue 

treatment plot (n=40) at tomato harvest in September 2015 and 2016. 

yMethods included particle size via hydrometer, pH was 1:1 (soil:water) by volume, P was Olsen bicarbonate 

extraction and K was ammonium acetate extraction. 
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Table 4.2 Probability values for the main effects of medium-term summer-planted cover crop 

(6-yr), crop residue management (3-yr), sampling time, and interactions on soil indicators 

sampled from 0-15 cm depth in site-year 2015 

  Cover 

crop 

(CC) 

Crop 

residue (S) 

Time (T) CC x S CC x T S x T CC x S x T 

Indicator Unit -------------------------------------------------Pr > F ------------------------------------------- 

OC mg C g-1 <0.0001 0.0538 0.1969 0.1708 <0.0001 <0.0001 0.0903 

Total N mg N g-1 <0.0001 <0.0001 0.1337 0.0782 0.2797 0.4344 0.8157 

WAS % <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.3619 0.0126 

Cmin2d mg C g-1 <0.0001 <0.0001 <0.0001 0.5802 <0.0001 0.0002 0.9904 

Solvita mg CO2-

C kg-1 

0.0138 0.0011 <0.0001 0.6759 <0.0001 0.7229 0.9986 

SLAN mg NH3-

N kg-1 

<0.0001 0.7781 <0.0001 0.0038 <0.0001 <0.0001 0.0460 

WEOC mg C kg-1 <0.0001 0.0027 0.6753 <0.0001 0.0037 0.0720 0.0015 

WEON mg N kg-1 0.1496 0.0587 0.1765 0.0511 0.0189 0.1469 0.1316 

TIN mg g-1 <0.0001 0.0048 0.2873 <0.0001 0.0059 0.2318 0.0027 

MBC μg C g-1 <0.0001 0.7000 <0.0001 0.7589 0.0159 0.7386 0.9591 

MBN μg N g-1 <0.0001 0.7830 <0.0001 0.9213 0.0302 0.7369 0.9205 

Cmin2d= cumulative 2d soil carbon mineralization; MBC= microbial biomass C; MBN= microbial biomass N; 

SLAN= Solvita labile amino N; OC= soil organic C; TIN= total inorganic N; WAS= wet aggregate stability; 

WEOC= water extractable organic C; WEON= water extractable organic N. 
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Table 4.3 Probability values for the main effects of medium-term summer-planted cover crop 

(6-yr), crop residue management (3-yr), sampling time, and interactions on soil indicators 

sampled from 0-15 cm depth in site-year 2016 

  Cover 

crop (CC) 

Crop 

residue (S) 

Time (T) CC x S CC x T S x T CC x S x T 

Indicator Unit -----------------------------------------------------Pr > F ------------------------------------------------- 

OC mg C g-1 0.0003 0.8278 0.1055 0.4242 <0.0001 0.9888 0.7518 

Total N mg N g-1 <0.0001 0.7065 0.0536 0.5112 0.4459 0.4296 0.4355 

WAS % 0.0122 <0.0001 0.0002 0.7240 <0.0001 0.6911 0.9501 

Cmin2d mg C g-1 0.6454 0.2510 <0.0001 0.0581 0.1546 0.8764 0.9965 

Solvita mg CO2-

C kg-1 

<0.0001 0.6009 <0.0001 0.7403 <0.0001 0.0985 0.8098 

SLAN mg NH3-

N kg-1 

<0.0001 0.5351 <0.0001 <0.0001 <0.0001 0.0119 <0.0001 

WEOC mg C kg-1 <0.0001 <0.0001 <0.0001 <0.0001 0.0009 0.2326 0.4115 

WEON mg N kg-1 0.0708 0.2796 <0.0001 0.1069 0.7595 0.4980 0.3860 

TIN mg g-1 0.0001 <0.0001 <0.0001 <0.0001 0.0254 <0.0001 0.8429 

MBC μg C g-1 <0.0001 0.8096 0.1674 0.5194 0.0254 0.6503 0.6044 

MBN μg N g-1 <0.0001 0.2688 0.0892 0.1489 0.2379 0.5648 0.1883 

Cmin2d= cumulative 2d soil carbon mineralization; MBC= microbial biomass C; MBN= microbial biomass N; 

SLAN= Solvita labile amino N; OC= soil organic C; TIN= total inorganic N; WAS= wet aggregate stability; 

WEOC= water extractable organic C; WEON= water extractable organic N. 
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Fig. 4.1 Monthly total precipitation (mm) and mean air temperature (ºC) during 2015 and 2016 

with 30y mean at Ridgetown, Ontario, Canada.
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Sampling time  

Fig. 4.2 Over the season, effect of medium-term summer-planted cover crop (6-yr) on soil 

indicators from 0-15 cm depth in site-year 2015. Bars represent standard error of means (n=8). 

Treatment means were compared using a protected LSD test at P < 0.05 (Cmin2d= cumulative 2d 

soil C mineralization; MBC= microbial biomass C; MBN= microbial biomass N; OC= organic C; 

WEON= water extractable organic N)  
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Sampling time  

Fig. 4.3 Over the season, effect of medium-term summer-planted cover crop (6-yr) on soil 

indicators from 0-15 cm depth in site-year 2016. Bars represent standard error of means (n=8). 

Treatment means were compared using a protected LSD test at P < 0.05 (MBC= microbial biomass 

C; OC=organic C; TIN= total inorganic N; WAS= wet aggregate stability; WEOC= water 

extractable organic C)  
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Sampling time  

Fig. 4.4 Over the season, effect of medium-term summer-planted cover crop (6-yr) and crop 

residue retained (+S) or removed (-S) (3-yr) on soil indicators from 0-15 cm depth in site-year 

2015 (A-D) and 2016 (E). Bars represent standard error of means (n=4). Treatment means were 

compared using a protected LSD test at P < 0.05 (SLAN= Solvita labile amino N; TIN= total 

inorganic N; WAS= wet aggregate stability; WEOC= water extractable organic C; WEON= water 

extractable organic N)  

0

20

40

60

80

20-Apr 20-May 20-Jun 20-Jul 20-Aug 20-Sep

W
A

S 
(%

)

No cover-S
Oat-S
Oilseed Radish (OSR)-S
OSR+Rye-S
Rye-S
No cover+S
Oat+S
OSR+S
OSR+Rye+S 0

50

100

150

200

250

300

350

20-Apr 20-May 20-Jun 20-Jul 20-Aug 20-Sep

SL
A

N
  (

m
g 

kg
-1

)

B

100

700

1300

1900

2500

20-Apr 20-May 20-Jun 20-Jul 20-Aug 20-Sep

W
EO

C
 (

m
g 

kg
-1

)

C

0

0.05

0.1

0.15

0.2

20-Apr 20-May 20-Jun 20-Jul 20-Aug 20-Sep

TI
N

 (
m

g 
g-1

)

D

0

50

100

150

200

250

300

20-Apr 20-May 20-Jun 20-Jul 20-Aug 20-Sep

SL
A

N
 (

m
g 

kg
-1

)

A 

E 



109 
 

 

  

  
Fig. 4.5 Effect of medium-term summer-planted cover crop (6-yr) and crop residue retained 

(+S) (A,C) or removed (-S) (B,D) on soil indicators at tomato harvest in site-year 2015 (A,B) 

and 2016 (C,D). Values in parenthesis represent mean (n=4) maximum indicator 

concentrations expressed as mg g-1 for Cmin2d, OC, TIN, and TN; mg kg-1 for WEOC, WEON, 

Solvita, and SLAN; μg g-1 for MBC and MBN; % for WAS (Cmin2d= cumulative 2d soil C 

mineralization; MBC= microbial biomass C; MBN= microbial biomass N; SLAN= Solvita 

labile amino N; OC=organic C; TIN=total inorganic N; TN=total N; WAS=wet aggregate 

stability; WEOC=water extractable organic C; WEON=water extractable organic N). 
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Supplemental tables 

Table S4.1 Impact of medium-term summer-planted cover crop (6-yr) and crop residue 

management (retained (+S) or removed (-S) (3-yr)) on soil moisture gravimetric content in site-

years 2015 and 2016  

 Site-year 2015 Site-year 2016 

Cover crop (CC) Soil moisture gravimetric content (g g-1) 

No cover 0.203 0.199 

Oat 0.201 0.193 

Oilseed Radish (OSR) 0.196 0.187 

OSR+Rye 0.203 0.190 

Cereal rye 0.199 0.189 

SE 0.003 0.003 

Crop residue (S)   

+S 0.201 0.190 

-S 0.201 0.191 

SE 0.002 0.001 

Sampling time (T)   

April 29  0.211a 0.191 

May 19 0.208ab 0.189 

June 5 0.204abc 0.187 

June 16 0.196bc 0.192 

June 29 0.195c 0.195 

July 29 0.197bc 0.195 

September 11 0.192c 0.187 

SEz 0.003 0.003 

Effects ---------------------------P values--------------------------------------- 

CC 0.3383 0.5203 

S 0.6909 0.5220 

T <0.0001 0.1878 

CC x S 0.4364 0.7996 

CC x T 0.6074 0.5838 

S x T 0.8767 0.8269 

CC x S x T 0.9767 0.9912 

a-c In each column, based on a protected LSD test, means followed by a different letter indicate statistical significant difference 

(P<0.05) 

z SE= standard error of mean 
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Table S4.2 Impact of medium-term summer-planted cover crops (6-yr) (CC) on CC residue quality 

parameters (C concentration and C:N) during spring 2015 and 2016 

 Spring 2015 Spring 2016 

Cover Crop C% C:N C% C:N 

Oat 40.7 18.4b 42.1 24.3 

Oilseed Radish (OSR) 43.2 32.3a 42.2 22.7 

OSR+Rye 43.2 24.1ab 42.1 24.8 

Cereal rye 42.4 22.2ab 42.2 24.6 

SEz 0.642 2.34 0.152 1.54 

a-b For each parameter, based on a protected LSD test, means followed by a different letter indicate statistical 

significant difference (P < 0.05) 

z SE= standard error of mean
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Table S4.3 Impact of medium-term summer-planted cover crop (6-yr) and crop residue retained 

(+S) or removed (-S) (3-yr) on soil indicators from 0-15 cm depth in site-year 2015  

Treatment WAS Cmin2d  Solvita SLAN TN TIN WEOC WEON OC MBC MBN 

Cover 

crop (CC) 

% mg C 

g-1 

mg 

CO2-C 

kg-1  

mg 

NH3-

N kg-1 

mg g-1  mg g-1 mg C 

kg-1 

mg N 

kg-1 

mg C 

g-1 

μg C 

g-1 

μg N 

g-1 

No cover 39.4c 0.89b 13.9b 202a 2.92c 0.11a 1350a 304b 35.8c 251b 31.1b 

Oat 57.8b 0.92b 14.0ab 161c 3.08b 0.083bc 1000b 371a 36.1b 479a 57.9a 

Oilseed 

radish 

(OSR) 

58.3b 0.98a 14.1ab 156cd 3.09b 0.084bc 1010b 383a 36.1b 468a 58.3a 

OSR+Rye 57.6b 1.01a 14.2a 178b 3.18ab 0.093b 1110b 365a 36.4a 466a 56.3a 

Cereal 

Rye 

61.8a 1.01a 14.1ab 147d 3.24a 0.077c 944b 349ab 36.4a 443a 54.3a 

SE 0.726 0.015 0.043 2.79 0.027 0.004 51.3 20.0 0.053 18.4 2.58 

Crop 

residue 

           

+S 57.8a 1.03a 14.1a 169 3.14a 0.084b 1010b 360 36.1 419 51.3 

-S 52.2b 0.89b 14.0b 169 3.07b 0.095a 1150a 349 36.2 424 51.8 

SE 0.379 0.013 0.033 1.60 0.014 0.002 32.4 14.3 0.029 11.6 1.51 

Sampling 

time 

           

April 29  45.6e 1.27a 13.7d 129e 3.11 0.081 1040 488a 36.2 672a 81.1a 

May 19 50.3d 0.83d 13.3f 139d 3.06 0.087 1040 405b 36.1 568b 69.0b 

June 5 55.8c 1.07c 13.7d 172c 3.08 0.095 1130 279d 36.1 444c 54.5c 

June 16 57.0bc 0.84d 13.6e 251a 3.11 0.093 1110 301cd 36.2 364d 44.3cd 

June 29 57.9abc 0.71e 13.9c 216b 3.14 0.095 1140 329cd 36.2 317d 37.8d 

July 29 58.9ab 0.83d 14.7b 171c 3.10 0.085 1010 342c 36.1 291d 36.1d 

September 

11 

59.3a 1.17b 15.3a 103f 3.12 0.093 1110 336cd 36.1 294d 38.1d 

SEz 0.579 0.015 0.041 2.13 0.021 0.004 60.7 23.0 0.048 19.6 2.65 

a-d For each indicator and effect, based on a protected LSD test, means followed by a different letter indicate statistical 

significant difference (P<0.05) 

Cmin2d= cumulative 2d soil C mineralization; MBC= microbial biomass C; MBN=microbial biomass N; SLAN=Solvita labile 

amino N; OC=organic C; TIN=total inorganic N; TN=total N; WAS=wet aggregate stability; WEOC= water extractable organic 

C; WEON=water extractable organic N 

z SE= standard error of mean 
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Table S4.4 Impact of medium-term summer-planted cover crop (6-yr) and crop residue 

retained (+S) or removed (-S) (3-yr) on soil indicators from 0-15 cm depth in site-year 2016 

Treatment WAS Cmin2d  Solvita SLAN TN TIN WEOC WEON OC MBC MBN 

Cover crop 
(CC) 

% mg C g-

1 
mg CO2-
C kg-1  

mg 
NH3-N 

kg-1 

mg g-1  mg g-1 mg C 
kg-1 

mg N 
kg-1 

mg C 
g-1 

μg C 

g-1 

μg N 

g-1 

No cover 37.1b 0.86 13.1c 204a 2.82c 0.12a 1470a 580 29.6b 152b 21.5b 

Oat 42.3a 0.88 15.3b 142cd 3.12b 0.095b 1150b 691 30.0ab 372a 42.8a 

Oilseed 

radish 
(OSR) 

36.1b 0.89 16.4a 146c 3.27a 0.123a 1450a 607 30.9a 383a 41.4a 

OSR+Rye 36.6b 0.87 16.7a 164b 3.30a 0.115a 1400a 733 30.8a 373a 41.8a 

Cereal Rye 39.8ab 0.91 16.5a 133d 3.24ab 0.121a 1470a 671 30.6ab 374a 43.7a 

SE 1.26 0.025 0.101 2.67 0.029 0.002 24.2 39.1 0.261 10.2 1.77 

Crop 

residue 

           

+S 41.2a 0.89 15.6 158 3.15 0.128a 1570a 640 30.3 332 39.0 

-S 35.6b 0.87 15.6 157 3.15 0.103b 1210b 672 30.4 330 37.5 

SE 0.768 0.013 0.067 1.88 0.017 0.001 14.9 25.7 0.190 6.59 1.03 

Sampling 

time 

           

April 27 39.4a 1.35a 14.7d 102e 3.14 0.096e 1170f 330b 29.9 353 40.3 

May 20 37.5ab 0.72d 15.4c 124d 3.13 0.102de 1230ef 685a 30.8 311 37.3 

June 5 40.4a 0.97c 15.7bc 188c 3.13 0.109d 1290de 743a 30.7 325 36.5 

June 16 38.1ab 0.72d 16.0ab 244a 3.15 0.111cd 1360cd 688a 30.7 324 35.3 

June 29 38.6a 0.62e 16.4a 214b 3.17 0.123bc 1450c 729a 30.1 319 36.8 

July 29 38.8b 0.71d 16.2a 129d 3.14 0.131ab 1560b 661a 30.4 346 39.9 

September 

11 

40.0a 1.06b 14.7d 105e 3.20 0.135a 1660a 759a 30.0 336 41.8 

SEz 1.06 0.019 0.104 2.58 0.023 0.002 24.6 42.1 0.299 12.0 1.80 

a-c For each indicator and effect, based on a protected LSD test, means followed by a different letter indicate statistical 

significant difference (P<0.05) 

Cmin2d= cumulative 2d soil C mineralization; MBC= microbial biomass C; MBN=microbial biomass N; SLAN=Solvita labile 

amino N; OC= organic C; TIN=total inorganic N; TN=total N; WAS=wet aggregate stability; WEOC= water extractable organic 

C; WEON=water extractable organic N 

z SE=standard error of mean 
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CHAPTER 5: COVER CROP EFFECTS ON NITROGEN DYNAMICS AND 

PROCESSING TOMATO YIELD IN A TEMPERATE, HUMID CLIMATE 

 

5.1. ABSTRACT 

Inclusion of cover crops (CC) in the cropping systems is a promising option for improving soil 

quality, sequestering and reducing N losses. However, the impacts of CCs on subsequent crop 

yields are highly inconsistent. Therefore, a medium-term factorial experiment with four 

replications, established in 2007 and repeated in 2008, was used to evaluate the effect of five CC 

treatments on the (i) N dynamics during CC (fall to spring) and tomato growing season (May to 

September), and (ii) processing tomato yield and quality. Soil (0-15 cm, 15-30 cm, and 30-60 cm 

depths) and crop parameters were sampled during the CC and tomato growing season to assess the 

aforementioned objectives. Plant available N (PAN) content represented the sum of N content of 

above-ground biomass and soil mineral N (SMN) from 0-60 cm depth. Soil mineral N content in 

fall 2014 and 2015 was not different among the tested CCs, however, PAN content with OSR (avg. 

244±16.1 kg N ha-1) was greater than no-CC (avg. 97±16.1 kg N ha-1) across fall 2014 and 2015. 

Like fall, greater PAN content was detected with OSR among the CCs, at April sampling which 

was attributed to greater SMN content in April than May. Cover crops did not increase PAN prior 

to the tomato growing season suggesting the limited benefits of the tested CCs in providing a N 

credit to the subsequent tomato crop. Due to a greater tomato marketable yield (by 22%) with CCs 

than a no-CC, all the tested CCs are recommended for increasing crop productivity in a tomato-

based cropping system. No positive or negative impact of CCs were observed on tomato fruit 

quality parameters. Overall, our research highlights the CC-induced benefits on increasing 

processing tomato yield and agroecosystem sustainability. 
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5.2. Introduction 

Processing tomato (Solanum lycopersicum L.) is an important vegetable crop in Ontario with 

an annual marketed production and farm value of 467,000 Mg and CAD $93 million, respectively 

in 2017 (Mailvaganam, 2018). In Canada, most of tomato industry is in southwestern Ontario, 

which is an ideal location for producing processing tomatoes due to favorable soil and climatic 

conditions, such as warmer temperatures and sufficient precipitation during the crop growing 

season.  

In vegetable systems, intensive cultivation practices coupled with less amount of crop residues 

remaining in the field after crop harvest may increase the potential for N losses and decrease the 

soil organic matter. Additionally, high value and low input to cost ratio in vegetable crops results 

in over application of fertilizers by the growers which might further promote nutrient losses from 

horticultural systems. Hence, management strategies, such as cover crops (CC), focusing on 

sustaining soil and environmental quality, and enhancing crop productivity are needed. Including 

CCs in the cropping systems are known to improve soil quality (Blanco-Canqui et al., 2015; Chahal 

and Van Eerd, 2018), increase soil N content for the subsequent crops in the rotation (Coombs et 

al., 2017; O’Reilly et al., 2012; Vyn et al., 2000), and increasing crop yields (Belfry et al., 2017; 

Blanco-Canqui et al., 2015; Coombs et al., 2017; O’Reilly et al., 2012; Van Eerd, 2018). Therefore, 

the benefits provided by CC for improving agroecosystem resiliency have led to an increase in the 

adoption of CCs by the growers in Canada from 2011 to 2016 (Statistics Canada, 2017) and in 

organic vegetable farms in USA (Silva and Moore, 2017). 

Despite the benefits associated with the CCs, most of the CC research has been investigated in 

conventional field crops (soybean (Glycine max L.) and grain corn (Zea mays L.)) (Marcillo and 

Miguez, 2017). Very few studies have investigated the effects of CCs on N dynamics in a 
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horticultural system (Belfry et al., 2017; Coombs et al., 2017; O’Reilly et al., 2012; Van Eerd, 

2018). Compared with the field crops, vegetable cropping systems have a longer CC growing 

season, hence greater potential for biomass production due to an early crop harvest. For instance, 

in a temperate humid climate (such as Great Lakes region in Canada), the tomato crop is harvested 

in mid-August to mid-September, providing sufficient time for CC establishment and growth 

before winter. Therefore, CCs have a great potential to reduce soil nutrient losses and increasing 

crop productivity in horticultural systems (Belfry et al., 2017; Van Eerd, 2018). However, due to 

the limited information available on the CC effects in horticultural systems (Belfry et al., 2017; 

O’Reilly et al., 2012; Sainju et al., 2003; Tonitto et al., 2006; Van Eerd, 2018), additional research 

is needed to fully understand the benefits of CC on N dynamics and yield in vegetable crops.  

Autumn-planted CCs take up residual soil mineral N (SMN) (Feyereisen et al., 2006), resulting 

from the fertilizer applied or mineralization of crop residues in the fall season (Meisinger et al., 

1991; Staver and Brinsfield, 1998), thereby help to alleviate N leaching losses (Snapp et al., 2005). 

However, the quantity of residual SMN uptake by CC varies with CC species, weather conditions 

in fall and spring, CC planting dates, and management practices (Ketterings et al., 2015).  

Additionally, CCs affect the soil water budget by their water uptake and hence may reduce the 

potential for N leaching (Ketterings et al., 2015; Meisinger et al., 1991).  

The effects of CCs on retaining and recovering residual SMN after the crop harvest (across non-

growing season) have been well investigated (Coombs et al., 2017; Ketterings et al., 2015; 

O’Reilly et al., 2012; Van Eerd, 2018), CC effects on nutrient dynamics and cycling are highly 

complex and site-specific (Blanco-Canqui et al., 2015). Thus, there is a need for research to fully 

understand the CC effects on the dynamics and release of N for the subsequent crops in vegetable 

production systems in a temperate, humid climate. The objective of this study was to evaluate the 
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medium-term effects of five CC species on (i) processing tomato yield and quality, and (ii) on N 

dynamics. This study will enhance our knowledge about the N cycling with CCs and making 

improved decisions in selecting appropriate CCs for specific cropping systems.  

5.3. Materials and Methods 

5.3.1. Site description 

A medium-term CC experiment, initiated in 2007 and repeated at an adjacent site in 2008 at the 

University of Guelph, Ridgetown Campus, Ridgetown, ON, Canada, was used to meet the 

aforementioned objectives. The site details have been previously outlined in several studies (Belfry 

et al., 2017; Chahal and Van Eerd, 2018; O’Reilly et al., 2012; Ouellette et al., 2016). Crop 

rotations (consisting of grain and vegetable crops) followed at the experiment are described in 

Chahal and Van Eerd (2018). The site soil characteristics from 0-15 cm depth were sandy loam 

(orthic humic gleysol) texture (77% sand, 17% silt, and 6% clay, by hydrometer method), pH (avg. 

6.59, 1:1v/v with water), soil P (avg. 13.5 mg kg-1, Olsen bicarbonate extraction), and K (avg. 

141.5 mg kg-1 ammonium acetate extraction). 

 

5.3.2. Experimental design 

Study design, as previously described in Chahal and Van Eerd (2018), was a split-plot design 

arranged as a randomized complete block with four replications. Five CC treatments (6-yr; no 

cover crop control (no-CC), oat (Avena sativa L.), oilseed radish (OSR, Raphanus sativus L. var 

oleoferus Metzg. Stokes), winter cereral rye (Secale cereale L.)) were established annually every 

summer (July, August, September), since 2007, in the main plots (16 m by 6 m) while the sub-

plots (8 m by 6 m) consisted of two crop residue treatments (3-yr; retained (+S) and removed (-

S)). The crop residue treatment was applied in July 2014-15 and twice previously in the crop 
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rotation. Therefore, a 6 and 3-yr effect of CC and crop residue management, respectively, was 

evaluated on the N dynamics and processing tomato yield in a vegetable cropping system.  

For the crop residue retention treatment, residue was uniformly spread in the field, whereas for 

the residue removal treatment, winter wheat straw was cut to the height of 10 cm from the soil 

surface and removed from the plots with a rake (Van Eerd et al., 2015). After entire experimental 

area was disked and cultivated, CCs were planted on 29 July 2014 and 17 August 2015 with a drill. 

All the field management practices (soil preparation, CC planting and termination, tomato 

transplanting) have been previously described in detail in Chahal and Van Eerd (2018). The tomato 

crop was transplanted on May 25 in both site-years. Fertilizers (P and K) (0-23-30) at 94.1 kg P2O5 

ha-1 and 123 kg K2O ha-1 were applied two weeks before tomato transplanting, however, a starter 

N fertilizer (15 kg ha-1) was applied with water at transplanting (Belfry et al., 2017; Chahal and 

Van Eerd, 2018).  All the management practices (field and pest control) were in accordance with 

Ontario processing tomato production guide (OPVG, 2010). 

5.3.3. Growing conditions 

Average monthly temperatures from August to November in site-year 2015 (19.5°C) were 

warmer than site-year 2014 by 7.7°C and 30y mean by 5.8°C (Table 5.1). In contrast to monthly 

air temperature, from August to November, site-year 2014 (304 mm) had a greater total 

precipitation than 2015 (207 mm) but lower than 30y mean by 17 mm (Table 5.1). Compared to 

the fall, weather conditions in spring 2015 were comparable with the 30y mean, while spring 2016 

was drier (avg. 47%) and warmer (avg. 27%) than 30y mean (Table 5.1). During the tomato 

growing season (from May to September), monthly air temperature was greater (avg. 3.3°C in 

2015, 4.4°C in 2016) than the 30y mean, while total precipitation was lower (avg. 61 mm in 2015, 

60 mm in 2016) than the 30y norms (Table 5.1). 
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5.3.4. Crop sampling and analysis 

In the CC growing season (from fall (October/November) to spring (April and May)), above-

ground CC biomass was collected once in fall (22 October 2014 and 17 November 2015) and twice 

in spring (22 April and 7 May in 2015 and 29 April and 9 May in 2016) by randomly selecting 

two 0.25 m2 quadrants in each sub-plot (Belfry et al., 2017; O’Reilly et al., 2011; Van Eerd, 2018). 

Cover crop biomass was collected irrespective of the plant condition (dead or alive). Fresh and dry 

(60°C) weight of the CC biomass was recorded at each sampling date and the data were expressed 

on a dry weight basis (kg ha-1). For analysis of CC tissue N concentration (Belfry et al., 2017; Van 

Eerd, 2018), a representative subsample of CC biomass was ground using a Wiley mill (Thomas 

Scientific, Swedesboro, NJ, USA) for the sample to pass through a 1 mm screen. Cover crop tissue 

N concentration, expressed as % N, was evaluated using 0.10 g of dry ground plant sample on a 

LECO CN analyzer (Leco Corporation, St. Joseph, MI, USA). Cover crop tissue N content, 

expressed as kg N ha-1, was calculated by multiplying the CC tissue N concentration and above-

ground biomass.  

When the tomato fruit reached >80% maturity in each sub-plot, center 2 m from the center set of 

twin rows was hand harvested (Belfry et al., 2017; Chahal and Van Eerd, 2018). Tomato fruit was 

harvested on 11 September 2015 and 6 September 2016. Based on the industry standards, tomato 

fruit was graded into five categories viz red (exterior yellow colour is <5%), green (external surface 

>50% yellow), breakers (>90% blush of red, orange, or pink colour), grass green (external surface 

being totally green or greenish-white and/or <50% yellow), and rots/culls (OPVG, 2006). All the 

marketable fruit (red, green, and breakers) was free from any defects and hence, not rendered as 

culls. Grass greens and rots represented unmarketable tomato yield. Using the fresh marketable 
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fruit weight and harvest area, marketable yield was calculated. However, cull weights (including 

rots) were included in the total yield (Belfry et al., 2017; Van Eerd et al., 2015).  

From each sub-plot, four plants from the guard rows during the tomato growing season (June and 

July) and five representative tomato plants at harvest (September) were collected to evaluate the 

above-ground biomass and plant (shoot and fruit) N content. As described above, plant samples 

were dried at 60ºC; a subsample of dried plant tissue was ground (using a Wiley mill) and analyzed 

on a LECO CN analyzer to determine the tomato shoot N concentration. Similarly, to evaluate the 

tomato fruit N content, fruits were separated from the plants, graded, and each fruit grade was 

weighed. A representative fruit sample, consisting of 10% by weight of each fruit grade, was 

sliced, dried (60ºC), and processed for fruit N content (Belfry et al., 2017; Van Eerd et al., 2015).  

5.3.5. Tomato fruit quality  

A random subsample of 25 tomato red fruits from each sub-plot was used for evaluating fruit 

quality parameters. Tomato fruit quality was evaluated according to the method described in Van 

Eerd et al. (2015) and Belfry et al. (2017). Briefly, in the tomato breeding lab at University of 

Guelph Ridgetown Campus, tomato fruits were washed and dried, followed by blending under 

vacuum at a medium speed for 40 s, using a Waring CB6 commercial blender (Waring 

Commercial, Torrington, CT). A 27-mesh screen was used to remove the tomato seeds from the 

churned pulp. Tomato fruit quality parameters of colour and pH were measured using an Agtron 

E-5M spectrophotometer (Gould, 1992; Garcia and Barrett, 2006) and Orion pH meter (Thermo 

Fisher Scientific, Nepean, ON), respectively. A Palette PR101 temperature compensated digital 

refractometer (Atago USA, Inc., Bellevue, WA) was used to determine the soluble solids in the 

tomato pulp (Van Eerd et al., 2015).  
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5.3.6. Soil sampling and analysis 

A composite sample of six random 3.5 cm diameter cores from 0-15 cm, 15-30 cm, and 30-60 

cm depth was taken from each sub-plot to evaluate the SMN (NO3
--N and NH4

+-N) content. During 

the CC growing season, soil was sampled once in fall of each site-year (16 October 2014 and 3 

November 2015) and twice in spring (29 April and 19 May 2015, 27 April and 20 May 2016); 

whereas during the tomato growing season, soil was sampled thrice (16 June, 29 July, and 10 

September (fruit harvest) in 2015; 17 June, 19 July, and 7 September (fruit harvest) in 2016). In 

each sub-plot, soil sample was homogenized by depth, sealed in a plastic bag, labelled, and stored 

in a freezer (-20°C) until processed. Prior to analysis, soil samples were sieved using 2 mm mesh 

screen; one 5 g of soil subsample was dried at 105°C to determine the moisture content, while the 

another 5 g subsample was extracted (using 25 mL of 2M KCl), shaken for 30 min, filtered, and 

the extracts analyzed for SMN concentration (ppm) using an auto analyzer (SEAL AutoAnalyzer 

III; Mequin, WI) with cadmium reduction and phenate methods (Maynard et al., 2008). Using the 

bulk density (1.62±0.003 g cm-3 in site-year 2015; 1.66±0.004 g cm-3 in site-year 2016) from 7.5-

15 cm depth and soil moisture content, SMN content (kg N ha-1) was calculated. To calculate the 

SMN content, average bulk density values of 7.5-15 cm depth were used. Plant available N (PAN) 

content was calculated by summing the N content in the above-ground biomass and SMN content 

(kg ha-1) from 0-60 cm depth. During the CC growing season, for the no-CC plots, PAN content 

was equal to SMN due to the absence of any CC growth.   

 

5.3.7. Data analysis 

All data were analyzed using PROC GLIMMIX of SAS version 9.4 (SAS Institute Inc., Carey, 

NC) with the level of significance set at 0.05. Normality of data was tested using Shapiro-Wilk’s 
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test while plots of studentized conditional residuals were used to evaluate heterogeneity in the 

dataset (Bowley, 2015). All assumptions of ANOVA were met; thus, no data transformations were 

conducted.  

An initial analysis revealed a significant interaction between the treatments and site-years, thus, 

each site-year was analyzed separately. Additionally, no significant effect of crop residue 

management and its interaction with the main effects (CC and sampling time) was detected on any 

of the tested parameters. Therefore, the statistical analysis focused only on the main effects of CC 

and sampling time (if parameters were sampled at multiple times).  

Statistical model for all CC and tomato crop parameters included fixed effects of CC, sampling 

time, and their interactions. Random effects were block and interaction of block with the main 

effects (Federer and King, 2007). A random statement (of replication by sampling time interaction) 

was added to the model to account for the repeated measure analysis. For SMN data, soil depth 

was also tested as a fixed effect in the statistical model. All treatment means were compared using 

a protected LSD test. 

5.4. Results 

5.4.1. Cover crop growing season: crop attributes and N dynamics 

Cover crop above-ground biomass details have been previously described in Chahal and Van 

Eerd (2018) and are summarized as follows. Cover crop above-ground biomass varied significantly 

with CC treatments in fall 2014 (P < 0.0001) but not in the following spring during 2014-15 

growing season. However, significant differences (P < 0.0001) in CC above-ground biomass were 

detected with CCs across all different sampling times in 2015-16 (Chahal and Van Eerd, 2018). In 

the CC growing season of 2014-15, cereal rye had the least above-ground biomass in October 

(1270±219 kg ha-1) and April  (527±121 kg ha-1) while oat was the least in May (561±123 kg ha-
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1); OSR in October  (5430±219 kg ha-1), oat in April (600±121 kg ha-1), and cereal rye in May 

2015 (707±123 kg ha-1) had the greatest biomass among the tested CCs (Chahal and Van Eerd, 

2018). Like fall 2014, in fall 2015, greatest CC above-ground biomass was detected from OSR 

(6160±53.3 kg ha-1) and least from cereal rye (1620±53.3 kg ha-1). However, in spring 2016 (April 

and May), the CC trend for biomass was OSR+Rye>OSR>cereal rye>oat (Chahal and Van Eerd, 

2018).  

In contrast to CC above-ground biomass, C:N of CCs varied  in fall 2014 and spring 2015 only, 

but not in the growing season of 2015-16 (Table 5.2). Additionally, among the spring sampling 

times in both site-years, CC C:N in May was significantly greater than April (Table 5.2). Similarly, 

above-ground N concentration in CC tissue was significantly affected by the treatments in only 

fall (October) 2014 and May 2015, where OSR had the least N concentration (Table 5.2). However, 

no effect of CCs was detected on CC N concentration during the remainder of 2015-16 (Table 5.2).  

Like CC above-ground biomass, CC above-ground N content varied considerably among CCs 

and between fall and spring seasons of 2014-15 and 2015-16 (Table 5.3, Fig. 5.1). In fall 2014, 

cereal rye had the least above-ground N content (30.8±3.26 kg ha-1) while other CCs were not 

different from each other (Fig. 5.1). Similar to fall 2014, cereal rye had the least above-ground N 

content (67.7±10.9 kg N ha-1) in fall 2015 whereas OSR was the greatest (233±10.9 kg N ha-1; Fig. 

5.1). In spring 2015, CC N content was not different among CC treatments and spring sampling 

times (Table 5.3). Unlike spring 2015, in spring 2016, CC N content was statistically different 

between the CCs and sampling times (April and May). However, no interaction was detected 

between CC and sampling time for CC N content in spring 2016 (Table 5.3). Between the spring 

sampling times in 2016, greater CC N content was observed at May (14.8±0.688 kg N ha-1) than 
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April (12.5±0.688 kg N ha-1). Among the CCs, oat (12.8±1.83 kg N ha-1) had the least CC N 

content while OSR and OSR+Rye (avg. 21.3±1.83 kg N ha-1) was the greatest in spring 2016. 

In fall 2014, CC treatments were not statistically different from each other for SMN content, 

where OSR and OSR+Rye were numerically greatest (avg. 118±15.0 kg N ha-1) while oat was the 

lowest (89.4±15.0 kg N ha-1; Table 5.3, Fig. 5.1). In contrast to SMN content, PAN in fall 2014 

was significantly influenced by CC treatments with OSR and OSR+Rye (avg. 41.8%) being greater 

than no-CC (Fig. 5.1). In spring 2015, a significant CC by sampling time interaction (P < 0.0001) 

was detected for SMN and PAN content. Interaction between CC and sampling time could be 

attributed to greater SMN content in OSR at April than May (difference of 68 kg N ha-1) and 

greater values for cereal rye (difference of 21 kg N ha-1) at May than April, while there was no 

effect of timing for the other CC treatments. Similar CC trends were observed for PAN in spring 

2015 (Fig. 5.1). 

Like fall 2014, SMN content was not statistically different among CC treatments in fall 2015, 

however, no-CC (91.1±14.9 kg N ha-1) was numerically greatest and cereal rye (54.2±14.9 kg N 

ha-1) had the least SMN content (Table 5.3, Fig. 5.1). No cover crop control had 40.6% greater 

SMN content than cereal rye in November 2015. Cover crop trends observed for PAN in fall 2015 

were OSR>OSR+Rye>oat≥rye≥no-CC (Fig. 5.1). Similar to spring 2015, SMN content in spring 

2016 was significantly affected (P < 0.0001) by CC across sampling times of April and May, 

which could be attributed to greater SMN levels in OSR at April than May (difference of 71 kg N 

ha-1) and greater SMN values with cereal rye in May than April (difference of 16 kg N ha-1). Plant 

available N followed the similar trend as SMN in spring 2016 (Fig. 5.1). Therefore, SMN and PAN 

content in spring season were comparable to each other with the tested CCs. 
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5.4.2. Tomato growing season: crop attributes and N dynamics 

In contrast to CC growing season, tomato above-ground biomass in both site-years was not 

different among CC treatment differences (Table 5.4). Contrary to CC growth with sampling time, 

sampling time differences (P < 0.0001) were observed on tomato above-ground biomass in both 

site-years, however, no significant interaction (P ≥ 0.3404) between sampling time and CC was 

detected (Table 5.4).  In both site-years, June had the least tomato above-ground biomass (avg. 

878±115 kg ha-1) while September (avg. 9275±157 kg ha-1) was greatest (Table 5.4). Among the 

CCs, in both site-years, OSR was numerically greatest (avg. 4290±202 kg ha-1) for tomato biomass 

(Table 5.4)  

Like above-ground biomass, N concentration and content of tomato above-ground biomass (P 

≥ 0.3502, P ≥ 0.1934) were not different among CC treatments in both site-years, however, 

differences in N concentration and content (of above-ground growth) between sampling times 

during the tomato growing season were detected (P < 0.0001; Table 5.4). Tomato above-ground 

N concentration was lowest at July in both site-years (Table 5.4). However, the trends observed in 

tomato above-ground N content across all the CC treatments were September>July = June in both 

site-years (Table 5.4). In both site-years, across all the sampling dates, no-CC (avg. 71.3±4.86 kg 

N ha-1) had numerically least tomato above-ground N content (Table 5.4).  

In both site-years, a temporal impact of CCs on SMN content was detected (Table 5.3). In site-

year 2015, all CCs had greater SMN content at June, except oat which had a similar SMN content 

at June and July (Fig. 5.2). Similar CC trend for SMN was detected in site-year 2016 (Fig. 5.2). 

Like SMN content, temporal differences with CCs were detected on PAN content in both site-

years which might be attributed to less differences in PAN content with oat between June and July 

sampling compared with other CCs across the growing season (Fig. 5.2). In both site-years, tomato 
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harvest (September; avg. 483±6.03 kg N ha-1) had greater PAN levels than other times. Across all 

the sampling times, OSR (277±5.16 kg N ha-1) had greater PAN content than rye (251±5.16 kg N 

ha-1) in site-year 2016, however, no differences among CCs were detected in PAN content in site-

year 2015.   

5.4.3. Tomato harvest: yield and quality  

In both site-years, CC treatment differences were detected on total tomato marketable yield (P 

< 0.0293) but not for unmarketable productivity (P ≥ 0.2572; Table 5.5). Oat had the greater tomato 

marketable yield than rye and no-CC in site-year 2015, whereas OSR was greatest among the CCs 

in site-year 2016 (Table 5.5). Among the different categories of tomatoes, only the red tomato 

yield differentiated between CC treatments, while no effect of CC treatments was detected on 

green, breakers, grass-green, and rot yield in both site-years (Table 5.5). Oat and OSR+Rye were 

the greatest while no-CC had the least yield of red tomatoes in site-year 2015. However, in site-

year 2016, OSR had greater yield of red tomatoes than no-CC (Table 5.5). No cover crop control 

had numerically greatest yield of grass-green tomatoes (avg. 3.78±0.484 Mg ha-1) in both site-

years (Table 5.5). Site-year 2016 had numerically greater yield of rots than 2015 (difference of 

23.2 Mg ha-1) across all CC treatments (Table 5.5).  

Total yield was represented by the sum of marketable and unmarketable yield. Cover crop 

treatments differentiated between the total fruit yield in site-year 2016 but not in site-year 2015. 

Like marketable yield, oat had the numerically greatest total yield in 2015 whereas OSR was the 

greatest in 2016. In contrast, OSR had the greatest total yield in site-year 2016 while no differences 

among the remaining CCs were detected (Table 5.5).  

In both site-years, no positive or negative impact of CC treatments was detected on tomato fruit 

quality parameters (agtron colour, soluble solids, and pH). Average agtron colour values 
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(18.0±0.536 in 2015, 17.4±0.628 in 2016) across all CCs were within the industry standards. 

Similarly, soluble solids and pH values were also comparable with the commercial limits.  

5.5. Discussion 

5.5.1. Cover crop season 

In the fall season, CC treatments were not different from each other for SMN content. No 

differences in fall SMN content between CC and no-CC suggest the potential loss of SMN from 

the no-CC plots. We did not measure N losses from the soil system; thus, future research evaluating 

fall N losses from the cropping system would provide valuable information regarding N cycling 

with CCs.    

In contrast to fall season, differences in CC treatments were detected for SMN content in spring 

2015 and 2016, which was consistent with Belfry et al. (2017), O’Reilly et al. (2012), Van Eerd 

(2018). At April in both site-years, among the CCs, OSR had the greatest (greater than no-CC by 

80.8 kg N ha-1) SMN content whereas rye (less than no-CC by 8.2 kg N ha-1) was numerically 

least. Similar trends of spring SMN with CCs was reported by O’Reilly et al. (2012) and Belfry et 

al. (2017). In contrast to April, lower and less different SMN content among CCs at May in both 

site-years suggests that it is highly unlikely for the growers to change the fertilizer N applications 

to the tomato crop based on SMN availability (Belfry et al.,2017). Moreover, several studies have 

reported that OSR, oat, and rye did not provide an N credit to the subsequent corn crop (O’Reilly 

et al., 2012; Vyn et al., 1999; Vyn et al., 2000).  

In both site-years, OSR and OSR+Rye (in fall) and OSR (in spring) had significantly greater 

PAN levels than no-CC, which was consistent with greater above-ground biomass production and 

CC N content. Our result of greater fall N accumulation in OSR was in agreement with Van Eerd 

(2018). However, between spring sampling times in both site-years, a decrease in the PAN content 
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from April to May was detected suggesting the potential of N loss from the system via leaching. 

Additionally, observed CC trends for above-ground N content and biomass were consistent with 

other regional studies (Belfry et al., 2017; O’Reilly et al., 2012; Van Eerd 2018; Vyn et al., 2000). 

Therefore, OSR and OSR+Rye led to an overall greater level of N in the system in both site-years 

by increasing the N uptake into the crops and reducing N losses. It should be noted here that in the 

no-CC plots in fall and spring of both site-years, PAN consisted of SMN only (no above-ground 

plant N content), which might have led to a greater potential for N loss, from the no-CC, before 

the tomato planting. Our results of differences in PAN with CCs than without were consistent with 

Coombs et al. (2017).  Hence, observed results support the adoption of CCs into cropping systems 

to reduce fall SMN losses due to an uptake of N by the crops leading to N immobilization.  

Cover crop C:N varied from 17.5 to 37.7 in fall 2014 and from 18.4 to 32.3 in spring (average 

of April and May) 2015, which suggested the range of C:N (24:1) was appropriate for 

mineralization, except OSR. Similar values of C:N of CC in fall 2014 and spring 2015 were 

detected for OSR+Rye, but spring C:N for cereal rye increased by 4.7 contrasted with fall CC C:N, 

which indicated greater potential for rye decomposition by the microbes. Additionally, greater rye 

C:N in spring than fall might be associated with the maturity of rye, as the crop reaches the 

reproductive stage in spring, due to its ability to overwinter. A similar increase in C:N of rye from 

fall to spring was reported by Belfry et al. (2017), where rye C:N increased by ≥5 in a medium-

term CC experiment.  

 Cover crop trends observed for above-ground N concentration during the season (fall 2015 and 

spring of both site-years) were consistent with N content. Compared to fall, spring N 

concentrations of CCs were reduced in both site-years, which was consistent with Belfry et al. 

(2017). In one out of two years, greatest reduction in spring CC N concentration was observed 
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from OSR+Rye (difference of 2.54% between fall and spring), which could be attributed to a 

greater decomposition and release of N from OSR+Rye than other CCs. Similarly, Belfry et al. 

(2017) reported a reduction in N concentration of OSR from 2.5% in fall to 1% in spring. Most of 

the N is released from the CC tissue during the winter season, in a temperate humid climate, which 

is highly dependent on the freeze-thaw cycles (Lozier et al., 2017). Therefore, N loss potential via 

leaching is directed by the timing of N released by the CCs (Miller et al., 1994). Additionally, an 

overall reduction in N concentration across CCs from fall to spring might be attributed to the 

translocation of N to the crop roots before the senescence. However, future research is required to 

advance our understanding of N dynamics and partitioning between roots and shoots of CCs. 

5.5.2. Tomato growing season 

Cover crop trends observed for SMN and tomato above-ground N content were reflective of the 

tomato biomass production. For instance, among the CCs, OSR had numerically greatest above-

ground biomass production in both site-years which was consistent with greater tomato above-

ground N content. Additionally, year to year variations between tomato above-ground N, SMN, 

and PAN content could be attributed to the differences in the weather conditions between site-

years. Site-year 2015 was drier than 2016 from June-September by 26.1 mm which might have 

impacted the tomato plant growth and crop N uptake between years. Greater values of PAN with 

OSR than no-CC in spring were consistent with O’Reilly et al. (2012), where greater PAN values 

with OSR than oat and no-CC were reported before the sweet corn planting. Furthermore, OSR 

had greater PAN content than all other CCs across the sampling dates during tomato growing 

season in site-year 2015, which contrasted with O’Reilly et al. (2012).However, the inconsistent 

CC effects on PAN content between site-years suggests the need for future research to advance 
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our knowledge for optimizing N management with CCs in a vegetable-based cropping system in 

a temperate humid climate.  

Furthermore, on comparison across all the CC treatments, tomato above-ground N pool was 

significantly greater than CC above-ground N (difference of 47.1 kg N ha-1 in site-year 2015 and 

50.6 kg N ha-1 in site-year 2016), which might be due to greater uptake of inorganic N by the 

tomato crop than CCs in general.  In contrast, SMN content from 0-60 cm depth was greater with 

CC (avg. 190 kg N ha-1 in both site-years) than tomato (avg. 174 kg N ha-1 in both site-years) 

growing season over all the tested CCs, which was consistent with greater above-ground N content 

in tomato crop than CCs. It is speculated that relatively greater SMN content with CC than tomato 

crop might be attributed to greater rates of decomposition of CC residue (perhaps due to narrow 

C:N of CC), increased N inputs from CCs to the soil, decreased uptake of SMN by CCs, and/or 

greater N losses via leaching and erosion during tomato growing season. Therefore, research 

studies evaluating the pathways of N losses and gains between the CC and main crops are needed. 

5.5.3. Tomato crop yield 

Across both site-years and CCs, average tomato marketable yield was 94.3 Mg ha-1, which was 

greater than provincial average (fresh and processing tomatoes) by 20% (Mailvaganam, 2018), but 

lower than the industry expected average productivity (110 Mg ha-1; OPVG, 2017). Therefore, the 

observed tomato marketable yield over both site-years was comparable and representative of 

regional commercial production systems. Among the CCs, oat (site-year 2015) and OSR (site-year 

2016) had the greatest marketable yield and total yield. A similar CC trend was observed for red 

and marketable yield where oat and OSR (in 2015), and OSR (in 2016) were the greatest, which 

was consistent with Belfry et al. (2017). In contrast to the marketable yield, no-CC had the greatest 

unmarketable fruit yield (consisting of grass-green and rots; 6.28 Mg ha-1 in 2015; 10.7 Mg ha-1 in 
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2016) in both site-years. Thus, in both site-years, marketable yield was either equivalent or greater 

with CCs than without, and this is in agreement with other studies (Belfry et al., 2017; Carrera et 

al., 2007; Sainju et al., 2001; Summers et al., 2014; Van Eerd, 2018). No differences in tomato 

yield following cereal rye and no-CC were observed by Sainju et al. (2001). Summers et al. (2014) 

reported a variable CC effect on tomato yield where only 4 sites (out of 16) significantly 

differentiated between CC treatments. Despite the positive influences of CC on tomato yields, the 

exact mechanism of CC induced effects on increasing crop productivity is not well understood. 

The CC associated benefits can be attributed to nutrient dynamics, soil microbial community and 

activity, and C inputs from residue incorporation. 

 

5.6. Conclusions 

Overall, our study demonstrated the positive impacts of CCs on tomato marketable yield than 

the no-CC, with oat and OSR+Rye being the greatest.  Processing tomato yield was greater than 

or equal with CCs than without, therefore, all the tested species have the potential to be adopted in 

tomato-based cropping systems in a temperate humid climate. In addition to CC impacts on soil N 

fertility, observed increases in crop yield with CC might be due to CC-induced effects on the main 

crops. However, those processes and effects are not clearly understood, thus, provide an 

opportunity for future research.  

Among the tested CCs, OSR produced greater biomass which led to a greater PAN content in 

the fall and spring seasons. However, between the spring sampling times, a decrease in PAN 

content with OSR from April to May (prior to tomato planting) suggest the possible loss of N from 

the system. Our results of lower PAN content with CCs at May (before tomato transplanting) than 

April do not support the potential role of CCs to provide an N credit to the subsequent crop 

(tomato). Furthermore, greater PAN content with CCs than without in fall suggests the benefits of 



132 
 

CCs in retaining N in our study and implicates the role of CCs in reducing fall residual N losses 

via leaching.  

Moreover, it should be noted here that the observed increases in tomato marketable yield with 

CCs than without might not be exclusive to CCs and could be attributed to better inherent soil 

quality (3.3% SOC) at the study sites. Therefore, care should be taken while making crop specific 

CC recommendations as the CC impacts on crop productivity would vary across different soils, 

soil fertility, climatic conditions, and management practices followed. Thus, future research 

evaluating different CC species and management across diverse agroecosystems should be 

conducted to optimize the CC recommendations for increasing crop yields. 
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Table 5.1 Monthly mean air temperature (ºC) and total precipitation (mm) from 2014 to 2016 and 

30-yr mean at Ridgetown, Ontarioz  

 Mean air temperature (ºC) Total precipitation (mm) 

Month 2014 2015 2016 30-yr  2014 2015 2016 30-yr 

January -8.7 -3.0 0.4 -3.7 54 47 30 61 

February -9.1 -6.8 2.5 -2.4 58 37 64 54 

March -3.9 3.0 8.5 2.0 27 30 106 60 

April 6.6 12.7 11.4 8.3 66 59 44 77 

May 13.8 22.7 20.1 14.8 97 90 36 75 

June 19.9 23.3 25.6 20.2 48 97 51 83 

July 19.1 25.9 27.8 22.5 130 62 79 86 

August 19.4 25.1 24.0 21.4 36 34 64 86 

September 15.7 25.0 24.9 17.6 159 44 96 93 

October 10.5 16.2 17.6 11.2 55 91 33 69 

November 1.8 11.7 11.9 4.8 54 36 30 73 

December 0.4 8.1 1.2 -1.2 24 53 55 52 

Average (ºC)/ 

Total (mm) 

7.12 13.6 14.6 9.62 808 684 693 869 

z Weather data were obtained from Environment Canada weather station located at Ridgetown, ON. 
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Table 5.2 Impact of medium-term summer-planted annual cover crop (6-yr) and sampling time 

on cover crop above-ground biomass N concentration and C to N ratio from fall 2014 to spring 

2016 

 Fall 2014 Spring 2015 Fall 2015 Spring 2016 

  April May  April May 

Cover crop C:N %N C:N %N C:N %N C:N %N C:N %N C:N %N 

Oat 18.8c 2.34a 15.4b 2.45 21.4b 2.07a 9.91 4.21 27.4 1.60 21.3 2.13 

Oilseed 

Radish 

(OSR) 

37.7a 1.10c 25.4a 2.01 39.2a 1.20b 9.57 3.79 25.7 1.79 19.7 2.26 

OSR+Rye 24.1b 1.74b 21.2ab 2.23 26.9b 1.73a 9.67 4.37 28.4 1.56 21.2 2.11 

Cereal rye 17.5c 2.42a 17.9ab 2.24 26.4b 1.68a 10.5 4.15 25.1 1.75 24.1 2.07 

a-c For each sampling time, based on a protected LSD test, means followed by a different letter indicate statistical significant 

difference (P<0.05)  
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Table 5.3 Probability values for the main effects of medium-term summer-planted annual cover 

crop (6-yr), sampling time, and interactions on cover crop above-ground parameters, plant 

available N (PAN)z, and soil mineral N (SMN)y during the cover crop and tomato growing season 

from 2014 to 2016 

  Cover crop (CC) Sampling time 

(T) 

CC x T 

Time Parameter ------------------------------Pr>F ------------------------------- 

CC growing season 
 

   

Fall 2014 CC N  <0.0001 -- -- 

 SMN 0.4942 -- -- 

 PAN 0.0042 -- -- 

 C:N <0.0001 -- -- 

Spring 2015 CC N  0.2396 0.3663 0.6268 

 SMN <0.0001 0.0123 <0.0001 

 PAN <0.0001 0.0035 <0.0001 

 C:N <0.0001 <0.0001 0.3145 

Fall 2015 CC N  <0.0001 -- -- 

 SMN 0.5290 -- -- 

 PAN <0.0001 -- -- 

 C:N 0.9159 -- -- 

Spring 2016 CC N  0.0051 0.0269 0.5470 

 SMN <0.0001 0.0011 <0.0001 

 PAN <0.0001 0.0486 <0.0001 

 C:N 0.8222 0.0048 0.5757 

Tomato growing season 
 

   

2015 Shoot+Fruit 0.1934 <0.0001 0.4964 

 SMN <0.0001 <0.0001 <0.0001 

 PAN 0.0052 <0.0001 <0.0001 

2016 Shoot +Fruit 0.5101 <0.0001 0.9292 

 SMN <0.0001 <0.0001 <0.0001 

 PAN 0.1711 <0.0001 0.0475 
z PAN represents the sum of N content of above-ground biomass and SMN (nitrate-N and ammonium-N) from 0-60 cm depth, expressed as kg 

N ha-1 

y SMN (sum of NH4
+ and NO3

- content) is from 0-60 cm depth, expressed as kg N ha-1 
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Table 5.4 Impact of medium-term summer-planted annual cover crop (6-yr) and sampling timez 

on tomato above-ground plant (fruit and shoot) parameters in 2015 and 2016 

 2015 2016 

 N 

concentration 

N content Biomass N 

concentration 

N content Biomass 

Cover crop (CC) % kg N ha-1 kg ha-1 % kg N ha-1 kg ha-1 

No cover 3.70 88.1 2260 3.31 170 5150 

Oat 3.51 95.8 2600 3.51 179 5030 

Oilseed Radish 

(OSR) 

3.65 102.5 2750 3.22 190 5830 

OSR+Rye 3.58 101.8 2720 3.41 171 4960 

Cereal rye 3.69 91.2 2510 3.16 166 5410 

SE 0.125 5.01 137 0.136 10.3 268 

Sampling time 

(T) 

      

June 4.08a 26.2b 646c 4.24a 46.7b 1110c 

July 2.98b 26.6b 890b 2.20c 52.0b 2350b 

September 3.83a 235a 6170a 3.52b 428a 12380a 

SE 0.096 3.88 106 0.105 7.99 208 

Effect  ---------------------------------------------P values----------------------------------------------------- 

CC 0.8076 0.1934 0.0918 0.3502 0.5101 0.1449 

T <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

CC x T 0.5576 0.4964 0.3404 0.6380 0.9292 0.3626 
a-f In each column and for each effect, based on a protected LSD test, means followed by a different letter indicate statistical 

significant difference (P<0.05) 
z Tomato plants were sampled on 16 June, 29 July, and 11 September in 2015; 17 June, 19 July, and 6 September in 2016 

for evaluation of tomato plant parameters.  
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Table 5.5 Impact of medium-term summer-planted annual cover crop (6-yr) on processing tomato fruit yields (marketable and 

unmarketable) in site-year 2015 and 2016 

a-c In each column, based on a protected LSD test, means followed by a different letter indicate statistical significant difference (P<0.05) 

 

 Yield (Mg ha-1) 

 Marketable Unmarketable Total (all fruit) 

 Red Green Breakers Total Grass Green Rots Total   

Cover crop 

(CC) 

2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 

No cover 50.9b 84.7b 23.1 2.01 5.49 2.03 79.5bc 88.8b 4.23 3.33 2.05 7.42 6.28 10.7 85.8 99.5b 

Oat 69.0a 97.8ab 18.7 2.15 3.67 1.72 91.4a 102ab 2.93 3.30 1.47 5.01 4.41 8.32 95.8 110b 

Oilseed 

Radish 

(OSR) 

61.1ab 119a 19.0 2.81 5.14 1.88 85.2abc 124a 3.80 2.61 1.50 7.72 5.30 10.3 90.5 134a 

OSR+Rye 69.0a 99.6ab 16.6 2.72 4.29 2.05 89.9ab 104ab 3.37 2.67 1.39 6.34 4.77 9.02 94.7 113ab 

Cereal rye 56.9ab 98.5ab 15.5 2.17 4.21 1.69 76.6c 102ab 3.00 3.10 1.44 4.52 4.45 7.62 81.1 110b 

SE 3.80 5.30 2.09 0.35 0.67 0.191 3.66 5.49 0.466 0.503 0.31 1.01 0.66 1.12 3.87 5.55 

Effect ------------------------------------------------------------------------------------------------------------------------------------------------P values-------------------------------------------------------------------------------- 

CC 0.0065 0.0014 0.1237 0.4412 0.3306 0.5529 0.0293 0.0017 0.2601 0.7608 0.5721 0.1197 0.2572 0.2574 0.0573 0.0017 
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Cover crop treatment 

Fig. 5.1 Impact of medium-term summer-planted annual cover crops (6-yr) and sampling time on 

the plant available N content (sum of N content in above-ground biomass and soil mineral N (NO3
-

-N and NH4
+-N) from 0-60 cm depth) during the cover crop growing season in 2014-15 (top) and 

2015-16 (bottom). For each treatment, bars with same letters and capitalization are not statistically 

different from each other per protected LSD test (P<0.05; n=8). Statistical significance of above-

ground biomass N and plant available N content depicted by lower case letters in the bar or above 

the bars, respectively.  
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Cover crop treatment 

Fig. 5.2 Impact of medium-term summer-planted annual cover crops (6-yr) and sampling time on 

the plant available N content (sum of N content in above-ground biomass (fruit and shoot) and soil 

mineral N (NO3
--N and NH4

+-N) from 0-60 cm depth) during the tomato growing season in 2015 

(top) and 2016 (bottom). For each treatment, bars with same letters and capitalization are not 

statistically different from each other per protected LSD test (P<0.05; n=8). Statistical significance 

of above-ground biomass N and plant available N content depicted by lower case letters in the bar 

or above the bars, respectively.  
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CHAPTER 6:  CONCLUSIONS AND FUTURE RESEARCH OPPORTUNITIES 

Inclusion of CC in cropping systems helps in increasing aggregate stability, nutrient retention 

and cycling, microbial activity and biomass, subsequent crop yield, and overall soil quality. These 

benefits from CCs on soil properties translate into several ecosystem services such as reducing N 

losses, reducing wind and water erosion, and improving soil structure. Moreover, planting CCs 

after crop residue removal might help to offset the negative impacts caused by crop residue 

removal on soil quality in the medium-term (≥6-yr). However, limited medium- and long-term 

studies are available to evaluate the combined effects of CCs following crop residue removal on 

soil quality and crop productivity. Therefore, this research was conducted to evaluate the impacts 

of CC (medium-term, 6-yr) and crop residue (short-term, 3-yr) management on the overall soil 

quality using three different approaches (HSHT, CASH, and WSQI) at Ridgetown, Ontario 

(temperate humid climate). This study is the first independent evaluation and comparison of the 

three aforementioned soil quality methods in a horticultural system. Study results identified the 

key soil quality indicators for our production region and provided a significant contribution in 

advancing our knowledge of soil quality quantification. 

Overall, our results have confirmed the benefits of CC to soils and crops. However, the extent 

of CC benefits on agroecosystem sustainability and resiliency is highly dependent on amounts of 

CC biomass produced, which is a challenge in temperate climates. The observed CC treatment 

differences on soil and crop parameters might be attributed to greater C inputs from CC in our 

horticultural system (due to more time available for CC growth) than a conventional corn-soybean 

rotation (due to late crop harvest and less time available for CC establishment and biomass 

production) in cold climatic conditions.  



141 
 

Among the tested soil quality approaches, HSHT score was not consistent in detecting CC 

treatment differences between both site-years and did not correlate with tomato crop yield and 

standard soil quality indicators (SOC and Cmin2d). This result calls into question the applicability 

of HSHT as a useful soil quality test in similar production regions (Chapter 2). In contrast to 

HSHT, CASH soil quality score increased with CCs than the no-CC (Chapter 3). Among the crop 

residue treatments, -S had lower values of HSHT parameters than +S (Chapter 2). However, crop 

residue treatments had no effect on CASH indicators except for respiration and surface penetration 

resistance (Chapter 3). Out of the three methods, WSQI was found to be a more valuable and 

practical option for soil quality quantification as it used a lesser number of indicators (five) than 

CASH (fifteen) and had a lesser magnitude of score variability between treatments than HSHT. 

Moreover, WSQI was calculated using a weighted average of a minimum dataset, which was 

identified using the multivariate analysis (PCA). Multivariate assessment of a large set of soil 

indicators helps to reduce data redundancy, provides better explanation of indicator relationships, 

and is, therefore, considered to accurately quantify soil quality. It is hypothesized that greater 

magnitude of treatment differences for the tested soil quality tools might have been detected in the 

longer-term and across variable land management practices. Thus, further evaluation of these soil 

quality tests over diverse agroecosystems is needed to improve the standardization of the soil 

quality methods. 

Labile indicators of soil C and N (MBC, MBN, Cmin2d, TIN, Solvita CO2-burst, WEOC, 

WEON, and SLAN) varied with the CC and crop residue treatments during the tomato growing 

season (Chapter 4). In contrast, stable indicators of soil C and N (TN and SOC) did not change 

with the treatments over the crop growing season. Moreover, CC along with +S had greater 

concentrations of soil C and N indicators than no-CC and –S temporally which indicates the 
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impacts of CC and crop residue on the soil C inputs, microbial activity and processes, and 

eventually nutrient cycling. An increase in the concentration and content of SOC (Table A.1) and 

TN after 6-yr of CCing indicate the CC potential in sequestering soil C and N, which might have 

a valuable impact on agricultural sustainability and resiliency. However, further assessment of CC 

potential for offsetting the negative impacts of crop residue removal on soil and environmental 

quality, crop productivity, and soil C and N stocks are needed across variable production regions 

and residue removal rates to advance our understanding of the interactions between the 

management induced effects and soil and crop attributes. 

Use of CCs for mitigating and reducing post-harvest (i.e. fall and over winter) N losses is 

considered as a best management practice. It is also hypothesized that SMN in no-CC plots might 

have been lost from the soil system, thus, no statistical differences between CC and no-CC were 

detected (Chapter 5). In contrast to fall SMN, PAN content was greater with OSR in fall (due to 

greater above-ground plant N content) and April (due to greater SMN content) sampling than the 

other CCs.  

Tomato yield was equal or greater with CCs than without, where oat and OSR+Rye were the 

greatest. Therefore, our results confirm the suitability of selected CC treatments to be adopted for 

tomato production in a temperate humid climate (Chapter 5). However, observed increases in crop 

yield with CC might not be attributed entirely to the soil N fertility status, thus, providing an 

opportunity of future research to understand the mechanism of CC induced effects on soil 

processes and functions.  

 Generally, CC impacts on soil and crop parameters have been mostly studied in the soils that 

have high concentrations of organic matter and thus greater soil quality. It would be interesting to 

evaluate the effects of CC on soil properties and processes under soils of marginal quality (low 
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organic matter content, degraded and erosion-prone soils). It is possible that greater extent of CC 

induced effects on soil and crop productivity might be evident under degraded soils. Additionally, 

more research studies focusing on systems-based approach across wide variety of land 

management practices are needed to adequately and comprehensively assess the CC multi-

functionality, and to provide suitable CC recommendations for diverse cropping systems. 

Long-term (>10-yr) experiments are needed to better discern and quantify CC effects on soil 

properties, specifically stocks of soil C and N and its sequestration in the stable pools (organic 

matter). Long-term studies might also provide valuable information of including CCs in the 

cropping systems as these experiments might capture variability in the weather conditions 

(between years and sites) to a greater extent than short and medium-term studies. Furthermore, the 

economics of the ecosystem services provided by the CCs and other sustainable management 

practices is not well investigated. Assessment of the economic benefits of CC would advance our 

understanding of the trade-offs involved in CC production, thus, this warrants further evaluation. 
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APPENDIX A 

Table A.1. Impact of medium-term summer-planted cover crop (6-yr) and crop residue retained 

(+S) or removed (-S) (3-yr) on soil organic C content from 0-15 cm depth at tomato harvestz in 

site-year 2015 and 2016 

 Soil organic C content (Mg ha-1) 

Cover crop (CC) Site-year 2015 Site-year 2016 

No cover 81.8c 63.4c 

Oat 86.2b 67.1bc 

Oilseed Radish (OSR) 86.7b 81.6a 

OSR+Rye 90.9a 81.7a 

Cereal rye 92.5a 80.1ab 

ySE 0.434 4.08 

Crop residue (S)   

Retained (+S) 88.6a 75.1 

Removed (-S) 86.7b 74.5 

SE 0.274 3.05 

Effects ----------------------------P values---------------------------------- 

CC <0.0001 0.0010 

S <0.0001 0.8849 

CC x S  0.1876 0.4852 

a-c For each column and each effect, based on a protected LSD test, means followed by a different letter indicate statistical 

significant difference (P<0.05) 

z Tomato harvest occurred on 11 September 2015 and 6 September 2016 

y SE=standard error of mean 

 


