
 
 

 

Exploring Diversified Vineyard Ecological Soil Management Strategies: 

Impacts of cover cropping, Spanish River Carbonatite, and smooth pigweed (Amaranthus 

hybridus) interactions on an agroecosystem 

 

 

 

Heather VanVolkenburg, BSc (Hons) 

 

 

 

A thesis submitted to the Department of Biological Studies  

in partial fulfillment of the requirements for the degree of  

Master of Science 

 

 

 

Faculty of Mathematics and Science, 

Brock University - St. Catharines, Ontario 

 

 

 

 

© Heather VanVolkenburg 2019 

  



 
 

 

For Zac, Abby, Emily, Dave, and Gram. 

 

 

“You are never too old to set another goal or to dream a new dream.”  

C.S. Lewis 

 



 

i 
 

Abstract 

Agroecosystems are one of the most heavily managed ecosystems that provide essential services 

for human well being. Intense management of agroecosystems has led to global degradation of 

soil and reduced biodiversity, two of the major challenges faced by agriculture today. Soil, the 

foundation of an agroecosystem, forms the base for cropping systems and how it is managed 

matters. My research focused on investigating how two ecologically-based soil management 

techniques, cover cropping (using a species mixture of Cichorium intybus, Raphanus sativus, 

Medicago sativa, Trifolium pratense, and a monoculture of Lolium multiflorum) and agromineral 

amendment application (using Spanish River Carbonatite – SRC), affect both biotic and abiotic 

variables such as soil nutrients, plant growth, and plant and soil invertebrate community 

composition over time. My study included control greenhouse trials and trials in an operational 

vineyard. In greenhouse trials, SRC was found to be especially effective for growth of 

leguminous species, M. sativa and T. pratense while forb species, R. sativus and C. intybus, 

tended to grow better in synthetic fertilizer. Residual effects on a second period of growth were 

minimal. This suggests that, depending on species used, cover crops when combined with SRC 

may be able to support an operational system in a similar way to when synthetic inputs are used. 

Trials were also conducted in an operational vineyard. While the added complexity of a field 

setting did not significantly affect any of the measured variables between amendment treatments, 

cover crop type mattered with significantly higher vegetation-index diversity and total 

abundance values found in cover crop mixture plots than in monoculture. Annual weather and 

farm management practises were most likely the main driver of the variation found in soil 

invertebrate community diversity. An additional experiment aimed to determine whether 

Amaranthus hybridus, a known allelopathic plant species present in the vineyard, affects the 
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same cover crop species germination and growth using an A. hybridus tea extract treatment in 

controlled conditions. Here, A. hybridus was found to inhibit germination and growth of  M. 

sativa and T. pratense yet stimulate growth in R. sativus and L. multiflorum. Careful 

consideration should be given to which weeds can be found in an agroecosystem and how they 

may influence management outcomes. Long-term investigations are needed to truly understand 

how to best manage the various components found in an agroecosystem. 
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Chapter 1 – General Introduction and Thesis Outline 
 

“It is not that the whole is more than the sum of its parts. But that the parts acquire new 

properties. But as the parts acquire properties by being together, they impart to the whole new 

properties, which are reflected in changes in the parts, and so on. Parts and wholes evolve in 

consequence of their relationship, and the relationship itself evolves. These are the properties of 

things we call dialectical: that one thing cannot exist without the other, that one acquires its 

properties from its relation to the other, that the properties of both evolve as a consequence of 

their interpenetration.”  

John Vandermeer and Ivette Perfecto (2017) quoting Richard Levins and Richard Lewontin, 

(The Dialectical Biologist, 1985). 

 

Agroecosystems are one of the most heavily managed ecosystems that provide essential 

services for human wellbeing, mainly food. An agroecosystem’s main purpose is production, and 

by its very nature an agroecosystem is inherently prone to decreased diversity relative to less 

intensively managed systems. Cultivation of one or two main crop species at the expense of an 

entire plant community has made industrial agriculture a key contributor to global biodiversity 

loss (Tscharntke et al., 2012; Altieri et al., 2015). Since the 1960’s the use of pesticides and 

fertilizers has increased to ensure crop productivity. These types of system inputs have led to 

greater risks of environmental contamination, soil health reduction, pest and weed resistance to 

agrochemicals, and even reduction in yields (Abbott and Manning, 2015; Altieri et al., 2015; 

Vandermeer and Perfecto, 2017). Food production is not only linked to decreased system 

diversity, but also to a reduction in the ability for soil to support ongoing production (Gomiero, 

2016). Soil provides the base that supports most agroecosystems, and when soil is overexploited, 

there are cascading effects on the entire system (Bender et al., 2016). How soil is managed 

matters, especially in the context of the entire system to which it belongs. 

 

Unlike other ecosystems (e.g. grasslands, estuarine), little research has focused on the 

multiple ecological components that comprise agroecosystems (Vandermeer and Perfecto, 2017). 

Furthermore, the impacts of different agronomic management strategies are poorly understood at 

the soil level (Nielsen et al., 2015), let alone throughout the entire agroecosystem. Soil 

amendments have a long history of being utilized to enhance crop productivity (Kremen and 

Miles, 2012), with little regard given to how such amendments (both biotic and abiotic) affect 

the entire system (Wood et al., 2015). Ideally, soil amendment strategies should aim at 

improving soil physical properties such as permeability, texture, and structure as well as support 

plant root development and nutrient availability (OMAFRA, 2018). Additionally, and of equal 

importance, soil management should include amendment techniques that increase the overall 

species diversity of the system, as both diversity and soil characteristics are intimately connected 

to overall system sustainability (Waltner-Toews, 2013).  
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Cover cropping is a technique that has been used in agriculture for thousands of years and 

involves planting additional crops near to, or in rotation with, the main cash crop (Steenwerth 

and Belina, 2008). Implementing a cover crop increases plant diversity, which in turn generates 

greater diversity in the surrounding community (Tilman et al., 2014). Cover crops provide 

additional benefits to the system such as reduced soil erosion (Baumgartner et al.., 2008), 

increased soil organic matter, moisture, and nutrient cycling (Messiga et al., 2015; Nielsen et al., 

2015), prevention of weed encroachment (Baraibar et al., 2018; Florence et al., 2019), and 

attraction of beneficial invertebrates (Mahmuda et al., 2006).  Benefits incurred will depend on 

the types of plants that are included in the cover crop mixture and are contingent upon the local 

characteristics of the system. The effects that cover cropping have on an agricultural system will 

also depend on what soil amendments are being implemented.  

 

Soil amendment strategies do not always entail synthetic inputs. Examples of non-

synthetic amendments range from organic inputs such as biosolids and plant composts (reviewed 

by Sharma et al., 2017) to inorganic mineral additions originating from rock (Reeve et al., 2005; 

van Straaten, 2007). Agrominerals are such an inorganic amendment that are rich in nutrients and 

have the potential to reduce reliance on synthetic soil amendments (Brooker et al., 2014; Jones, 

2015). Commonly used in developing countries as crop fertilizer supplements, agrominerals are 

well known as naturally-occurring, plant nutrient-providing rocks (Theodoro and Leonardos, 

2006; van Straaten, 2007; Zhang et al., 2018). Furthermore, they are recognized for their slow 

release of nutrients (van Straaten, 2007; Zhang et al., 2018), making them ideal candidates as 

long-term soil supplements relative to synthetic fertilizers. Formed from naturally or artificially 

weathered rock, they are a promising tool for sustainable agricultural practices (Fyfe et al., 

2006). The use of agrominerals as a soil amendment for crops is not new; in fact, it is quite 

common in many African and South American countries (van Straaten, 2007). Combining 

agrominerals with cover crops may provide synergistic benefits to the entire system that may not 

be realized if  either is applied alone. Agroecosystems are complex and management strategies 

should also reflect this complexity. 

 

Agroecosystems that involve the cultivation of plants can be divided into two main 

categories, annual and perennial. The crops of annual systems (e.g. corn, soybean, etc.) are 

harvested seasonally and are either replanted the following season or replaced by different 

annual plants. As a result, agroecosystems that support annual crops are prone to high levels of 

disturbance as the systems are essentially reset one or more times a season. Perennial agriculture 

management typically involves relatively less soil disturbance as the same plants remain in the 

soil, in some cases for decades (e.g. grape vines, fruit orchards, etc.). However, perennial 

systems do not come without their own challenges. One big disadvantage associated with a 

perennial system is that the lack of continuous crop rotation can lead to pest, weed, and pathogen 

invasion in part due to a lack of landscape heterogeneity (Altieri, 1999; Abbott and Manning, 
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2015; Altieri et al., 2015). Another associated disadvantage faced by perennial systems is 

organic matter build up attributed to the decreased amount of soil disturbance; this build up can 

ultimately lead to soil nutrient imbalances (Li et al., 2014; Vukicevich et al., 2016). Vineyards 

are one type of perennial agroecosystems that may benefit from an increased understanding of 

complex ecosystem response to soil management choices. Sustainability and organic 

management are quickly becoming a priority for local wine producers, making vineyards an 

excellent choice of setting for inquiries into ecological management strategies. 

 

The main theme of this thesis is agroecosystem response, i.e., that of a vineyard, to 

ecological management techniques, more precisely cover crops and agrominerals. Specifically, I 

wanted to explore how such management techniques interacted with not only one another but 

with several other components of the vineyard where they were applied (Figure 1.1). The overall 

objectives of the thesis were to test whether cover crop mixture and agromineral soil amendment 

affected plant growth, soil characteristics as well as the vegetation and soil invertebrate 

communities in a manner different from that of cover crop monoculture and synthetic fertilizer 

amendments. Figure 1.1 illustrates the expected interactions by demonstrating that cover crops 

will interact with soil agromineral amendment as well as with the soil in which they are planted. 

In turn, and as a response to cover crop and amendment implementation, the abiotic traits and 

biotic diversity of the soil itself should change in response to management inputs. If such 

changes occur, the main crop should also be affected by management inputs. It is also likely that 

inputs (particularly cover crops) will be affected by the components of the environment in which 

they are implemented (e.g. weed species present). 
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Figure 1.1. The components that can interact within an agroecosystem and which are considered 

in my thesis. Items in red were administered as treatments. 

 

 The cover crop species that were tested are commonly used in the Niagara Region; they 

included two forb species, Cichorium intybus (common chicory) and Raphanus sativus (oilseed 

radish), two legume species, Medicago sativa (alfalfa) and Trifolium pratense (red clover), and 

one graminoid species, Lolium multiflorum (annual ryegrass). Chicory and oilseed radish are 

known for their deep tap root’s ability to reallocate nutrients from deeper layers of the soil 

profile (White and Weil, 2010; Li et al., 2014). Additionally, chicory flowers attract beneficial 

insects such as parasitoid wasps and bees (Bone et al., 2009). Alfalfa and red clover are well 

known for their ability to obtain nitrogen through a symbiotic relationship formed with nitrogen-

fixing bacteria (Rhizobium); as well, their fibrous root system helps to stabilize the soil 

(Baumgartner et al., 2008; White and Weil, 2010). Using chicory, oilseed radish, alfalfa, and red 

clover together in a cover crop mixture not only increases plant diversity but also combines each 

of their known beneficial attributes. Annual ryegrass is commonly used in cover crop 

monoculture as a soil stabilizer and for its ease of establishment. 
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 The soil amendments that I tested included an agromineral (Spanish River Carbonatite), a 

general-purpose synthetic liquid fertilizer (Plant Prod®, containing 20% nitrogen, 20% 

phosphorus, and 20% potassium), and a granular synthetic fertilizer (nitrogen and potash applied 

by the farm manager according to crop needs). Spanish River Carbonatite (SRC) is mined by 

Boreal Agrominerals Inc. who advertise it as a soil fertilizer and conditioner due to its geological 

composition (apatite, biotite, calcite and other trace minerals). It is important to note that, while 

agrominerals contain many different types of nutrients, many agrominerals (SRC included) are 

not an appreciable source of nitrogen (van Straaten, 2007; Zhang et al., 2018) making it 

necessary to supply nitrogen in other ways.  

What follows is a brief outline of the objectives, hypotheses, and main findings of the 

individual chapters included in my thesis: 

 Chapter 2 presents the effects of soil amendments, SRC or synthetic liquid fertilizer, on 

the growth of common chicory, oilseed radish, alfalfa, and red clover grown in mixture over time 

under controlled greenhouse conditions. This chapter also details results of  tests used to 

determine whether there would be an amendment legacy effect in the soil over time (i.e. residual 

fertilizer effect). The main goal here was to determine whether SRC agromineral was a viable 

option as an alternative to synthetic fertilizer for the performance of cover crops mixture. Since 

legumes are known for their ability to acquire nitrogen through their symbiotic relationship with 

Rhizobia, I hypothesized that when grown in soil amended with SRC, plant growth would be 

equal to that of plants grown in fertilizer-amended soil. I found that plant growth response in 

amended soil was largely species-specific and varied over time. In general, biomass of plants, 

especially leguminous species, grown in soil amended with SRC was equal to or greater than 

those grown in soil treated with synthetic liquid fertilizer. With these results in mind, and since 

agrominerals are slow releasers of nutrients and minerals (Zhang et al., 2018), I hypothesized 

that soil nutrient levels would change over time in soils amended with SRC compared with soils 

amended with synthetic fertilizer. When new plants were grown for a second season in the same 

soil without the addition of amendments (residual amendment effect), concentrations of soil 

nutrients available for plants did not differ between soils amended with SRC or with synthetic 

liquid fertilizer. However, soil pH increased in pots of cover crop mixture amended with SRC 

compared to pots which received synthetic liquid fertilizer. 

 

In Chapter 3, the results of an experiment in an operational vineyard over the course of 

two growing seasons are presented. The field experiment tested the effects of cover crop mixture 

or cover crop monoculture (annual ryegrass) grown in soil amended with either SRC or synthetic 

liquid fertilizer on soil nutrients and pH, soil invertebrate and vegetation community diversity, 

and vine petiole and berry composition. Since the application of synthetic fertilizer to soil has 

been shown to reduce diversity of soil fauna compared to when no synthetic fertilizer is applied 

(Altieri et al., 2015; Zhu and Zhu, 2015), I hypothesized that soil faunal diversity would not 

change in soil amended with SRC compared to control soil with no amendment, and that soil 
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faunal diversity would decrease in soil amended with synthetic fertilizer relative to soil amended 

with SRC and controls. Furthermore, since using a cover crop mixture to the soil automatically 

increases plant diversity compared to when a cover crop is used as a monoculture, I hypothesized 

that plant community diversity would be higher in plots containing cover crop mixture than in 

plots containing cover crop monoculture. While amendment type had no effect on any of the 

variables measured, cover crop type affected community plant diversity, with monoculture plots 

having higher species richness than mixture plots but mixture plots exhibiting higher overall 

species diversity index results. Soil nutrients and plant and invertebrate community diversity 

varied temporally both seasonally and annually. 

One noteworthy result in the field experiment was that alfalfa and red clover did not 

establish as well as radish, chicory, and ryegrass after sowing. In addition, Amaranthus hybridus, 

an allelopathic weed species, was observed to be abundant in the operational field. Therefore, an 

additional objective of this thesis was to test the viability of introducing certain cover crop 

species into a vineyard where A. hybridus was abundant. Species in plant communities often 

interact on a competitive level in terms of resources needed for survival (i.e. water, light, and 

nutrients; Tilman et al., 2014), at times using secondary compounds (e.g. invasion via 

allelopathy, Shahrokhi et al., 2011) to outcompete one another. This is often the mechanism used 

by cover crops to inhibit weed growth but could also facilitate cover crop growth inhibition by 

weeds.  

 Chapter 4 explores the potential allelopathic effect of Amaranthus hybridus (smooth 

pigweed) on five different plant species used as cover crops in a field. This chapter reports on the 

results of the effects of smooth pigweed organ extract and dried plant material on the 

germination potential and growth of individual cover crop species in controlled conditions. A. 

hybridus, along with other closely-related Amaranthus species, have been shown to inhibit 

germination and growth of several crop species through the allelopathic action of secondary 

metabolites found within their organs (Suma et al., 2002; Prinsloo and Plooy, 2018). Thus, I 

hypothesized that germination and growth of the cover crop species would be adversely affected 

when exposed to A. hybridus extract or dried material in the soil. Reduced germination was 

recorded for all species when exposed to 100% pigweed organ extract. Red clover was the most 

sensitive of all plants as germination potential was reduced not only in 100% extract but also in 

75% extract. Plant growth response to pigweed was species-specific, with that of both alfalfa and 

red clover being reduced when plants were treated with extract; however, only red clover growth 

was reduced when plants were grown in soil treated with dried material. While chicory was not 

affected by pigweed treatment, oilseed radish and annual ryegrass resulted in increased growth 

when treated with mid to high concentrations of pigweed extract. 

 In Chapter 5, I summarize the results of my thesis and discuss their implications in terms 

of agroecosystem responses to different ecological management techniques and the complexity 

of working under operational conditions in a vineyard. In it, I also explore next steps and convey 

the contribution that this thesis makes to one of today’s greatest agroecological challenges, i.e. 
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meeting the consumption needs of an increasing global population using sustainable strategies 

that decrease our ecological footprint. 
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Chapter 2 
This chapter is to be submitted for publication and is formatted accordingly. 

 

Responses of various cover crop species and soil composition to agromineral soil 

amendment over time 

 

H. VanVolkenburg1, F. C. Guinel2 and L. Vasseur1 

 
1Department of Biological Sciences, Brock University, 1812 Sir Isaac Brock Way, St. 

Catharines, Ontario L2S 3A1, Canada. 

 
2Department of Biology, Wilfrid Laurier University, 75 University Avenue West, Waterloo, 

Ontario N2L 3C5, Canada. 

 

2.1 Abstract 

 

Cover cropping is a common technique used by farm managers to help improve or maintain the 

ecological integrity of an agroecosystem, particularly of the soil. Rock fertilizers, often called 

agrominerals, are rich in micronutrients and in some cases phosphorus and potassium. Thus, 

combining cover crops with agromineral soil amendments may have ecological benefits to a 

system, including the potential to reduce reliance on synthetic soil amendments. This study 

aimed to determine, under greenhouse conditions, whether four cover crop species, specifically 

Medicago sativa and Trifolium pratense (Fabaceae), Raphanus sativus (Brassicaceae) and 

Cichorium intybus (Asteraceae), grown as a mixture in soil amended with agromineral Spanish 

River Carbonatite (SRC) responded differently from plants grown in soils receiving synthetic 

fertilizer or water as a control after 65 days of growth. The study also tested whether these 

amendments left behind any residual soil nutrients after two consecutive growth periods. Plants 

were grown in soil treated with either SRC, fertilizer or water but then seeds of the same species 

were planted in these same pots and soil with no additional amendment for another 65 days of 

growth. SRC was found to be especially effective for growth of both legumes while the forb 

species tended to grow better in soil amended with synthetic fertilizer. M. sativa, T. pratense, and 

R. sativus grown during the second period of cropping showed greater growth in SRC, 

suggesting a longer-term effect of SRC than synthetic fertilizer. Soil characteristics remained 

largely the same except for pH (after both periods), which was higher in soil amended with SRC, 

phosphorus (after both periods) and calcium (after the second period), which were both higher in 

soils amended with fertilizer. The higher  growth of cover crops planted in the agromineral-

amended soil demonstrates the potential for SRC in agroecosystem soil management. 

 

Key Words: agromineral, Spanish River Carbonatite, cover crops, soil, legume, forb 
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2.2 Introduction 

Soil is the foundation upon which survival of the global community depends as it forms 

the base for cropping systems. How soil is managed matters. For centuries, various types of soil 

amendments have been utilized to enhance crop productivity (Kremen and Miles, 2012), ranging 

from organic plant and animal material to synthetic compounds (Zhang et al., 2018). Since the 

Green Revolution, synthetic fertilizers use has increased with little attention to impacts on the 

environment (Kremen and Miles, 2012). Synthetic amendments (i.e. agrochemicals such as 

fertilizers) have been shown to modify soil diversity (Altieri, 1999; Rattan, 2015) and gradually 

the entire ecosystem (Wood et al., 2015). Many other amendment tools are available such as 

biosolids and plant composts (Nielsen et al., 2015; Mathenge et al., 2018), as well as inorganic 

mineral additions (van Straaten, 2007; Reeve et al., 2005; Zhang et al., 2018). Rock fertilizers 

(i.e., agrominerals) are one such mineral amendment that, when used in conjunction with other 

organic additions such as compost, may have the potential to reduce reliance on synthetic inputs 

(Fyfe et al., 2006; van Straaten, 2007; Jones, 2015). Other techniques such as cover cropping can 

also be effective in amending soil (Fourie et al., 2014; Messiga et al., 2015; Baraibar et al., 

2018). Most of these alternatives may reduce environmental impacts caused by synthetic 

amendments and help restore soil biodiversity and other ecosystem services essential for the 

productivity of the agroecosystem.  

 

In this study, agrominerals are defined as mineral soil amendments that are rich in 

micronutrients (Mohammed et al., 2014; Jones, 2015). The use of mineral soil amendments in 

agriculture has been extensively reviewed by Zhang et al. (2018) for their potential to 

remineralize nutrient-depleted soil (increasing crop productivity) and reduce soil acidity. Abou-

el-Seoud and Abdel-Megeed (2012) report that soil phosphorus and potassium availabilities not 

only significantly increase with agromineral application, but also the overall plant growth in 

maize fields. However, some studies suggest a limited capacity of these amendments to enhance 

crop productivity. Ramezanian et al. (2013) indicate that the application of rock dust, a type of 

agromineral, does not significantly change pH or forage biomass. On their own, agrominerals are 

not a notable source of nitrogen. When used in tandem with an alternate nitrogen source, 

agrominerals may support plant growth in a way that is like that of synthetic fertilizers (Pereira-

Stamford et al., 2011; Waheed et al., 2015; Jones, 2015). Mined in northern Ontario, Spanish 

River Carbonatite (SRC) is a locally-sourced agromineral suggested to have positive effects on 

plant growth (Jones, 2015; detailed composition Table S2.1).  

 

Cover cropping is a common technique used by farm managers where plant species are 

selected and planted adjacent to, or in rotations with, the main crop to improve certain aspects of 

the field (Florence et al., 2019).  Cover crop species are selected based on local climate and 

environmental conditions and according to the specific needs of an individual farm property, 

such as better soil conditions (e.g. water or nutrient retention) and/or the attraction or repulsion 
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of agricultural invertebrates or weeds. Cover crops can be implemented as a single plant species 

companion to the main crop (e.g. ryegrass to control erosion between vineyard rows; Messiga et 

al., 2015). They can also be used as a mixture of more than one species grown together 

simultaneously. Cover crops that contain a mix of species can increase resource partitioning 

between plants and maximize resource allocation and growth facilitation potential (Malézieux et 

al., 2009). Cover crop mixture must be carefully selected to ensure facilitation rather than 

competition among plant species.  

 

In this study, the four cover crop species targeted were: Cichorium intybus L. variety 

Puna (common chicory), Raphanus sativus L. variety Nitro (oilseed radish), Medicago sativa L. 

variety Performer (alfalfa), and Trifolium pratense L. (common No.1) (red clover). The selection 

was based on the species mixture grown locally as vineyard cover crops, which was the focus of 

a larger study in the field (VanVolkenburg et al., in preparation). Common chicory (chicory) and 

oilseed radish are both forbs (herbaceous flowering plants) and have deep tap roots. Radish is 

well documented for its ability to alleviate soil compaction (Weil, 2006; Dean and Weil, 2009) 

and its potential to retrieve nitrogen from far greater soil depths than other species (up to 100-

150lbs/acre; OMAFRA, 2018). Like radish, the long taproot of chicory allows it to tap into 

subsoil phosphorus and nitrogen stores (White and Weil, 2010; Li et al., 2014) and helps with 

soil compaction. Although chicory is listed as a common weed in Ontario (OMAFRA, 2003), its 

known ability to attract beneficial insects (Bone et al., 2009) coupled with its capacity to 

improve soil condition make it a good candidate as a cover crop. Alfalfa and red clover are both 

legumes (family Fabaceae) and have symbiotic relationships with nitrogen-fixing bacteria 

resulting in root nodulation (Brady and Weil, 2008). Red clover is also capable of reducing 

phosphorus leachate (Miller et al. 1994). 

 

The aim of this study was twofold. We first aimed to compare plant growth of chicory, 

radish, alfalfa, and red clover when grown together as a mixture in soil amended with either 

SRC, commercial fertilizer, or with water only as a control. The main goal here was to determine 

whether SRC agromineral was a viable option to synthetic fertilizer for the performance of cover 

crops mixture. Since legumes are known for their ability to acquire nitrogen through their 

symbiotic relationship with Rhizobia, we hypothesized that when grown in soil amended with 

SRC, legume plant growth would be equal to those grown in fertilizer-amended soil. Results 

from the first round of plants grown indicated that SRC may be able to provide enough nutrients 

to support the growth of plants, particularly legumes. The second objective of our experiment 

was to test whether there would be a residual amendment effect and addressed the question of 

whether SRC amended soil had the potential to provide nutrients to plants for more than a single 

period of growth. To do so, seeds of the same species were planted for a second time in the same 

pots and soil but with no further amendment. Since agrominerals are slow releasers of nutrients 

and minerals, we hypothesized that soil nutrient levels would change over time in soils amended 

with SRC compared with soils amended with synthetic fertilizer. 



 

11 
 

2.3 Methodology 

2.3.1 Plant growth conditions 

 

The experiment was performed from April-July 2018 in the Cairns greenhouse located at 

Brock University (St. Catharines, Ontario) and consisted of two stages (T1 and T2). In the T1 

experiment, we measured the biomass of each plant after grown in mixture in either SRC, 

synthetic fertilizer, or water amended soils, as well as soil nutrients and pH after 65 days of 

seedling emergence. Immediately following the T1 harvest, the spent soil was reused, and new 

seeds were planted (i.e. T2) following the same protocol as in T1 but with no further 

amendments added. The same parameters i.e. plant biomass, soil nutrients and pH, were 

measured after 65 days. Daytime temperature was set at 24°C, night time at 20°C with a 

Light:Dark ratio of 14:10 hours and light intensity between 5000-10000 lux. Greenhouse 

humidity was controlled at 65%. Plants were watered on a regular basis at the first sign of soil 

surface dryness following a daily inspection. Pots were randomly distributed on the greenhouse 

benches and were rotated on a weekly basis to avoid environmental conditions bias. 

 

In both stages of this experiment, a cover crop mixture was planted in Fiber Grow square 

patio planters (manufactured by Planters’ Pride®) of 30 cm length x 30 cm width x 25 cm depth 

(6 litre volume). Each pot included one plant each of chicory, alfalfa, radish, and red clover. 

Plants were selected to represent the interest of a local grape grower where field experiments 

were conducted. In the T1 experiment, the soil used to grow the cover crop mixture was treated 

with one of the three following amendments: 1) Plant Prod® 20:20:20 from Master Plant-Prod 

Inc.® (Fertilizer), 2) Agromineral (Spanish River Carbonatite – SRC; mined by Boreal 

Agrominerals, Brampton, Ontario), and 3) water only (Control). SunGro Sunshine® Mix 1 

potting soil (Table S2.2) was first added up to 2.5 cm below the top edge of the pot and saturated 

with water. Prior to filling the pots, large pieces of debris (roots, twigs) from soil were removed. 

Pots were left to settle for two days to ensure uniform moisture. For SRC-amended soil, SRC (90 

mL or concentration of 1 SRC:10 soil according to the Boreal Agrominerals instructions) was 

applied to each pot a day prior to sowing, gently worked into the top 5 cm of the soil surface, 

lightly watered and allowed to sit overnight. Plant seeds were sown in the potted pre-moistened 

soil. All seeds were over sown (four seeds per plant position) toward each corner of the pot with 

only the first seedling to emerge being retained (all others were removed at first sign of 

emergence). Plant positions were located equidistant from one another, 2.5 cm deep for radish, 

1.5 cm deep for the remaining three species (depth according to General Seed Company (2000) 

Ltd.). The order in which plants were sown into each pot began with chicory and was followed 

clockwise by alfalfa, radish, and red clover. For the fertilizer treatment, a 500 ml solution was 

applied to pots two weeks after seedling emergence and every three weeks thereafter (according 

to manufacturer’s directions). Ten replicates of cover crop mixture were planted for each 

amendment type in both T1 and T2 experiments. 
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2.3.2 Plant variables measured 

 

After harvest, shoots of plants grown in T1 were separated from their root. All plant 

organs were dried at 50°C for a minimum of two weeks after which time the dry weight (g) of 

each individual plant root and shoot was recorded. The same harvest protocol was followed for 

plants grown in T2 which tested for the potential existence of residual amendment effects on new 

plant growth. 

 

 2.3.3 Soil variables measured 

 

To test for amendment legacy in the soil, at the end of T1 and again at the end of T2 

experiments, individual soil samples were collected from pots after plant harvest. Soil in each pot 

was gently mixed by hand and 150 g of sample material were collected. Three of the ten soil 

sample replicates (150 g each) from each treatment were randomly chosen and consolidated to 

make one soil composite per treatment. This process was repeated two additional times until 

each treatment ended with three soil composite replicates of 450 g each (9 composite samples in 

total). Soil composites were air-dried and sent to Agri-Food Laboratories Inc. (SGS) in Guelph, 

Ontario, for chemical analysis.  

 

SGS soil analysis was conducted using the saturated paste method, which provides 

measurements of the water-soluble nutrients available to plants (e.g. planting media was soaked 

for an hour, water was then filtered off and tested as per Jack Legg – lab manager, SGS). Test 

variables included pH, and concentrations (ppm) of nitrate nitrogen, phosphorus, potassium, 

calcium, and magnesium. Analysis was conducted separately on T1 and T2 soil composites made 

at the time of each harvest.  

2.4 Data Analysis 

 Data were first tested and found to fit assumptions of normality and homogeneity of 

variance A repeated measures one-way analysis of variance was used, for T1 and T2 together, to 

compare the three amendment treatments for each species separately, followed by Bonferroni 

post-hoc tests, when appropriate (Dunnett T3 for data with unequal variance). Plant analysis 

considered individual dry weights of both shoots and roots separately for each amendment type. 

Soil analysis followed the same procedures as that of plant analysis. All statistical data analyses 

were performed using IBM SPSS Statistics version 22.0. 
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2.5 Results 

2.5.1 Plants 

 

When time was considered separately, amendment effects were significant in both T1 and 

T2. In T1, mean individual dry shoot weights (shoot biomass) of most species were significantly 

higher when plants were grown in soil amended with synthetic fertilizer (i.e. chicory, radish, and 

red clover; Figure 2.1 a, b, and d). The only exception was observed in alfalfa plants where 

plants grown in SRC-amended soil resulted in significantly higher shoot biomass (Figure 2.1 c). 

A similar pattern existed for alfalfa in T2, with shoots of plants grown in SRC-amended soil 

being up to 85% heavier than the shoots of  plants grown in soil treated with fertilizer or controls 

(Figure 2.1 c – T2). Neither chicory nor radish shoot biomass resulted in any significant 

differences between the different amendment treatments in T2 (Figure 2.1 a and b – T2). 

Surprisingly, while in T1, shoot biomass of red clover was the highest when plants were grown 

in soil amended with synthetic fertilizer, in T2, shoot biomass was the highest when plants were 

grown in SRC-amended soil (Figure 2.1 d). Similarly, red clover roots of plants harvested in T2 

resulted in significantly higher biomass when plants were grown in SRC-amended soil compared 

to that of plants grown in soil amended with fertilizer (Figure 2.2 d – T2). Different from that of 

alfalfa, red clover root and shoot biomass of plants grown in SRC-amended soil were not 

significantly higher than root and shoot biomass of plants grown in control. The shoots of each 

species exhibited significant differences within species between T1 and T2 in terms of biomass, 

indicating that the residual effect of amendments from T1 affected plant growth in T2 (Table 

2.1). Shoot biomass of plants was generally lower in T2 than in T1, except for red clover grown 

in soil amended with SRC and control (Figure 2.1 d).  

 

In T1, mean individual root dry weights (root biomass) of chicory was the highest in 

plants grown in soil amended with fertilizer followed by root biomass of plants grown in soil 

amended with SRC (Figure 2.2 a and b – T1). Radish root biomass of T1 plants grown in soil 

amended with fertilizer or SRC was the highest; however, root biomass of plants grown in soil 

amended with fertilizer was significantly higher than that of plants grown in control (Figure 2.2 

b). T2 radish root biomass results were quite different from those obtained in T1; the biomass of 

plants grown in control was significantly higher than that of plants grown in SRC or fertilizer-

amended soil. There were no significant differences found between red clover root biomass of 

plants grown in soil amended with either fertilizer, SRC, or control in T1 (Figure 2.2 d – T1). 

Despite this, red clover root biomass of T2 plants grown in soil amended with fertilizer or SRC 

was the highest, although root biomass of plants grown in soil amended with fertilizer was the 

only one to be significantly higher than that of plants grown in control (Figure 2.2 d – T2). As 

with plant shoot biomass, plant root biomass was significantly lower in T2 harvest than in T1, 

except for that of red clover (Table 2.1; Figure 2.2). Alfalfa had the highest root biomass when 
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plants were grown in soil amended with SRC (by up to 80%) as compared to those grown in soil 

amended with fertilizer or control (Figure 2.2 c – T2). 
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Figure 2.1. Effects of soil amendments on plant mean individual shoot dry weight (±SE) after 

two consecutive 65-day growth periods. Within each experimental run, one-way ANOVA tests 

were performed to compare the three amendments for each individual species: a) chicory, b) 

radish, c) alfalfa, and d) red clover. Significant differences among amendments are represented 

by lowercase letters in Time 1 a) F(2, 27) = 4.619, p = 0.019, b) F(2, 27) = 46.325, p < 0.001, c) F(2, 

27) = 18.147, p < 0.001, and d) F(2, 27) = 6.070, p = 0.007, and by uppercase letters in Time 2 c) 

F(2,27) = 452.260, p < 0.001, and d) F(2, 27) = 16.242, p < 0.001. 
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Table 2.1. Within-subjects effect of time and between-subjects effects of amendment (fertilizer, 

SRC, or control) on individual shoot and root biomass of plants grown in mixture. Results from 

repeated measures one-way ANOVA’s. 

Measure 
Species 

(organs) 

Within-subjects effect  

Time 

Between-subjects effects 

Amendment 

Pillai's F P MS F P 

Dry Weight (g) Chicory             

Per Plant shoot 0.952 536.585 < 0.001 0.366 5.110 0.013 

 root 0.911 275.999 < 0.001 0.513 3.634 0.040 

 Radish             

 shoot 0.990 2758.594 < 0.001 24.833 40.613 < 0.001 

  root 0.992 3237.254 < 0.001 0.242 0.427 0.657 

  Alfalfa             

 shoot 0.898 238.589 < 0.001 0.461 98.448 < 0.001 

  root 0.912 280.905 < 0.001 0.082 44.895 < 0.001 

  Red Clover             

 shoot 0.267 9.833 0.004 0.010 0.386 0.683 

  root 0.074 2.149 0.154 0.066 6.106 0.006 
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Figure 2.2. Effects of soil amendments on plant mean individual root dry weight (±SE) after two 

consecutive 65-day growth periods. Within each experimental run, one-way ANOVA tests were 

performed to compare the three amendments for each individual species: a) chicory, b) radish, c) 

alfalfa, and d) red clover. Significant differences among amendments are represented by 

lowercase letters in Time 1 a) F
(2, 27)

 = 4.014, p = 0.030, b) F
(2, 27)

 = 8.237, p = 0.002 , c) F
(2, 27)

 = 

12.558, p < 0.001; and by uppercase letters in Time 2 b) F
(2, 27)

 = 41.523, p < 0.001, c) F
(2,27)

 = 

107.700, p < 0.001, and d) F
(2, 27)

 = 6.468, p = 0.005. 
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2.5.2 Soil  

 

In general, for all three amendment treatments, soil variables were significantly lower in 

T2 than in T1 soil for nitrate-nitrogen, phosphorous and calcium but were not significantly 

different for potassium (Table 2.2). Soil pH was the only measured variable that significantly 

increased between T1 and T2 harvest (Figure 2.3 a).  

 

Table 2.2. Within-subjects effect of time and between-subjects effects of amendment (fertilizer, 

SRC, or control) on soil composition measures when used to grow a cover crop mixture of 

chicory, radish, alfalfa, and red clover. Results from repeated measures one-way ANOVA’s. 

 

Measure 

Within-subjects effects 

Time 

Between-subjects effects 

Amendment 

Pillai's F P MS F P 

pH 0.920 68.781 < 0.001 0.116 25.713 0.001 

NO3-N 0.767 19.806 0.004 1.167 0.296 0.754 

P 0.886 46.725 < 0.001 4.982 24.456 0.001 

K 0.012 0.071 0.799 0.010 0.441 0.662 

Ca 0.834 30.247 0.002 1.059 0.050 0.951 

  

When T1 and T2 were considered separately, soil pH was significantly higher in soil 

amended with SRC than in soils amended with fertilizer and control (Figure 2.3 a). The soil 

concentrations of nitrate-nitrogen did not significantly change with the types of amendment 

applied in T1 and in T2 (Figure 2.3 b).  Phosphorus was significantly higher in fertilizer-

amended soil than in soil amended with SRC or in the control soil in both T1 and T2 (Figure 2.3 

c). Soil potassium concentrations were not significantly different among amendment treatments 

and time (Table 2.1, Figure 2.3 d). While there was no significant difference in soil calcium 

concentrations among the three treatments in T1, in T2, the concentration was significantly the 

highest in soil amended with fertilizer (Figure 2.3 e). 
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Figure 2.3 Effects of soil amendments on soil levels of a) pH, b) nitrate nitrogen (ppm), c) 

phosphorous (ppm), d) potassium (ppm), and e) calcium (ppm) when used to grow cover crop 

mixture (±SE) after two consecutive 65-day growth periods. Significant differences among 

amendments are represented by lowercase letters in Time 1, a) F(2, 6) = 12.022, p = 0.008 and c) 

F(2, 6) = 13.252, p = 0.006 and uppercase letters in Time 2, a) F(2, 6) = 11.170, p = 0.009, c) 

F(2, 6) = 8.349, p = 0.018, and e) F(2, 6) = 19.442, p = 0.002. 
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2.6 Discussion 

The present study is one of the first to test SRC’s fertilizing potential in a controlled 

greenhouse environment using different cover crop species. Our results showed that plant species 

did not consistently respond positively to SRC amendment and even to synthetic fertilizer, 

indicating that responses to amendment is species-specific. Leguminous species tend to grow 

better in soil amended with SRC than in soil amended with fertilizer. This was especially true for 

alfalfa. Forb species, especially chicory in T1, tended to have the highest growth in soil amended 

with fertilizer. However, oilseed radish root biomass of plants grown in SRC amended soil were 

at times equal to (T1) or higher than (T2) when grown with fertilizer. 

 

SRC is a carbonatite mineral that weathers quickly relative to other agrominerals (as per 

Boreal Agrominerals; see Jones, 2015), yet its nutrients are not instantly available as with 

synthetic soluble fertilizer. One mechanism of nutrient release from the SRC agromineral in our 

study could be attributed to plant root exudates. Plant root exudation can involve many different 

components (e.g. phenolics, organic acids, etc.; for a comprehensive list of root exudates see 

Dakora and Phillips, 2002). Organic acids exuded from plant roots can speed up the process of 

mineral dissolution (Wang et al., 2000), and they have been found to be particularly efficient at 

fragmentation and rapid dissolution of biotite (Barman et al., 1992), a major mineral component 

of SRC. Mineral dissolution by root exudates leads to the release of soil nutrients such as rock-

bound phosphate, calcium, and iron (Hoffland, 1992; Areand and Schneider, 2006) and the 

process likely played a part in increasing SRC nutrient availability to plants. Zhang et al. (1997) 

report that roots of an unknown variety of radish exude up to sixty times more organic acids 

when grown in a nutrient-poor environment. Radish plant root exudates likely caused dissolution 

of rock-bound nutrients found in SRC (especially in T2), contributing to relatively higher T2 root 

biomass than for plants grown in soil amended with fertilizer. Gordon et al. (2018) report that 

chicory is particularly efficient at acquiring soil nitrogen, even at times when it is not available to 

other species.  However, they also find that considerably less is known about the other nutritional 

needs of chicory or how the plant may utilize soil nutrients other than nitrogen. In our study, 

chicory biomass was the highest in T1 fertilizer-treated pots while no differences existed 

between amendment treatments in T2. Nitrogen would have been a limiting factor in T2 while in 

T1 fertilizer treatment, nitrogen should have been readily available which, when considered with 

findings of Gordon et al. (2018), could explain why chicory responded mainly to fertilizer-

treated soil in T1. 

 

Roots of leguminous species excrete phenolic compounds (Brady and Weil, 2008; 

Peoples et al., 2009; Raven et al., 2013), which are known to promote mineral chelation (Dakora 

and Phillips, 2002). Mineral chelation could therefore have been an important mechanism that, in 

this study, facilitated higher plant growth in legumes planted in SRC-amended soil than in 

fertilizer or control. Additionally, alfalfa grown in a nutrient-poor environment releases root 

exudate (isoflavonoid phytoalexin) that dissolves ferric phosphate, a process which makes 
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available otherwise soil-bound iron and phosphate (Masaoka et al., 1993). Furthermore, alfalfa 

plants that must acquire nitrogen through the process of symbiotic nitrogen fixation create a 

more acidic soil environment relative to those which are grown in soil that is supplemented with 

synthetic nitrogen (Aguilar and van Diest, 1981). Acidic environments mechanically weather 

rock thus facilitating the release of nutrients bound in rock phosphate. Active fixation by 

harvested plants was likely occurring in this study because pink nodules were observed on roots 

of legumes planted in SRC-amended soil, indicative of nitrogen fixation (Bisseling et al., 1978). 

The nodulation process could have changed soil acidity enough to dissolve rock-bound nutrients 

of the SRC. Synthetic fertilizer is a known inhibitor of root nodule formation (Brady and Weil, 

2008; Otieno et al., 2009), and this may explain the lower shoot weight of alfalfa plants grown in 

soil amended with fertilizer relative to plants grown in soil amended with SRC or control. 

Nodulation was not formally measured in this study, thus further studies examining the 

interactions between plant roots and nodulation in the presence of different amendments would 

be required to better understand the mechanisms involved in the interactions between SRC and 

root systems. 

 

Red clover responded differently to amendment from alfalfa, especially in T1. Alfalfa 

plant shoot and root biomass tended to be the highest in plants grown in soil amended with SRC 

whereas red clover organ biomass was at times highest in fertilized soil, at other times in SRC-

amended soil, and in T1, red clover root biomass remained unchanged between soil treatments. 

The reason for these response differences may be difficult to point out presently, but it is 

possible that red clover root exudates are not as efficient at freeing nutrients bound in the soil, or 

that red clover roots exude less compounds in general than alfalfa. After testing sixteen different 

crop species and each of their functional root traits, Wen et al. (2019) report that plant root 

architecture is important in determining what nutrient acquisition strategies plants will use when 

grown in a nutrient-poor environment. They find that species with thinner root morphology 

exhibit increased branching attributed to soil exploration and nutrient mining than those with 

thicker root morphology. There is also a tendency for species with thinner roots to have less P-

mobilization-associated root exudates. In our study, red clover had visibly thinner root 

architecture and considerably more branching than alfalfa, which may be an indication that red 

clover mines for nutrients whereas alfalfa may utilize root exudate strategies in place of mining 

which could account for the differences in how each of the two species responded to amendment. 

 

 The current study also tested whether there would be a residual amendment effect left 

behind in the soil. It was found that while soil nutrient depletion was evident over time in all 

amended soils, phosphorus and calcium levels were consistently higher in soil treated with 

fertilizer than in soil treated with SRC; however, pH was consistently higher in SRC-amended 

soil. Nitrogen is one of the key macronutrients involved in plant development, and when added 

as a soluble fertilizer it is either immediately utilized by the plant or lost by leaching or runoff 

(Brady and Weil, 2008). Inorganic rock fertilizers (i.e. agrominerals) are typically devoid of  
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nitrogen (van Straaten, 2007; Ohyama, 2010) and SRC is one example of an agromineral that 

lacks nitrogen (Sage, 1987). In our study, levels of soil solution nitrogen in T2 were extremely 

low in all treatments, confirming SRC’s lack of nitrogen content.   

 

In terms of soil characteristics, while nitrogen levels were quite predictable, calcium was 

not. Calcium levels in the soil solution, while very low (see SGS recommendations of 95 ppm, 

Table S2.3, compared to ours that were never above 25ppm), were in T2, significantly higher in 

soil treated with synthetic fertilizer than in soil amended with SRC or controls. Higher calcium in 

soil solution of fertilizer-treated soil is counterintuitive to what we would expect to see, 

especially given that 50% of SRC is calcium carbonate. However, Kashem and Singh (2002) find 

that soil treated with liquid fertilizer (nitrogen and potassium) results in higher amounts of soil 

solution calcium relative to control. Similarly, Lorenz et al. (1994) find that when soil is treated 

with liquid fertilizer, major ions in soil solution (specifically calcium, potassium, and 

magnesium) increase relative to control. Major ions provided by fertilizer additions often change 

soil nutrient balance by desorbing otherwise unavailable ions (in our case calcium; Lorenz et al., 

1994). The planting medium used in our study contains anywhere between 35-158 ppm of 

calcium (Table S2.2). It is possible that the calcium already present in the soil mix and otherwise 

unavailable to plants was desorbed when synthetic fertilizer was used as an amendment thus 

contributing to the high levels in fertilizer-treated pots. The calcium carbonate present in SRC is 

not water-soluble, meaning that in its present form the calcium in SRC is not immediately 

available to the soil solution. Yet calcium was found to be higher only in T2 fertilizer-treated 

soil. It may be that in T1 plants were, in general, bigger and as a result, utilized more calcium 

while those in time two were significantly smaller and would have required less. Further testing 

of plant organ content of calcium, and all nutrients in general, may help to interpret the reason 

behind the soil solution calcium differences across time. 

 

Phosphorus in apatite (12% of SRC) is easily adsorbed by calcium carbonate and organic 

matter clays (Brady and Weil, 2008). It is therefore possible that when SRC, which is comprised 

mainly of calcium carbonate, is added to soil, lower amounts of soil solution phosphorus would 

result relative to when fertilizer is added to soil. Sunshine mix contains 9-42 ppm of phosphorus 

(not necessarily in plant available form), and it may be that the phosphorus fixation capacity of 

the soil was near its maximum when liquid fertilizer was applied leaving an overabundance of 

plant available phosphorus in the T1 soil solution relative to other treatments. Baseline testing of 

the soil prior to amendment application and planting would be useful in determining if this was 

the case in our study. Furthermore, agricultural practices, including fertilizer company product 

recommendations often include the over-application of phosphate fertilizer to ensure availability 

to all plants (Syers et al., 2008) which can lead to an accumulation in the soil (Menezes-

Blackburn et al., 2018).  It is possible that under synthetic fertilizer conditions, the additional 

phosphate remained under utilized in the soil, resulting in relatively higher soil solution levels 

than what was found in SRC and control pots. 
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While calcium and phosphorus levels were found to be higher due to fertilizer application 

to the soil, soil solution potassium levels remained consistently low over time and between 

treatments (recommended 125 ppm, Table S.2.2, versus 1-1.25 ppm in this study). A likely 

explanation for consistently low potassium levels could be due to “luxury consumption” by the 

plants in the cover crop mixture grown. Luxury consumption refers to when plants use an 

evolutionary strategy that consists of absorbing more nutrients than needed, particularly 

potassium, potentially to store for later use in times of low nutrient availability (Chapin, 1980; 

Van Wijk et al., 2003). When plants are removed from the soil (i.e. harvested), up to ten times 

more potassium than phosphorus or nitrogen is also removed, particularly with legumes (Brady 

and Weil, 2008). In both T1 and T2, the removal of plants may have also removed all plant 

available potassium. SRC is comprised of  25% biotite (Table S2.1), and biotite has been 

demonstrated to be a viable slow release potassium fertilizer (Li et al., 2015). On the contrary, 

SRC-amended pots did not result in higher soil solution potassium than fertilizer or control. 

Bakken et al. (2000) have found that when in field trials, weathering of carbonatite is too slow to 

replenish soil solution potassium (due to quick removal by plants), and is in agreement with 

findings from this study, however, plant organ analysis is needed for confirmation.  

 

In general, known mechanisms of agromineral nutrient release are mainly physical, 

chemical, and/or biological weathering (van Straaten, 2007; Zhang et al., 2018). In the absence 

of environmental fluctuations in temperature, soil acidity is thought to be one of the main 

physical means by which nutrients are released from agrominerals (Welch et al., 2010). In our 

experiment, soil solution pH remained in the neutral range for all treatments across time, making 

soil acidity an unlikely contributor to the weathering processes. However, soil amended with 

SRC consistently resulted in significantly higher pH (7-7.3) than soil amended with fertilizer or 

control (6.7-7). As agrominerals, especially carbonatites, are often used to reduce soil pH acidity 

(Van Straaten, 2007; Myrvang et al., 2017), it is not surprising that soil amended with SRC 

resulted in higher pH.  

 

 It is important to note that the soil media itself might have provided adequate nutrition 

(Table S2.2), especially during T1, and may help to explain why at times plants grown with no 

amendments exhibited similar growth to those that were in amended soil. Another caveat worth 

noting was the differences in greenhouse conditions between the two growth periods (spring 

versus summer outdoor conditions might have differently affected indoor temperature, light, and 

humidity settings). Further studies in the field will help determine whether the results obtained 

from these experiments can be translated into operational conditions. It is important to underline 

that in the field, under operational conditions, other factors can influence plant and amendment 

performance. Further studies should also examine the effect of SRC on cash crops (e.g. wine 

grapes in a vineyard). Cover crop plant mixture species should also be compared to when a 

species is grown individually or in monoculture as plant competition might have played a role in 

how cover crops responded. 
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3.1 Abstract 

 

Soil is the foundation of all agricultural systems and how it is managed can have implications on 

the structure and productivity of the entire agroecosystem. Agrominerals may have the potential 

to support soil systems in similar ways as synthetic fertilizers. In combination with cover crops, 

they may have synergistic benefits enhancing productivity. This study was conducted on an 

existing commercial vineyard in the Town of Lincoln, Ontario, to determine what effects a 

specific agromineral, Spanish River Carbonatite, and cover crops (either monoculture or 

mixture) would have on both biotic and abiotic variables such as soil nutrients, plant 

communities, and soil invertebrate communities over two growing seasons. While amendment 

type did not affect invertebrate community structure, cover crop type mattered: whereas 

monoculture of ryegrass result in higher overall plant species richness, mixtures have higher 

plant species diversity indices and evenness. Soil nutrients and plant and invertebrate diversities 

varied temporally, both seasonally and annually. Management techniques used by the grape 

grower most likely influenced amendment efficacy. To properly determine system effects of 

amendment and management technique, it is recommended that fields are monitored over a 

longer period considering the perennial nature of this agroecosystem and its complexity. 

 

Key words: agromineral, Spanish River Carbonatite, cover crops, agroecosystem, vineyard 
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3.2 Introduction 

Soil health, essential for good crop production, can sustain biological productivity, but is 

often overlooked with the assumption that fertilizers remain the most effective way to facilitate 

production. How soil is managed matters as it forms the basis for the entire agroecosystem. 

Perennial agroecosystems, such as vineyards, often impede soil function due to the intensity by 

which they are managed (Salomé et al., 2016). Vineyards, like any monoculture, are inherently 

low in biological diversity (Vukicevich et al., 2016), a problem that is equated to low system 

resilience (Walker, 1995; reviewed by Fischer et al., 2006). Cover cropping is a common 

technique used by vineyard managers that consists of the addition of plants between rows of 

vines or, less often, directly within vine rows (Steenwerth and Belina, 2008; Messiga et al., 

2015). Individual plant species are usually chosen depending on local climates and to fulfill site-

specific goals (e.g., the use of Raphanus sativus to aerate soil; Olmstead, 2006). Cover crops can 

be added as a monoculture (e.g. swards of single grass species cover; Ingels et al., 1998; 

Monteiro and Lopes, 2007; Novara et al., 2018) or as a mixture of species (Messiga et al., 2016; 

Wilson et al., 2018). Using mixed cover crops increases plant species diversity and therefore, the 

resilience of the agroecosystem in question.  

 

In general, the practice of cover cropping in vineyards has been shown to prevent soil 

erosion (Baumgartner et al., 2008), inhibit weed growth (Baumgartner et al., 2008; Fourie et al., 

2014), reduce vine vigor in favor of berry production (Giese et al., 2014), increase available soil 

nutrients (Messiga et al., 2015), and attract beneficial invertebrates for pest control (Mahmuda et 

al., 2006). While their potential benefits are many, cover crops may result in undesirable effects. 

For example, Monteiro and Lopes (2007) report that cover crop monocultures of grasses, such as 

Lolium perenne, L. multiflorum, Festuca ovina, and F. rubra, may compete with vines for water. 

Grass cover crop monocultures may also attract pest invertebrates or they themselves become 

weedy if not managed properly (e.g., Lolium multiflorum; Sarrantonio and Gallandt, 2008; 

Olmstead, 2006). Careful consideration must therefore be given to the type of species being 

selected when attempting to optimize the productivity of this system. 

 

If a mixture of species provides initial benefits, or even no benefits, it is important to 

understand that agroecosystems are dynamic environments where a response, or lack of, to 

management in one season or location could be very different when replicated in subsequent 

seasons or in other locations. Between-rows mixed cover crops of grasses (Paspalum notatum, 

Lolium multiflorum, and Bromus auleticus) and legumes (Desmodium spp., and Vicia sativa) can 

significantly increase vine nitrogen content. However, this effect only occurs in young vines (1-2 

years old; Brunetto et al., 2017). Fourie et al. (2014) report that vineyard cover crops have the 

potential to inhibit weed biomass, but findings are dependant on management practices (e.g. 

tilling) and are often not fully realised until after the third season of implementation. Ruiz-

Colmenero et al. (2011) indicate that between-row cover crops in vineyards reduce erosion up to 
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70 percent compared to when between-rows are tilled but, in years with low rainfall, cover crop 

treatments can compete with the grapes for water resulting in substantial berry yield losses. 

Furthermore, amendments used for soil nutrient management can limit the benefits of a chosen 

cover crop. For example, high use of synthetic nitrogen fertilizer can prevent nodulation and 

nitrogen fixation of legume plants (Murray et al., 2017). 

  

Agrominerals are inorganic non-synthetic soil amendments that are known for their 

characteristically slow release of nutrients (van Straaten, 2007; Zhang et al., 2018). Formed from 

crushed or weathered rocks, agrominerals (i.e. stone meal or rock dust derived naturally or 

mechanically) have the potential to contribute to sustainable agricultural intensification (Fyfe et 

al., 2006). Agrominerals can supply many of the nutrients required for plant growth, but nutrient 

types and quantities do depend on the parent material through which they are formed (van 

Straaten, 2007). When agrominerals are added to agricultural fields, they may be able to 

significantly increase nutrient availability to crop plants (Mohammed et al., 2014; van Straaten, 

2007). While the use of agrominerals as a soil amendment is not a new concept (reviewed by van 

Straaten, 2006), there has been a renewed interest in them in part due to their potential to 

increase plant-available soil nutrients. Renewal of interest may also be attributed to an increase 

in knowledge regarding their weathering and nutrient release properties that aid in their 

effectiveness as soil rejuvenators (e.g. through remineralization and pH reduction), and their 

potential to help with carbon sequestration (reviewed by Zhang et al., 2018). Of further interest 

is the value agrominerals may have as a soil amendment alternate, or supplement, to synthetic 

fertilizers which are known for their potential to be damaging to the environment (van Straaten, 

2007; Abbott and Manning, 2015; Altieri et al., 2015). 

 

Most agromineral studies to date involve research on annual crops with few on perennial 

cropping systems like vineyards (van Straaten, 2006; Zhang et al., 2018). Vineyard studies that 

focus on agrominerals as a soil amendment have had mixed results. Grape yields and juice sugar 

content increase while berry acidity decreases after just two years following application of 

natural zeolites to a Western Georgia vineyard (Andronikashvili et al., 2010). Stamford et al. 

(2011) report that powdered biotite soil amendment on its own does not increase plant nutrient 

availability and may not provide enough benefits to a Brazilian vineyard. When the same biotite 

amendment is enriched with vermicompost, however, soil nutrients such as phosphorus, 

potassium, and magnesium are more readily available and further benefit grapes.  

 

The current study focused on the agromineral Spanish River Carbonatite (SRC, Boreal 

Agromineral, mined in northern Ontario, Canada), which is comprised mainly of calcium 

carbonate, biotite, and apatite. Calcium carbonate is often used to counteract soil acidity as well 

as to provide additional calcium and magnesium to the rhizosphere, both of which are essential 

nutrients for plant growth (van Straaten, 2007). Biotite is a known source of potassium (among 

other minerals) and has been shown to weather relatively quickly thus making it a promising 
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source of an essential plant nutrient (Stamford et al., 2011; Basak et al., 2017). The apatite found 

in SRC is a significant source of phosphorus (Sage, 1987), also an essential plant nutrient. As 

reviewed in Jones (2015), SRC is anecdotally tied to soil microbial stimulation, soil structure 

improvement, and nutrient cycling enhancement and was initially used as a soil liming agent.  

 

In this study, a field experiment was conducted to examine the responses of a vineyard to 

two different types of cover crops (i.e. monoculture or mixture) grown in three possible soil 

amendments (i.e. SRC, synthetic fertilizer, and control (water only)) over time. This experiment 

was completed in a vineyard under operating conditions in which the management practices of 

the grape grower had to be respected. We examined responses of a) soil composition (nutrients 

and pH), b) vegetation community, c) soil invertebrate community, and d) vine health (petiole 

nutrients) and grape composition. This study represents one of the first of its kind to rigorously 

examine the responses of an operational vineyard ecosystem to SRC soil amendment when 

compared to synthetic fertilizer. 

 

3.3 Methodology 

 

3.3.1 Vineyard Location 

 

 Field experiments were conducted during the 2017 and 2018 growing seasons in Hughes’ 

vineyard, which is in the Town of Lincoln, Ontario (43.18200 N, -79.41686 E). The region is 

classified as belonging to a cool-climate appellation, ideal for grape cultivation (Shaw, 2005). 

The vineyard is located between the base of the Niagara Escarpment and Lake Ontario with a 

mean annual temperature of 8.5°C (20°C from May-October) and average precipitation of 825 

mm (94 mm from May-October; for conditions during the field seasons see Figure S3.1). Three 

different varieties of grapevine (i.e. Chardonnay, Sauvignon Blanc, and Riesling) are present on 

the property, all of which are growing in Chinguacousy soil, which is classified as having an Ap 

soil horizon (i.e. exposed to agricultural disturbance such as ploughing) extending on average to 

19 cm in depth (Kingston and Presant, 1989; Table S3.1). The vineyard manager described the 

field as receiving minimal amounts of synthetic treatments (i.e. pesticides and herbicides) and 

being under integrated pest management. Some of the most recent initiatives in the vineyard 

have been cover cropping between rows of vines and the installation of highly diverse vegetation 

hedgerows along property borders. The grape vines are drip-irrigated throughout the summer 

months when needed. Additional information of the management of the vineyard is given in 

Table S3.2.  
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3.3.2 Experimental Design 

 

 Plots were laid out in the Chardonnay following a randomized block design to account 

for any variability in soil conditions throughout the field. Each plot was 4 m x 6 m with the 6 m 

length running perpendicular to the grape rows and included three rows of grape vines 

(approximately 3 m between each panel). A 1 m buffer zone was also included in plot 

installation and treatment application to control for any edge effects (Figure 3.1) and individual 

plots were installed at a minimum of 15 m from one another. One of two different cover crop 

types were sown into individual plots as follows: 1) a monoculture (RYE) of annual ryegrass 

(Lolium multiflorum Lamarck (common No.1)), or 2) a mixture (CARR) of common chicory 

(Cichorium intybus L. variety Puna), alfalfa (Medicago sativa L. variety Performer), radish 

(Raphanus sativus L. variety Nitro (oilseed radish)), and red clover (Trifolium pratense L. 

(common No.1)). Plots were further amended with one of three amendments: 1) Plant Prod 

20:20:20 NPK from Master Plant-Prod Inc. ® (fertilizer), 2) Agromineral (Spanish River 

Carbonatite – SRC), and 3) water only (control). Annual ryegrass seeds were obtained from the 

property manager (Hughes vineyard, Beamsville, ON). All other seeds were obtained from 

Canadian Comfort Alpacas (Fenwick, ON). For each combination of cover crop and amendment, 

three replicate plots were installed.  

 

 

 
Figure 3.1. Schematic of the between plots layout in the field (vertical lines represent vine rows; 

each plot extended between three rows of vines for a total of 18 plots with a minimum distance 

of 10 m between plots and field edges) and close-up of the within plot measurements, which 

included a 1 m buffer around the experimental plot. 
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 SRC was spread by hand at a rate of 1:10, 2.9 tons per acre, (according to Boreal 

Agromineral instructions) in the last week of May 2017 and again in the first week of July 2018 

(a wet spring delayed spreading in 2018) followed by light disking of the SRC plots. Synthetic 

fertilizer plots were treated with 5.6 L of 20:20:20 NPK commencing three weeks after seedling 

emergence and every three weeks thereafter (according to Plant Prod ® directions) up until mid 

September in both years. The farm manager under his current practice used a synthetic granular 

fertilizer mechanically applied to the entire field in June of both seasons (40lbs/acre nitrogen, 

120 lbs/acre potash as per farm manager). Cover crop seeds were broadcast by hand one week 

after SRC incorporation into soil. The RYE monoculture plots were sown with annual rye at a 

seeding rate of 25 lbs/acre, and the CARR mix combination plots were sown with 10 lbs/acre of 

chicory, 20 lbs/acre of alfalfa, 15 lbs/acre of radish, and 25 lbs/acre of red clover, all according 

to supplier directions (i.e. General Seed Company (2000) Ltd.).  

 

3.3.3 Soil Composition 

 

 Baseline soil samples were collected in the second week of May 2017 prior to any 

amendment additions and again in mid August and October 2017. The same collection sequence 

was followed in 2018, albeit it began in June rather than May. Soil was initially collected using a 

stainless-steel soil hand coring device (2.5 cm diameter by 20 cm depth); however, heavy 

compaction due to high clay content necessitated the use of a trowel to retrieve samples that were 

visually representative of the amount removed by the soil corer. At each collection period, in 

each plot, one soil sample was collected from underneath the cover crops at three randomly 

located sampling points. The trowel was sterilized with 70% ethanol between each sample 

collection to avoid contamination. For each plot, the three samples were combined to make one 

composite sample. A portion of each composite (100 g) was used to test for soil moisture content 

using the thermogravimetric technique described by Lekshmi et al. (2014). The remaining 

portion of each composite was air-dried and sent to Agri-Food Laboratories Inc. (SGS) in 

Guelph, Ontario for chemical analysis. Lab analysis included pH (saturated paste method), 

organic matter percent (Walkley-Black method; Walkley and Black, 1934), and concentrations 

(ppm) of sodium bicarbonate extractable phosphorus (MacLean, 1964), ammonium acetate 

extractable potassium, magnesium, and calcium (McLean and Watson, 1985; Blakemore et al., 

1981; and Doll and Lucas 1973, respectively), and assessment of soil texture. 

 

3.3.4 Vegetation Surveys 

 

 Vegetation surveys followed the same timeline as soil sample collections and were 

recorded as the percent cover of each individual species of the entire plot. The percent cover 

method was based on Tilman (1997) and could result in total plot cover of over 100 percent as 

each species was considered individually. A plant specimen voucher of each plant species found 

within the field plots was collected from outside of the plot perimeter and deposited at the Brock 
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University Herbarium. Vegetation species were identified using Alex and Switzer (2010) and 

checked for current nomenclature using the Canadensys website (www.canadensys.net). 

 

3.3.5 Soil Invertebrates 

 

 Soil cores used for soil invertebrate surveys were collected following the same timeline 

and using the same collection technique as soil nutrient sample collections but instead of three 

random points per plot, only two random points were collected from each between-row in each 

plot. Soil cores were pooled to represent one composite sample per plot and brought back to the 

lab for soil invertebrate extraction using the Berlese-Tullgren method (Macfadyen, 1953). All 

samples were preserved in 70% ethyl alcohol, identified to at least the genus level where possible 

and quantified as total counts per plot. Soil invertebrate species were identified using Marshall 

(2007) and resources found in Behan-Pelletier (2003). 

 

3.3.6 Vine Petioles and Berries 

 

 Vine petiole and berry samples were collected at the time of harvest in September of both 

years. Vine petiole collection followed the recommendations of SGS laboratories and included 

150 petioles per plot (a pool of 50 petioles randomly selected from each of the nine grape vines 

located within the buffer zone of each individual plot to make a minimum of 7 g of dry organ). 

Petioles were sent out to SGS for chemical analyses. Lab analysis included total nitrogen (using 

catalytic combustion method), as well as inductively coupled plasma-optical emission 

spectrometry (ICP-OES) to measure total percent of phosphorus, potassium, magnesium, 

calcium, and concentration (ppm) of zinc, manganese, copper, iron, boron, and sulphur. Vine 

berry collection included 150 berries per plot (a pool of 50 berries randomly selected from each 

of the three grape vine panels located within each individual plot). Berries were stored at -25°C 

until analysis. Analysis followed protocols set forth by the Cool Climate Oenology and 

Viticulture Institute (procedures adapted from Jasinski, 2012) located at Brock University and 

included measurements for pH, brix, and titratable acidity.  
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3.4 Data Analysis 

 

Both vegetation and soil invertebrate richness and abundance were first recorded. 

Diversity indices based on species, i.e. Simpson, Shannon-Wiener, and Pielou’s evenness, were 

calculated for each combination of amendments and cover crop. Species richness was the total 

number of species in a given plot and total abundance a total count of individuals per plot. 

Simpson’s diversity index considers both community richness as well as relative abundance of 

each species and is calculated as follows: 

 

𝐷 = 1 − (
∑ 𝑛 (𝑛 − 1)

𝑁(𝑁 − 1)
) 

 

where n is the total number of individuals representing one type of species and N is the total 

number of individuals of all species combined. The calculation returns a diversity (D) value 

between 0 and 1, with 1 being infinitely diverse and 0 having no diversity (Simpson, 1949).  

Shannon-Wiener index measures the uncertainty concerning the predictability of a species type if 

an individual is taken at random from a population. Shannon-Wiener is calculated as: 

 

H′ =  − ∑ p𝑖 ∗ lnp𝑖

𝑅

𝑖=1
 

 

where pⅈ is the proportion of individuals belonging to the ⅈth species. As H' approaches 0, 

abundance is more likely to be confined to a single species (when H' is exactly 0, only one 

species is present). As H' increases, individual species types become more equally common 

(Shannon et al., 1949). Pielou’s evenness index is a diversity index that accounts for the total 

number of individuals that represent a single species and how even an individual species 

distribution is across all species in a community. Pielou’s index is calculated as: 

 

J' = 
∑ p𝑖 ln p𝑖𝑅

𝑖=1

ln 𝑆
 

 

where pⅈ is the proportion of individuals belonging to the ⅈth species, and S is the total number of 

species. The evenness score (J’) varies between 0 and 1, with a value closer to 1 indicating lower 

variation of individual numbers between each species in a community (Pielou, 1966). 

 

Data (i.e. soil nutrients, vegetation, soil invertebrates, and vine petiole and berry data) 

were found to fit assumptions of normality and homogeneity of variance. Effects of cover crop 

and amendment type as well as their potential interactions over time were performed using a 

repeated measures general linear model with two fixed factors (cover crop type and amendment) 

for comparisons between the two years (for each individual collection time; early, mid, and late 
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season) as well as between the three collection times within each year. Analyses considered 

comparisons of all individual groups of variables measured and included soil composition, 

vegetation species, soil invertebrate species, and vine petiole and berry composition  of each 

combination treatment. Petiole nutrient and berry composition were compared between cover 

crop and amendment type only in the end of the 2018 season. All statistical data analyses were 

performed using IBM SPSS Statistics version 22.0 and R software version. 

 

3.5 Results 

 

3.5.1 Soil Composition 

 

In general, neither cover crops nor amendment types had a significant effect on soil 

nutrients (i.e. P, K, Ca, Mg). This was true when data were compared between years for the same 

collection time (i.e. early, mid, and late season 2017 versus 2018; Tables S3.3-3.5) or within 

each year (i.e. three collections within a year; Table 3.1). There were, however, significant 

temporal effects within each season and between years (Table 3.1, Figures 3.2-3.5). Mean soil 

phosphorus levels ranged between 50-110 ppm with the highest levels recorded in spring 2018 

and the lowest levels toward the end of the same year (Figure 3.3 a, and b). Potassium levels did 

not significantly vary throughout most collections (approximately 550 ppm; Figure 3.3c and d). 

Both magnesium and calcium mean soil levels remained relatively constant through time 

(averaging 214 ppm for magnesium, and 3414 ppm for calcium; Figure 3.4 a-d).  
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Table 3.1. Results of repeated measures two-way ANOVAs for soil variables. Within-subjects 

effects of collection time within a growing season (early, mid, and late summer) and between-

subjects effects of cover crop types and amendments, and their interactions in 2017 and 2018. 

Amendments included fertilizer, SRC, or control; cover crop types included monoculture of 

ryegrass (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover (CARR).  

 

 

2017 Effects 

  Variables 

  pH P K Ca Mg SOM Moisture 

Within-subject – 

Time Pillai's 0.585 0.573 0.632 0.377 0.360 0.445 0.992 

  F 7.738 7.395 9.433 3.331 3.091 4.403 683.574 

  P 0.008 0.009 0.004 0.074 0.086 0.039 < 0.001 

Between-subjects 

effects         

Cover crop type (C) MS 0.010 961.654 29200.141 1035149.116 451.997 0.145 16.543 

  F 0.066 0.330 2.280 0.493 0.096 0.423 0.469 

  P 0.802 0.576 0.157 0.496 0.762 0.528 0.506 

Amendment (A) MS 0.103 1552.993 14817.700 3127114.784 4880.570 0.065 13.266 

  F 0.683 0.534 1.157 1.488 1.040 0.190 0.376 

  P 0.524 0.600 0.347 0.265 0.383 0.830 0.694 

C x A MS 0.089 91.751 4932.209 635202.088 4626.038 0.185 6.800 

  F 0.593 0.032 0.385 0.302 0.986 0.538 0.193 

  P 0.568 0.969 0.689 0.745 0.401 0.597 0.827 

2018 Effects   pH P K Ca Mg SOM Moisture 

Within-subject – 

Time Pillai's 0.558 0.672 0.056 0.507 0.724 0.680 0.937 

  F 6.933 11.292 0.325 5.654 14.449 11.686 82.310 

  P 0.011 0.002 0.729 0.020 0.001 0.002 < 0.001 

Between-subject 

effects         

Cover crop type (C) MS 0.002 1010.104 9100.019 206789.347 260.217 0.125 1.251 

  F 0.018 2.255 0.673 0.088 0.074 0.239 0.224 

  P 0.896 0.159 0.428 0.772 0.790 0.634 0.645 

Amendment (A) MS 0.035 244.329 2306.647 2463294.356 8283.866 0.021 4.152 

  F 0.273 0.545 0.171 1.048 2.361 0.039 0.742 

  P 0.766 0.593 0.845 0.381 0.137 0.962 0.497 

C x A MS 0.116 251.990 7578.361 372908.353 9557.981 0.215 0.365 

  F 0.906 0.563 0.561 0.159 2.724 0.410 0.065 

  P 0.430 0.584 0.585 0.855 0.106 0.673 0.937 

*SOM: soil organic matter 

Like with nutrients, soil pH levels showed significant temporal (seasonal) variation 

within each year but there were no significant amendment nor cover crop type effects (Table 3.1, 
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Figure 3.2a and b). Soil organic matter (SOM) had similar results with significant seasonal 

variation but no significant treatments effects (Table 3.1, Figure 3.2c and d). Soil moisture 

content was recorded as being highest in May 2017 (28%) but followed a trend of significant 

temporal decline prior to peaking again in August 2018 (17%, over 40 percent lower than in May 

2017; Figure 3.5a and b). Soil texture results indicated a moderate (i.e. loamy) field condition for 

all tested plots in all time periods. 
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Figure 3.2. Trends in soil composition measurement levels by amendment type throughout both 

the 2017 and 2018 growing season collection periods for a) pH in RYE, b) pH in CARR, c) 

organic matter in RYE and d) organic matter in CARR. 
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Figure 3.3. Trends in soil composition measurement levels by amendment type throughout both 

the 2017 and 2018 growing season collection periods for a) phosphorus in RYE, b) phosphorus 

in CARR, c) potassium in RYE and d) potassium in CARR. 
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Figure 3.4. Trends in soil composition measurement levels by amendment type throughout both 

the 2017 and 2018 growing season collection periods for a) magnesium in RYE, b) magnesium 

in CARR, c) calcium in RYE and d) calcium in CARR. 
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Figure 3.5. Trends in soil composition measurement levels by amendment type throughout both 

the 2017 and 2018 growing season collection periods for a) moisture in RYE, and b) moisture in 

CARR. 

 

 

3.5.2 Soil Invertebrate Diversity 

 

A total of 85 individual soil invertebrate species types were collected over the course of 

2017 and 2018 (Table S3.6). The most abundant species were Phytoseiulus persimilis (family 

Phytoseiidae; ~25% of total catch in RYE) and Isotoma notabilis (family Isotomidae; ~10% total 

catch in both of each RYE and CARR) in May 2017. Stratiolaelaps scimitus (family Laelapidae) 

was also an abundant species in early and mid season 2017 in both RYE and CARR (mean 12 

individuals per plot, representing ~10% total catch in RYE and ~16% of total catch in CARR).  

In addition, Desoria grisea (family Isotomidae) was common in CARR plots in mid season 2017 

and became the most abundant in both RYE and CARR plots in early and mid 2018 (at times 

representing ~20% of total catch in RYE and CARR). By late 2017, RYE’s most abundant  

species was Folsomia candida (family Isotomidae; ~17%) while in late 2018, Oppiella nova 

(family Oppiidae; ~29%) became the most abundant. Different from RYE’s, CARR’s most 

abundant species in late 2017 was Hypoaspis sp. (family Laelapidae; ~23%) and in late 2018 

Stratiolaelaps scimitus (family Laelapidae; ~38%).   

 

Despite the existence of differences in individual species abundance between cover crop 

types, neither cover crop type nor amendment had any significant effect on any of the measured 

diversity parameters in any collection period within each growing season or between years 

(Tables S3.7-S3.9 and Table 3.2). Temporally, soil invertebrate diversity significantly varied 

within each growing season (collections of 2017 or 2018; Table 3.2) and between years for each 

collection period (i.e. early, mid and late season 2017 versus 2018; Tables S3.7-S3.9). Species 

richness was, in general, significantly higher (~34%) in October 2017 than in May of the same 

year. A similar pattern existed for all treatments in 2018 (~25% significantly higher in fall 
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collection versus spring). Overall, species richness was significantly higher (nearly 40%) in the 

last collection (October 2018) than in the baseline collection in May 2017 (Figure 3.6 a and b). A 

significant decline in total abundance was observed from May 2017 to August 2017 (nearly 55%, 

from mean 110 individuals per plot to 50). From August 2017 onwards, species abundance did 

not fall below 50 individuals in any of the plots but rather fluctuated around a mean of 125±40 

individuals for the duration of the experiment (Figure 3.6 c and d).  
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Table 3.2. Results of repeated measures two-way ANOVAs for soil invertebrate species 

diversity. Within-subjects effects of collection time within a growing season (early, mid, and late 

summer) and between-subjects effects of cover crop types and amendments, and their 

interactions in 2017 and 2018.  Amendments included fertilizer, SRC, or control; cover crop 

types included monoculture of ryegrass (RYE) or mixture of the four cover crops (CARR). 

    Variables 

2017 Effects   S H' D E A 

Within-subject- 

Time Pillai's 0.782 0.737 0.567 0.320 0.429 

  F 19.717 15.401 7.211 2.586 4.132 

  P < 0.001 0.001 0.010 0.120 0.046 

Between-subjects 

effects       

Cover crop type  

(C) MS 75.852 0.277 < 0.001 0.037 7752.019 

  F 2.404 1.406 0.006 1.395 0.413 

  P 0.147 0.259 0.940 0.260 0.533 

Amendment (A) MS 14.241 0.016 0.002 0.001 4430.574 

  F 0.451 0.083 0.091 0.023 0.236 

  P 0.647 0.921 0.914 0.977 0.793 

C x A MS 25.019 0.238 0.010 0.029 9124.685 

  F 0.793 1.207 0.419 1.088 0.486 

  P 0.475 0.333 0.667 0.368 0.627 

2018 Effects   S H' D E A 

Within-subject-

Time Pillai's 0.472 0.682 0.638 0.598 0.011 

  F 4.921 11.816 9.677 8.177 0.059 

  P 0.030 0.002 0.004 0.007 0.943 

Between-subjects 

effects       

Cover crop type  

(C) MS 2.667 0.350 0.032 0.050 4143.130 

  F 0.144 2.003 2.534 3.450 0.758 

  P 0.711 0.182 0.137 0.088 0.401 

Amendment (A) MS 29.556 0.091 0.006 < 0.001 17634.500 

  F 1.594 0.520 0.460 0.014 3.224 

  P 0.243 0.607 0.642 0.986 0.076 

C x A MS 37.556 0.077 0.003 0.022 4363.352 

  F 2.026 0.438 0.271 1.554 0.798 

  P 0.175 0.655 0.767 0.251 0.473 

* S: species richness, H': Shannon-Wiener index, D: Simpson index, E: Pielou  

   evenness, A: total abundance 
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Figure 3.6. Trends over time (all collection periods) in soil invertebrate species richness for a) 

RYE and b) CARR conditions and total abundance for c) RYE and d) CARR conditions. 

 

3.5.3 Vegetation Surveys 

 

A total of 35 individual plant species types were collected over the course of 2017 and 

2018, 35 of which were found in RYE, 31 in CARR (Table S3.10). Annual ryegrass was the 

most abundant plant in RYE and CARR for both years (mean ~43%) while Taraxacum officinale 

and oilseed radish (each mean ~12%) were the second most abundant plants in RYE. In CARR, 

oilseed radish, and chicory were the second most abundant plants throughout 2017 (mean 

~12.5% and 10.5% respectively), followed by Capsella bursa-pastoris in early 2018 (mean 

~15%), Polygonum aviculare in mid 2018 (mean ~12.5%), and Portulaca oleracea in late 2018 

(mean ~12.5).  

 

In general, both species richness and total abundance were higher at the end of the field 

trials (October 2018) than at the start of surveying in May 2017. Notwithstanding cover crop or 

amendment, for the most part, overall vegetation diversity significantly varied temporally within 

each growing season (collections of 2017 or 2018; Table 3.3) and between years for each 

collection period (i.e. early, mid and late season 2017 versus 2018; Tables S3.11-S3.13). Neither 
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amendment nor cover crop type significantly affected species richness or total abundance within 

years, except total abundance in 2017; CARR had significantly more individuals present than 

RYE (approximately 13% more in every CARR plot; Table 3.3; Figure 3.7 a, b, c, and d). 

However, between years, comparisons of mid season surveys resulted in higher total abundance 

in 2017 CARR plots than in RYE plots, while comparisons of late season surveys resulted in 

higher species richness in 2017 and 2018 RYE plots than in CARR plots (Figure 3.7 a versus b 

and c versus d). 

 

When data were analyzed for each year separately to examine the seasonal variation of 

vegetation community diversity indices, Pielou’s index results were significantly higher in 

CARR than in RYE in both 2017 and 2018 (Table 3.3). Diversity index results also significantly 

varied between collection year periods, but only when comparing mid or late season results of 

Simpson and Pielou’s indices, and in all cases, CARR index results were significantly higher 

than those of RYE (mid 2017 versus mid 2018, and late 2017 versus late 2018, Tables S3.12 and 

S3.13).   
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Table 3.3. Results of repeated measures two-way ANOVAs for vegetation species diversity. 

Within-subjects effects of collection time within a growing season (early, mid, and late summer) 

and between-subjects effects of cover crop types and amendments, and their interactions in 2017 

and 2018. Amendments included fertilizer, SRC, or control; cover crop types included 

monoculture of ryegrass (RYE) or mixture of the four cover crops (CARR). 

    Variables 

2017 Effects   S H' D E A 

Within-subject - 

Time Pillai's 0.923 0.896 0.840 0.768 0.859 

  F 65.759 47.233 28.938 18.257 33.392 

  P < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Between-subjects 

effects       

Cover crop type  

(C) MS 10.667 0.433 0.152 0.152 2189.289 

  F 3.449 3.810 9.885 9.317 8.415 

  P 0.088 0.075 0.008 0.010 0.013 

Amendment (A) MS 0.222 0.106 0.025 0.023 500.050 

  F 0.072 0.936 1.636 1.397 1.922 

  P 0.931 0.419 0.235 0.285 0.189 

C x A MS 6.222 0.427 0.068 0.052 19.646 

  F 2.012 3.762 4.432 3.201 0.076 

  P 0.176 0.054 0.036 0.077 0.928 

2018 Effects   S H' D E A 

Within-subject - 

Time Pillai's 0.891 0.945 0.932 0.905 0.900 

  F 44.775 94.118 75.209 52.489 49.315 

  P < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Between-subjects 

effects       

Cover crop type (C) MS 22.685 0.005 0.010 0.018 144.497 

  F 1.865 0.066 3.415 5.448 0.187 

  P 0.197 0.802 0.089 0.038 0.673 

Amendment (A) MS 3.556 0.012 0.002 0.007 1141.349 

  F 0.292 0.165 0.808 1.994 1.475 

  P 0.752 0.849 0.468 0.179 0.267 

C x A MS 9.852 0.086 0.005 0.003 1317.908 

  F 0.810 1.229 1.683 0.860 1.703 

  P 0.468 0.327 0.227 0.448 0.223 

 * S: species richness, H': Shannon-Wiener index, D: Simpson index, E: Pielou  

    evenness, A: total abundance 
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Figure 3.7. Trends over time (all collection periods) in vegetation species richness for a) RYE 

and b) CARR conditions and total abundance for c) RYE and d) CARR conditions. 

 

3.5.4 Vine Petioles and Berries 

 

Vine petiole nutrient content and berry measurements did not significantly vary between 

amendments or cover crop types (end of season 2018; Figure 3.5).  
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Figure 3.8 Effects of amendment and condition on berry a) pH, b) brix, c) titratable acidity (TA), 

and vine petiole percent d) nitrogen (N), e) phosphorus (P), and f) potassium (K) at the end of the 

2018 growing season. No significant effects were found for either amendment or cover crop 

condition. 

 

3.6 Discussion 

 

Our study represents one of the first examining the potential fertilizing effects of SRC on 

plant communities in a perennial agroecosystem under operating conditions.  We used an 

ecosystem approach to examine not only how plants responded to amendments but also how 

amendments affected  nutrients and invertebrate communities in the soil. After two years, 

however, soil amendments had not significantly influenced any of these different ecosystem 

variables. In contrast, cover crop type had some significant effects on vegetation community 

composition over the course of the two-year study. When considered together, soil amendments 

and cover crop mixture at times resulted in significant interaction effects on several of the 

variables measured over the course of 2017 and 2018. 

 

Under the right conditions, agromineral soil amendments may support plant growth to a 

similar extent as synthetic fertilizers (van Straaten, 2007, Abou-el-Seoud and Abdel-Megeed, 

2012; Mohammed et al., 2014). Theodoro and Leonardos (2006) report that a perennial field of 

Manihot esculenta (cassava) in Brazil can increase yields by 27% after one year of growth when 

amended with stone meal (i.e. volcanic rock high in magnesium, potassium, and phosphate) 
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when compared to synthetic NPK. When rock amendment is mixed with manure, yields of 

Saccharum officinarum (sugarcane), also a perennial plant, can increase by 50% after two years 

of growth compared to controls of plants grown with no amendment (Theodoro and Leonardos, 

2006). Soil pH can play a role in rendering accessible nutrients found in rock amendment and 

may play a role in acidic soil where a faster response may be recorded (Brady and Weil, 2008). 

In our vineyard, soil pH was already high with values ranging between 7 and 7.5 (recommended 

pH range for this region is 5.5-6.5; OMAFRA, 2018). It is possible that the agromineral (i.e. 

SRC) may not have had the same ability to weather than had it been applied under more acidic 

conditions (van Straatten, 2007). 

 

Soil nutrient composition is heavily reliant upon climate (Brady and Weil, 2008) and 

local weather patterns (Altieri, 1999). In our vineyard, while temperature pattern was relatively 

similar in both years, precipitation varied with 2018 receiving over 50% less rain than 2017 

(Figure S3.1). As with pH, differences in precipitation are especially relevant for the rate at 

which agrominerals weather (Stamford et al., 2011). Low precipitation in 2018 may have 

influenced the weathering potential of SRC, thereby slowing the release of additional nutrients in 

the soil compared to fertilizer and control. Farm management consisted of annual applications of 

granular fertilizer on SRC, fertilizer, and control plots. These applications likely contributed to 

the soil characteristics in control plots and may explain the non-significant differences between 

SRC or fertilizer-amended plots. The low amount of precipitation in 2018 likely slowed down 

the leaching potential of the granular fertilizer put down by the farm manager. Liquid fertilizer 

nutrients are often utilized right away by the plants or move further down into the soil profile 

(Barton and Colmer, 2005; Zong’an Liu et al., 2012). The extra applications of liquid fertilizer 

may not have remained long enough in the soil profile to reflect nutrient increases at the time of 

sampling, which could help to explain why control soil had similar nutrient levels to SRC and 

fertilizer soils. 

 

Soil nutrient availability (e.g. N, P, and K) often increases when there is a greater 

diversity of plants present (Zhang et al., 2016, reviewed by Isbell et al., 2017). After three years, 

a cover crop mixture of Secale cereal (rye), Avena sativa (oat), Raphanus sativus var. niger 

(radish), Brassica campestris (field mustard), and Trifolium incarnatum (crimson clover) can 

increase Glycine max (soybean) yields relative to a monoculture cover crop of S. cereal (Chu et 

al., 2017). Unlike Chu’s experiment, where cover crops were established for three years prior to 

soil testing, our experiment was only two years long and it is possible that soil nutrients might 

not have yet been affected by the presence and type of cover crops. Poor CARR seed 

establishment was evident in that L. multiflorum was dominant in CARR plots despite not being 

part of the seed type sown for these plots. L. multiflorum has been and is currently part of the 

vineyard management at our location. When implemented as a cover crop (as it was in RYE 

plots), L. multiflorum must be managed properly or it tends to reseed itself and become weedy 

(Clark, 2007). Management in both 2017 and 2018 prevented complete removal of previously 
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established stands of L. multiflorum and may have inhibited the ability of the CARR seed 

mixture to establish well or long enough to change soil nutrient levels from what was seen in 

RYE soil.  

 

Soil fauna (i.e. macroinvertebrates) have long been suggested as indicators of soil 

nutrient status (Nsengimana et al., 2018, Brussaard et al., 2007, Stork and Eggleton, 1992). In 

our study, soil nutrient levels did not vary, possibly explaining why soil invertebrate diversity 

also did not vary. Aside from anthropogenic manipulation of soil systems, weather patterns vary 

from year to year as well as seasonally. These changes influence temporal nutrient fluxes and 

invertebrate species composition as a result. For example, Ewald et al. (2015) report that 

invertebrate assemblages change with annual variation in temperature and precipitation, a finding 

that is consistent with our own. There is evidence that agrominerals have beneficial effects on 

microbial communities and diversity (Nakhro and Dkhar, 2010) as well as plant growth 

(Mohammed et al., 2014). As soil macroinvertebrates are positioned trophically between soil 

microbes and plant life, it is possible that, over time, soil macroinvertebrates will also respond to 

such amendments. Lab-controlled microcosm trials that measure soil invertebrate response to 

agromineral amendments may be useful to help determine whether amendment effects on these 

organisms exist.  

 

The advantage of a cover crop mixture versus a cover crop monoculture is the 

introduction of increased plant diversity into a given area. As such, vegetation diversity indices 

did change according to whether the treatment plot was a monoculture (RYE) or a mixture 

(CARR), with the highest vegetation diversity indices results generally found in CARR plots. 

Unexpectedly, species richness counts were the highest in monoculture RYE plots rather than 

mixture CARR plots. The CARR community, however, did not necessarily reflect what was 

sown as neither red clover nor alfalfa had a dominant presence at any point over the course of the 

experiment. Alfalfa has been found to be easily outcompeted by weeds such as Portulaca 

oleracea (Mseddi et al., 2017), especially when nitrogen fertilizer is added (He et al., 2018).  

Similarly, red clover is often a weak competitor with some weed species due to its slow 

establishment time (Baraibar et al., 2018). As P. oleracea was found to be a dominant plant in 

CARR plots towards the end of 2018, it is possible that the legume species chosen for our 

mixture did not have a high enough competitive advantage to establish themselves in the 

presence of other plant species. Since annual ryegrass had been well established in the field prior 

to our sowing, it is no surprise that it remained the dominant species in the monoculture plots. 

Moreover, unlike the other seeds used in our mixture, annual ryegrass seed easily germinates, 

even when not worked directly into the soil (Clark, 2007). As the timing of when seeds were 

sown and when the farm manager disked did not always coincide (and at times rows were not 

disked at all),  the ryegrass in RYE may have had increased ability to outcompete weed species 

and maintain lower overall community diversity. Two exceptions to annual ryegrass being the 

only dominant species in the RYE plot were T. officinale and oilseed radish. Both species had 
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been sown regularly in the past independently of this experiment and had likely been able to 

establish themselves through reseeding. Likewise, common chicory dominance in CARR plots 

was likely not a result of our sowing as most of the recorded plants were in more advanced 

stages of growth than those that would be expected from seedlings. 

 

Field experiment results are likely to be site-specific and contingent upon baseline soil 

nutrient stores over longer time periods (Brady and Weil, 2008). While experimental design was 

controlled from a researcher’s perspective, changes in mowing patterns, lack of tilling in some 

walkways prior to sowing, spot treatments with herbicides and fertilizers, as well as an overall 

decline in vineyard manager’s time spent in the field during the 2018 season likely played a 

major role in how soil composition responded to planting conditions and amendments. However, 

it must be recognized that experimental practice in relatively uncontrolled operational conditions 

is useful in that it provides realistic scenarios of what is happening at the field level in an 

agroecosystem. Agroecosystem responses to soil manipulation can be particularly complex 

(Vandermeer and Perfecto, 2017). Combinations of biotic and abiotic interactions determine how 

communities respond to management choices (Hammer et al., 2006). In addition, soil 

amendments often take long periods of time (greater than two seasons) to affect overall changes 

in the surrounding communities (van Straaten, 2007; Vandermeer and Perfecto, 2017). Long-

term studies in the field are necessary to account for seasonal variations and help to determine 

what the effects are of amendment application in complex environments. This is a particularly 

important point when considering crop yield or quality changes in a perennial system, whereby 

community cascade effects may take many years to be fully appreciated at the harvest level 

(Altieri, 1999; Giese et al., 2014; Vandermeer and Perfecto, 2017). 

 

  



 

49 
 

Chapter 4 
This chapter is being submitted to the journal Botany and is formatted accordingly. 

Chemical Interference of smooth pigweed (Amaranthus hybridus) on cover crops in 

Southern Ontario 
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1Department of Biological Sciences, 1812 Sir Isaac Brock Way, Brock University, St. 

Catharines, Ontario, Canada L2S 3A1 
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4.1 Abstract 

Amaranthaceae is a family of plants that includes individuals considered to be invasive and 

allelopathic in agricultural settings. Smooth pigweed (Amaranthus hybridus) is considered a 

weed in Southern Ontario due to its prolific reproductive ability and its capacity to outcompete 

crops. Smooth pigweed and other closely-related Amaranthus species have demonstrated 

negative allelopathic effects on the growth and germination of several important crop species. In 

the present study we tested Cichorium intybus, Raphanus sativus, Trifolium pratense, Medicago 

sativa, and Lolium multiflorum cover crop species individually for germination and growth 

potential when exposed to different concentrations of smooth pigweed organ extracts and 

residue. A seed germination index was applied after seven days exposure to treatments, and in a 

separate experiment, dry biomass of plant shoots and roots was measured after a 35-day growing 

period. All species had reduced germination in 100% pigweed organ extract, with T. pratense 

seed germination also delayed in the 75% concentration. T. pratense and M. sativa had 

significant reduction in root biomass with T. pratense shoot biomass also decreasing in residue 

treatment. Shoot biomass of R. sativus increased at 25%, 50%, and 75% concentrations of 

extract, while root biomass increased only when grown in ground organ residue. L. multiflorum 

shoot biomass also increased in extract (75% and 100%) and residue treatments. C. intybus 

growth remained unaffected by treatments. Results indicate that crop response to A. hybridus 

extracts and residue is complex and often species-, and even organ-, dependant. Further testing in 

field settings, especially of plants that had higher growth in pigweed extracts, can increase our 

knowledge and ability to manage weed species in Southern Ontario. 

Keywords: allelopathy, Amaranthus hybridus, cover crops, germination, plant growth 
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4.2 Introduction 

Agroecosystems are comprised of plant species, crops and weeds, interacting with one 

another in a variety of ways. Broadly speaking, plant interactions can be classified as either 

competitive, as is the case in plants’ quest for water, light, and nutrients (Tilman, 1988), or 

facilitative, a well-documented example being the propensity for legumes to acquire nitrogen 

through symbiotic fixation that can in turn be available to adjacent crops (reviewed by 

Bedoussac et al., 2015). Plants that exist in agricultural systems include desired cash crops 

and/or those that are planted for something other than direct monetary gain. Indirect gains may 

include benefits such as nutrient transfer (e.g. N and P in legume and potato intercrops, Gitari et 

al. 2018; N in soybean and maize intercrops, Meng et al., 2015) or beneficial insect attraction 

(e.g. higher incidence of predacious ground beetles in buckwheat and squash intercrops, Razze et 

al., 2016). Agricultural systems also support plants that are undesirable (i.e. weeds) due to their 

potential to outcompete or inhibit the growth of the desired crop. To reduce weed infestation, 

instead of herbicide application, farm managers may choose to implement cover crops, a 

technique that involves selecting and sowing plant species alongside or in rotation with the main 

crop (Florence et al., 2019). Cover crop species are often chosen, among other reasons, for their 

ability to inhibit weed establishment without any adverse effects on the main crop (Adler and 

Chase, 2007; Gfeller et al., 2018). 

One phenomenon that is often associated with weed presence and is the subject of much 

debate in the literature (Duke 2015) is that of allelopathy. Allelopathy is the ability of one plant 

species to either positively or negatively influence the growth or reproduction of other nearby 

species through the introduction of various chemical root or organ exudates into the surrounding 

area (Rice 2012). For example, aqueous extracts from Johnson grass (Sorghum halepense L.) 

roots inhibit both germination and growth of soybean (Glycine max L.), pea (Pisum sativum L.), 

and some vetch species (Securigera sp. DC.) (Kalinova et al., 2012). More recently, Carvalho et 

al. (2019) report that five different species of Amaranthus inhibit Lactuca sativa L. seed 

germination, at times by over 95%. The potential for plant growth inhibition through allelopathy 

has been capitalized upon in terms of weed control. For example, sorghum can reduce by 40% 

the presence of weeds in rice fields (Wazir et al. 2011). A combined plant extract made from 

sorghum, sunflower (Helianthus sp. L.), brassica (Brassica sp. L.), and mulberry (Morus alba L.) 

can inhibit horse purslane (Trianthema portulacastrum L.) (Mushtaq et al. 2010). On the 

contrary, Wang et al. (2015) report that allelopathic interactions can be facilitative for relay 

intercrops of eggplant (Solanum melongena L.) and garlic (Allium sativum L.) resulting in an 

increase in eggplant yield. Riaz et al. (2010) find that incorporating the organs of a known 

allelopathic plant, Alstonia scholaris, into soil used to grow Gladiolus grandifloras reduces 

corm-rot disease incidence by 80%, increasing final plant dry weight.  

Despite a rich body of evidence that confirms the existence of allelopathy, it is often 

argued that allelopathy does not directly influence plant interactions but may be a facilitator of 
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some other mechanism that is ultimately responsible for plant responses to one another (Kruse et 

al. 2000). Yanyan et al. (2018) find that Alternanthera philoxeroides root extracts affect both 

soil enzymes and microbial community structure suggesting an indirect influence of allelopathy 

on other plants. Nonetheless, whether allelopathy is responsible for directly or indirectly 

influencing plant interactions, further research is needed to understand where the potential for 

such interactions exist to improve upon current cropping management strategies, especially in 

organic farming systems.  

Smooth pigweed (Amaranthus hybridus L.) is recognized by the Ontario Ministry of 

Agriculture, Food, and Rural Affairs (OMAFRA) as being one of three pigweed species capable 

of having a negative impact on crops in Southern Ontario, Canada (OMAFRA, 2009). Its rapid 

growth during the summer and its ability to outcompete crop species for water, light, and 

nutrients lead to reduction of yield (OMAFRA, 2009; Costea et al. 2004). A. hybridus has been 

shown to be an acceptable alternate host to many common agriculture pests such as flea beetle 

(tribe Alticini Spinola), tarnished plant bug (Lygus lineolaris P. Beauv.), and green peach aphid 

(Myzus persicae Sulzer) (OMAFRA, 2009). 

While A. hybridus is known to be detrimental to crops due to its physical presence in a 

cultivated field, comparatively less is known regarding the chemical interference capability it has 

on cover crop species here in Ontario. Current studies have found that organ exudates of a 

closely-related species to that of smooth pigweed (i.e. red-root pigweed, Amaranthus retroflexus 

L.) have negative impacts on germination or growth through allelopathic effects 

(Bakhshayeshan-Agdam et al. 2015, Baličević et al. 2015, Shahrokhi et al. 2011, de Souza et al. 

2011). Amini and Ghanepour (2013) report that A. hybridus shoot extracts significantly reduced 

growth and yield in some dry bean varieties. It is essential to determine what A. hybridus 

presence means for local crop  management strategies (i.e. cover cropping) so that we can 

attempt to mitigate economic loss. Furthermore, research findings from the United States 

indicate that localized populations of A. hybridus have evolved resistance strategies to 

commercially available herbicides (Trucco et al. 2006). This indicates that Ontario populations 

may have the propensity to develop similar resistance, increasing the urgency to understand the 

impact this plant has on local agriculture.  

The objective of this study was to determine if locally-sourced A. hybridus organ extracts 

had the potential to influence the germination and growth characteristics of five commonly used 

cover crop species: common chicory (Cichorium intybus L.), oilseed radish (Raphanus sativus L. 

variety Nitro), red clover (Trifolium pratense L.),  alfalfa (Medicago sativa L.), and annual 

ryegrass (Lolium multiflorum Lam.). A recent field-study by Arroyo et al. (2018) argues that lab 

studies using extracts tend to overestimate allelopathic effects and call for more realistic 

exposure conditions when conducting tests. Since the cover crop species chosen were part of a 

larger study in a local vineyard (VanVolkenburg et al., in preparation), they were also exposed to 

A. hybridus dry plant material to better mimic what can happen in the field with organ residues 

left in the soil after tillage. Since organ exudates from A. hybridus, and other closely related 
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species, have a demonstrated ability to inhibit some cash crop species’ germination and growth, 

we hypothesized that germination and growth of the cover crop species would be adversely 

affected. Furthermore, since exposing plants to concentrated organ extracts from potentially 

allelopathic species is not typically how plants would encounter allelopathic interference in the 

environment, we hypothesized that plant response to an allelopathic individual would change 

based on mode of exposure (extracts versus dry material). 

4.3 Materials and methods 

 Smooth pigweed plants were collected from a vineyard located in the Niagara region, 

Ontario, Canada, in September 2016. Plants were dried in a plant dryer (30˚C) for a period of 14 

days after which point each plant was dissected into sections of roots, leaves, and stems. Each 

organ type was individually ground using a coffee bean mill and then the samples were 

combined to make a 25 g mixture of ground plant material (5 g roots, 5 g stems, 15 g leaves). 

The plant organ mixture was then added to 1 L of room temperature distilled water and allowed 

to steep for 24 hours (entire procedure taken from Shahrokhi et al. 2011). Tea solution was used 

immediately after the steeping period, with new batches prepared as needed. 

The tea was used in two different experiments to measure the potential for pigweed 

allelopathic effects on seed germination and plant growth. Both experiments targeted the same 

species (common chicory, oilseed radish, red clover, alfalfa, and annual ryegrass), all of which 

are commonly used in the region vineyards as between-row cover crops. Annual ryegrass seeds 

were obtained from Hughes vineyard (Beamsville, ON). Chicory, oilseed radish, red clover and 

alfalfa were obtained from Canadian Comfort Alpacas (Fenwick, ON). 

4.3.1 Seed germination experiment 

 

To determine how smooth pigweed affected seed germination,  the following dilutions of the tea 

with sterilised water were used: 10%, 25%, 50%, and 75%. Undiluted tea (100% pure solution) 

and a control of pure distilled water were used as two additional treatments. Ten seeds from each 

of the plant species were placed in separate Petri dishes (10 cm, plastic Fisherbrand™) lined with 

a single sheet of Whatman No. 4 sterile filter paper. This step was repeated to include ten 

replicates for each seed species and each dilution category (five species, six solution treatments, 

ten replicates each for a total of 300 dishes and 3000 seeds). Each Petri dish was then filled with 

5 ml of its corresponding treatment solution, sealed with Saran™ wrap, and placed randomly in a 

growth cabinet (set for complete darkness, 24˚C, with a relative humidity of 65%). Seeds were 

checked every 24 hours over the course of seven days for signs of germination. Germination was 

considered successful when the radicle was equal to or longer than the seed at its longest point 

(Adler and Chase, 2007). When a seed was found to be germinated, it was recorded as such 

along with the day of germination and then discarded.  

A Germination Index (GI, Kader 2005) was used to account for both the percentage and 

speed of germination. Both the number of germinated seeds and the day each seed germinated on 

were integrated into the following equation: 
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GI = (7 × n1) + (6 × n2) + … + (1 × n7) 

where n1, n2 … n7 indicates the number of seeds germinated on each individual day up until day 

seven; 7, 6 …1 are weights given to seeds according to their germination date with those that 

germinated earlier receiving higher weights. 

4.3.2 Plant growth experiment 

 

In this experiment, plant growth was measured when plants were exposed to one of five 

allelopathic tea concentrations: 0%, 25%, 50%, 75% or 100%. To test the presence of residues, 

1.5 g of the dry ground plant material was mixed into the soil in each replicate. Pots (1 litre) and 

commercial potting soil (SunGro Sunshine® Mix 1) were prepared a day before the start of the 

experiment (dry ground material was mixed into the 1.5 g ground organ treatment containers), 

soaked with water, and allowed to sit overnight prior to planting. Seeds were sown individually 

in a pot at the depth specific of each species, checked daily, and watered as necessary (when the 

top of the soil felt dry to touch). Ten replicates were prepared for each species and each 

treatment.  

All plants were left to grow for one week following emergence (after first shoot was 

visible) at which point all but the pots with ground organ added received 10 ml of one of the five 

dilution treatments. This procedure was repeated once every ten days for a total of 30 ml per pot. 

Plants were harvested 35 days after initial sowing at which point each plant was separated 

manually into roots and shoots. Freshly-harvested plant organs were dried in a plant dryer set at 

30˚C for approximately 14 days. Once the organs were dried, the biomass of each individual 

organ was recorded. 

4.4 Data Analysis 

Seed germination and individual dry weights of both shoot and root of each plant were 

first tested to ensure data were normally distributed and then compared between dilution 

treatment groups using an analysis of variance followed by a Tukey’s range post-hoc test. Since 

plants in the growth experiment were exposed to the ground organ treatment at the onset of 

sowing, this treatment could not be included in the extract analysis (extract administration 

commenced one week after seedling emergence). As such, ground organ treatment was 

compared to control separately using an independent-samples t-test. Data analysis was performed 

using IBM SPSS Statistics version 22.0. 

4.5 Results 

4.5.1 Seed germination experiment 
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Seed germination was generally affected by the presence of A. hybridus extracts, 

especially at 100% solution. While most seeds were germinated in all treatments by the seventh 

day, mean GI trends indicated lower germination potential with each increase in tea 

concentration. GIs were significantly reduced when seeds were treated with 100% tea 

concentration compared to control (Figure 4.1 a-e). The only exceptions were with red clover 

GIs that were significantly lower both when treated with 100% concentration and 75% 

concentration than when in control, 10% or 25% (Figure 4.1 c).  
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Figure 4.1. Effects of five different concentrations of smooth pigweed organ extracts and control on 

mean germination index (±SE) after seven days of seed exposure. One-way ANOVA tests between the 

five treatments and control for each individual species including: a) chicory, b) oilseed radish, c) red 

clover, and d) alfalfa. Significant differences among treatments are represented by lowercase letters in a) 

F(5, 54) =7.470, p = < 0.001, b) F(5, 54) = 2.902, p = 0.035, c) F(5, 54) = 9.348, p = < 0.001, d) F(5, 54) = 3.010, p 

= 0.030, and e) F(5, 54) = 4.335, p = 0.006. 
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4.5.2 Plant growth experiment  

 

In general, dry biomass of both shoots and roots varied greatly among species in response 

to different tea concentrations, with some plant species being positively affected, while others 

were negatively or not affected at all. For example, in some cases, the biomass of plant species 

changed according to pigweed extract treatment, yet the same plant species did not change their 

biomass when grown in soil incorporated with dry material. At other times the opposite was 

observed; plant species biomass changed when plants were grown in soil incorporated with dry 

material but not at all when the same species was treated with pigweed extracts. 

Neither chicory nor alfalfa shoot biomass changed relative to controls when plants were 

treated with pigweed extract concentrations, nor when grown in soil containing dried pigweed 

material (Figure 4.2 a, b, g, and h). Red clover shoot biomass were significantly lower when 

plants were grown in soil amended with dried material compared to control; however, it did not 

change between control and extract concentrations (Figure 4.2 e and f). Pigweed extract had a 

stimulatory effect on both oilseed radish and annual rye shoot biomass compared to controls, 

with radish shoot biomass being significantly higher in mid-concentrations (25%, 50%, and 

75%) while rye shoot biomass was significantly higher in the strongest concentrations (75% and 

100%; Figure 4.2 c and i). Despite both oilseed radish and annual rye shoot biomass being 

significantly higher when plants were treated with extracts, only annual rye shoot biomass was 

increased when plants were grown in soil amended with dry pigweed material (Figure 4.2 d and 

j). 
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Figure 4.2. Effects of smooth pigweed organ extracts or ground organ residue in plant mean individual 

shoot dry weight (±SE) after a 35-day growth period. One-way ANOVA tests between the four extract 

treatments and control as well as t-tests between the ground organ residue and control for each individual 

species including: chicory, oilseed radish, red clover, and alfalfa. Significant differences among 

treatments are represented by lowercase letters in oilseed radish c) F(4, 45) = 8.658, p = < 0.001, red clover 

f) t (18) = 2.381, p = 0.028, and annual rye i) F(4, 45) = 4.497, p = 0.004, and j) t (18) = 4.952, p = 0.001. 

Continued on next page. 
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Figure 4.2. Continued. 

 

As with plant shoot biomass, most plant root biomass changed according to treatment. 

Chicory root biomass remained unchanged when plants were treated with pigweed extract 

concentrations as well as when grown in soil amended with pigweed dry material rather (Figure 

4.3 a and b). Like chicory root, and despite the stimulatory effect of pigweed extract found in 

annual rye shoots, rye root biomass changed neither between plants grown in control or extract 

treatments nor between plants grown in control or in soil incorporated with dry material (Figure 

4.3 i and j).  Root biomass of oilseed radish did not follow the same response pattern as shoot 

biomass of the same, and in fact did not change at all between plants exposed to extract treatment 

and plants in control (Figure 4.3 c). Radish roots did, however, result in having significantly 

higher biomass when plants were grown in soil containing dry pigweed material rather than in 

control soil (Figure 4.3 d). Of the two legume species, red clover was the only species where 

roots were affected by the administration of pigweed tea extracts, with root biomass significantly 

lower in plants treated with 75% and 100% extract concentrations than with control (Figure 4.3 

e). The decline of red clover root biomass was especially pronounced when plants were grown in 

soil amended with dry pigweed material with root biomass significantly lower than when grown 

in control soil (Figure 4.3 f). While alfalfa plant root biomass was not significantly affected by 

pigweed extract treatment relative to control, a trend of decreasing root biomass was observed 

with each increasing extract concentration (Figure 4.3 g). Like for red clover, alfalfa root 
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biomass was significantly lower when grown in soil containing dry pigweed material than in 

control soil (Figure 4.3 h).  



 

60 
 

 

Figure 4.3. Effects of smooth pigweed organ extracts or ground organ residue in plant mean 

individual root dry weight (±SE) after a 35-day growth period. One-way ANOVA tests between 

the four extract treatments and control as well as t-tests between the ground organ residue and 

control for each individual species including: chicory, oilseed radish, red clover, and alfalfa. 

Significant differences among treatments are represented by lowercase letters in oilseed radish d) 

t (18) = 2.238, p = 0.038, red clover e) F(4, 45) = 4.593, p = 0.003 and f) t (18) = 4.803, p < 0.001, 

and alfalfa h) t (18) = 4.588, p = 0.003. Continued on next page. 
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Figure 4.3. Continued. 

4.6 Discussion 

In this study, we assessed the germination potential and the plant growth of selected 

cover crop species when exposed to various concentrations of A. hybridus organ extracts (tea) or 

dried material incorporated into the soil. Overall, germination and both shoot and root dry weight 

responses of plants to extracts and dry material were highly species-, organ-, and delivery-mode 

specific. Carvalho et al. (2019) demonstrate the significant negative pressure on the germination 

potential of lettuce (Lactuca sativa L) by five Amaranthus species.  Mlakar et al. (2012) also 

report significant germination reduction of garden cress (Lepidium sativum L.) in ex situ 

experiments using A. retroflexus leaf extracts. A. retroflexus extract at 100% concentration 

results in the highest germination inhibition effect of maize (Zea mays L.) seed (Konstantinović 

et al. 2014). Prinsloo and Plooy (2018) show that red amaranth (Amaranthus cruentus L) extracts 

significantly reduce tomato and cabbage seed germination, although this effect can only be seen 

in pot trials, not in field trials. This is likely due to confounding effects in the field of variable 

environmental conditions and potential interaction with other plant species.  

All species had reduced germination potential when exposed to pigweed extract 

treatments, with red clover being the most affected. Red clover and alfalfa, both leguminous 
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species, responded to extract and dried material treatments with reduced dry weights, but 

differently for root and shoot and whether extracts or dry material were used. Both leguminous 

species’ root biomass decreased with the administration of tea extract and by the incorporation of 

ground plant residue into the soil. Nagaoka et al. (1996) report that, when red clover and alfalfa 

seeds are exposed to compost extracts, red clover germination ability is inhibited to a greater 

extent than alfalfa. Amini and Ghanepour (2013) report that root growth and shoot growth of 

three different varieties of Phaseolus vulgaris L. (red, white, and pinto bean) decrease when 

exposed to A. hybridus shoot extracts. Our study supports these studies that closely related 

species may respond quite differently to treatments.  

Oilseed radish and annual ryegrass shoot biomass increased with increasing 

concentrations of extracts, with annual rye higher even when grown in soil incorporated with 

dried material rather than control. While the stimulatory effect of dry pigweed material was 

observed in radish root biomass, it was not found in ryegrass root biomass which remained 

largely unaffected by both extract and dried pigweed material treatments when compared with 

control. The existence of beneficial allelopathic effects of donor plant organ extracts (even high 

concentrations) to receiver plant growth is well documented (briefly reviewed by Subtain et al. 

2014) and is further supported by our findings. Having no response or a selective positive 

response suggests that oilseed radish and annual ryegrass may be tolerant of pigweed extracts 

and might actually benefit from A. hybridus exudates. Another explanation for the stimulation 

response observed in radish shoot growth treated with mid-level concentrations of pigweed 

treatment could be hormesis. Hormesis is the term used when organ growth of treated plants 

increases under low exposure levels to otherwise toxic plant extracts (Southam and Ehrlich, 

1943; Belz and Hurle, 2005; Abbas et al., 2017). In plants, hormesis is an evolutionary response 

mechanism that occurs when plants produce secondary metabolites (which stimulate growth) as a 

response to environmental toxin exposure (Abbas et al., 2017). Hernández-Aro et al. (2016) 

report that an unknown variety of radish shoot growth is stimulated when treated with 50% 

concentration organ extract of Sphagneticola trilobata (L.) relative to 100%, which agrees with 

findings in this study. However, our findings contrast with Tejeda-Sartorius et al. (2011) who 

report that radish (var. Champion) shoot growth is unaffected by Amaranthus hypochondriacus 

(L.) extract but decreases when grown in soil amended with even small amounts of A. 

hypochondriacus organ residue. However, not only are Champion radish morphologically 

different than oilseed radish (having a shallow bulbous versus a deep taproot), experiments were 

conducted in outdoor fields versus our greenhouse trials. This study once again establishes how 

weed allelochemical absorption and/or utilization by plants is species-, and environment-

dependant, and at times even beneficial to the plants depending on dosage.  

Of further importance is the understanding that plant growth response to other plants 

deemed allelopathic is different depending on the mode of exposure (i.e. extract versus residue). 

Qasem (1995) finds that A. retroflexus dry shoot residue incorporated in soil has an adverse 

effect on several cultivars (i.e. cabbage, carrot, eggplant, pepper, cauliflower, and tomato), 
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however, weed organ residues taken directly from the field (fresh rather than dried) are more 

potent. The fresh organ material severely limits tomato plant development and may be a more 

accurate reflection of actual field conditions for future studies. It is therefore reasonable to 

suggest that the use of aqueous extract tests alone, or even highly processed dried organ, may not 

provide all answers to whether one plant is allelopathically detrimental or beneficial to another. 

While we did not test ground plant residue effects on seed germination, Béres and Kazinezi 

(2000) find that A. retroflexus shoot residues have the propensity to inhibit other plant species 

germination such as that of sunflower (Helianthus annuus L.) and G. max. Because, in this study, 

red clover had a relatively higher GI sensitivity than the other species tested, it is possible that 

red clover seeds planted in pigweed residue had a delayed germination that translated into 

reduced biomass. In future, it may be beneficial to germinate seeds first and then transplant 

seedlings into treatment containers to distinguish the effects between germination responses and 

those of organ growth. 

We must also consider that allelopathic pressure is not always delivered by a weed 

species to a crop cultivar. Quite the opposite, crop species are often found to have allelopathic 

effects on weed species. Wild radish soil residue inhibits yellow nutsedge (Cyperus esculentus 

L.), prickly sida (Sida spinosa L.) and sicklepod (Senna obtusifolia L.) growth up to 98% 

(Norsworthy, 2003). Forage radish and black oat significantly reduce A. retroflexus biomass in 

field experiments (Gfeller et al., 2018), although this study has not tested whether soil microbes 

play a part in the results. Evidence such as this suggests that allelopathic pressure between weeds 

and field cultivars are not simple cause-and-effect relationships, but rather they are highly 

complex interactions that change according to plant type, growth stage, organ residue present, 

and a combination of variables beyond that of just the plants themselves (i.e. microbes, soil 

nutrients, weather, etc.). Control studies that focus on the presence of decomposing allelopathic 

plant material and look at the reciprocal effects that each weed species and crop cultivar have on 

one another are needed. Further in situ field analysis will also help determine site-specific 

parameters that may influence the allelopathic behaviour of plant communities in 

agroecosystems.  

Plant allelopathy has the potential to play both positive and negative roles in agricultural 

settings. It is especially important to understand the tendency for weed species to exert negative 

allelopathic pressure on the initial establishment of cover crops as it can help inform 

management practices. There is a lack of studies that investigate the potential for both negative 

and positive allelopathic interactions in perennial agroecosystems. Understanding how difficult-

to-control weeds such as A. retroflexus may affect the performance of cover crop species and 

varieties or how they it in turn may be affected by cover crops is essential in developing sound 

agricultural weed management strategies.   
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Chapter 5 – Conclusions and Outlook 
 

The overall theme of this thesis was to explore agroecosystem responses to two 

ecological management techniques, i.e. cover cropping and soil amending with agromineral. 

Management of agroecosystems increasingly needs to consider how all components are affected 

as simplification of these systems has led to soil degradation and biodiversity loss, neither of 

which will help support future food security (Altieri, 1999; Tscharntke et al., 2012; Altieri et al., 

2015). Failure to do so leaves out integral pieces of the puzzle that help predict how an 

agricultural system will respond to manipulation in the long term. Understanding ecological 

theory and how it applies to anthropogenic environments, along with the need to embrace 

multidisciplinary knowledge that transcends traditional knowledge silos of investigation, are of 

the utmost importance if we are to move forward as a species (Vandermeer and Perfecto, 2017). 

This study examined the effects of agromineral soil amendment on growth of cover crops, as 

well as agromineral amendment and cover crop  effects on the soil (nutrients, chemistry, and 

invertebrates) and plant diversity in an operational setting. 

It was initially hypothesized that individual plant species growth and soil characteristics 

are dependant on amendment type, and that soil characteristics and soil community diversity are 

dependant on what combination of cover crop and amendment type is applied. It was predicted 

that plants grown in soil amended with the agromineral would grow equal to or better than plants 

grown in soil amended with synthetic fertilizer, and that cover crop germination and growth are 

affected  by the presence of allelopathic weed organ exudates and residues (Figure 1.1). Figure 

5.1 revisits Figure 1.1 by indicating which hypothesized effects and responses agreed with, 

contrasted with, or were initially unaccounted for prior to experimental implementation. It details 

both predicted and initially unaccounted for interactions and effects that were found when adding 

cover crops and soil amendments together to an agroecosystem. Cover crops and soil amendment 

were found to have effects on one another, as well as at times on soil nutrients and chemistry. 

Weed species were found to influence cover crops. Additionally, abiotic traits (e.g. soil pH) may 

have had an effect on soil amendment. Seasonal climatic variation was an important element that 

influenced biotic diversity, abiotic traits and, given more time, possibly the main crop quality 

and yield which remained otherwise unchanged. Finally, management decisions made by the 

vineyard manager throughout the course of the experiment must also be considered as an 

important contributing component to how the system responded to treatments used in this study. 
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Figure 5.1. Revisiting the components that can interact within an agroecosystem as a result of 

ecological management choices. Both predicted (green arrows and text) and initially 

unaccounted for (red arrows and text) interactions and the effects on an agroecosystem that were 

found when adding cover crops and soil amendments together. Interactions involving 

invertebrates or the main crop were not found during the course of the experiment. 

 

In agreement with what was hypothesized, Spanish River Carbonatite (SRC), when used 

as a soil amendment under controlled conditions, provides some plant species (mainly legumes) 

with the nutrients they need to mirror or even surpass the amount of growth that occurs when 

plants are grown in soil amended with synthetic fertilizer. SRC may not, however, provide the 

soil with enough nutrients to be beneficial to plants over the longer term or for subsequent 

growth of new plants. Long-term soil response to amendment additions may be contingent upon 

initial soil chemistry or plant life history (e.g. root exudates, nutrient needs and acquisition 

strategies, competitive ability, etc.). Waheed et al. (2015) report that when phosphate rock is 

combined with farmyard manure as a soil amendment, grain yields significantly increase from 

when phosphate rock is applied on its own. Several earlier experiments reveal similar results 

when agrominerals are combined with organic supplements (reviewed by van Straaten, 2006), 

making worthwhile future investigations into plant growth response to soil amended with a 
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combination of agromineral and organic nutrient supplement. Future control studies should also 

look at individual plants grown with soil amendments in monoculture to better understand how 

different species may respond to amendment when not in competition with other species. 

Consideration should also be given to plant organ nutrient content as it may help to explain 

where, if any, nutrients derived from the agromineral end up (i.e. which plants are utilizing them 

the most).  

While field results did not reflect what was initially hypothesized (higher community 

diversity in soil amended with cover crop mixture and agromineral than in soil amended with 

cover crop monoculture and synthetic fertilizer), seasonal effects were present for every variable 

tested. The existence of seasonal effects suggests that longer-term studies are necessary to fully 

understand how temporal changes may be impacting system response to agromineral and cover 

crop implementation (if any effects exist). It is likely that the initiation of a smaller-scale, 

relatively controlled, field experiment (that reflects the controlled greenhouse and operational 

field investigations) would increase our understanding of what interactions and responses are 

occurring. Implementing such an experiment would remove some of the components that may 

otherwise influence the outcomes of an experiment in an operational setting (i.e. keeping outdoor 

controls that are not exposed to inconsistent management techniques), while at the same time 

adding some of the missing components from the greenhouse (i.e. variable temperature and 

moisture, and soil microbial presence to name a few). Doing so may help to inform how 

operational management techniques (in addition to implemented treatments) may be influencing 

system response. All three types of experimental settings (controlled greenhouse, controlled 

field, and operational field) are equally important in the information that they provide. When 

considered together, results from all three settings would help to further elucidate response 

patterns of a complex agroecosystem.  

This thesis also highlights the importance of understanding the ecology of the location in 

which soil management strategies are being applied. For example, one of the main benefits of 

sowing a cover crop is to combat weed invasion (Baraibar et al., 2018; Florence et al., 2019). 

What happens if the cover crop species themselves are unable to establish because of their own 

physiological response to the presence of a weed species? In agreement with what was initially 

hypothesized, pigweed was found to negatively impact legume plant germination and growth. 

This finding was particularly relevant as, out of all species tested, legume plants responded the 

most to the SRC amendment. If legumes have difficulty establishing in an operational field, is 

the application of SRC as relevant as it could be otherwise? Interestingly, and somewhat 

unexpectedly, pigweed was also found to stimulate oilseed radish and ryegrass growth yet have 

no affect on the growth of chicory. What is it about common chicory that prevents pigweed from 

affecting the plant at all? Future studies should focus on isolating the allelopathic compounds 

that are present in pigweed and the mechanism by which they inhibit or promote the growth of 

other species. Of additional interest would be whether the cover crop species’ extracts or dried 
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material would, in turn, affect pigweed growth or whether pigweed growth and allelopathic 

potential are affected when grown in soil amended with SRC. 

Lastly, since the allelopathic potential of pigweed was tested using mainly extracts or 

highly processed ground organ residue, do we even get a realistic picture of how cover crop 

species are affected by its presence? This does not, in and of itself, make laboratory trials 

irrelevant as results help point us in the direction of future investigations. It is recommended that 

cover crop species be tested for response to pigweed organ residue as it would appear in a freshly 

tilled field to gauge how, in a more realistic setting of exposure, cover crops like legumes are 

affected. An in situ study would also be beneficial as the more complex the environment is, the 

more possibilities there are for previously unthought-of effects to be present. 

In summary, I have demonstrated that Spanish River Carbonatite does have the potential 

to support plant growth under controlled conditions. However, careful consideration must be 

given to the life history of the plants being grown as well as the soil characteristics and 

ecological history of the location of interest. Operational field management is also a very 

important component that cannot be discounted as we try to understand how a system responds 

to manipulation, because management choices may undermine or enhance the potential for an 

agroecosystem to be modelled after a natural system. While I have explored the responses of a 

few key components to ecological management strategies, there are still many components 

missing. For example, soil microbes play a large part in how an agroecosystem responds to 

manipulation (Areand and Schneider, 2006; Steenwerth and Belina, 2008; Nakhro and Dkhar, 

2010), as do multiple other trophic levels of organisms (e.g. above ground invertebrates, birds, 

amphibians, and mammals; Edwards et al., 2013; Tilman et al., 2014; Vandermeer and Perfecto, 

2017). Additionally, natural systems can change very quickly, and we are good at documenting 

immediate feedbacks that involve one or two levels of interactions (Altieri et al., 2015). Less 

often do we seek to document and understand the equally, and perhaps more important, long-

term, multi-trophic responses to system inputs (Kremen and Miles, 2012; Mooney et al., 2012; 

Vandermeer and Perfecto, 2017). There is an urgent need to work in long-term interdisciplinary 

environments to truly disentangle the complexity that exists in agroecosystems so that we may 

help to inform management for better agricultural sustainability. It is not good enough to 

investigate system response to inputs in individual pieces. Such practices do not reflect the 

inherent complexity of an agroecosystem, they do not effectively demonstrate how our 

management choices affect this complexity, nor will they help us to achieve future agricultural 

sustainability and thus food security.  
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Appendix A – Supplementary Figures 
 

 

Figure S.3.1. Climate graph of average temperature and total precipitation over the course of the 

growing season (May-October) for the two years of the field experiment (data retrieved from The 

Weather Network in November of 2017 and 2018). 
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Appendix B – Supplementary Tables 

Table S2.1. Composition of the agromineral Spanish River 

Carbonatite. (As per Boreal Agrominerals Inc.) 

        

  Mineral/Nutrient Measure   

  Calcium Carbonate 50 %   

  Biotite 25 %   

  Apatite 12 %   

  Manganese 1200 ppm   

  Zinc 60 ppm   

 Boron 40 ppm  

 Cobalt 12 ppm  

  Copper 10 ppm   

  Molybdenum 10 ppm   

 

Table S2.2. Properties of Sunshine Mix #1 soil. The soil 

ingredients consisted of Coarse Canadian Sphagnum peat moss, 

coarse perlite, dolomite and gypsum. Information was provided by 

the company. 

        

  Parameters Range of values/ppm   

  pH 5.0 - 5.08   

  Nitrate Nitrogen 4 - 67   

  Ammonium Nitrogen 1 - 31   

  Phosphorus 9 - 42   

  Calcium 37 - 158   

  Magnesium 17 - 77   

  Sulfur 70 - 225   

  Manganese 0 - 1.5   

  Iron 0 - 0.5   

  Copper 0 - 0.05   

  Boron 0 - 0.36   

  Zinc 0 - 0.16   

  Molydenum 0 - 0.07   
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Table S2.3. Soil solution test target values. Recommended by Agri-

Food Laboratories Inc. (SGS) in Guelph, Ontario   

        

  Nutrient Measurement   

  pH  6.8   

  Total Soluble Salts 1.3   

  Chloride (Cl) < 90   

  Nitrate Nitrogen (NO3-N) 110   

  Phosphorus (P) 30   

  Potassium (K) 125   

  Calcium (Ca) 95   

  Magnesium (Mg) 25   

  Sulfate (SO4) 150   

  Sodium (Na) < 90   

  *all but pH is measured in parts per million (ppm)   

        

Table S3.1. General profile characteristics (mean horizon values) of Chinguacousy soil at the Ap 

horizon (up to 19 cm depth). Parent material is classified as mainly clay loam till with imperfect 

drainage. 

 

  

Measure Composition (%)

Gravel 5

Sand 24

VF* Sand 9

Silt 47

Clay 29

Texture CL**

Organic Matter 3.1

pH in CaCl2 6.5

CaCO3 0.4

*VF = 'very fine' particles below 62.5 µm

**CL = 'clay loam' consisting of 20-30 % clay

***Sourced from Kingston and Presant 

(1989)
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Table S3.2. Farm management activities as communicated by farm manager and/or observed 

during site visits for the 2017 and 2018 field seasons. 

 

Year Time 
Management Type 

Soil Vegetation Pests 

2017 May-
September   

Mowed between rows 
(biweekly)   

  
14-May SRC applied to plots 

(researchers)     

  
17-May Rotavate between 

rows     

 
May Fertilizer applied 

(12:0:125)   

       

  

June 

    
Set up grape berry 
moth pheromone traps 

  June   
Applied herbicide under 
vines   

  

06-Jul 

  
Sow ryegrass and red 
clover in rows   

  

06-Jul 

  
Sow plot cover crops 
(researchers)   

  

July 

  
Applied sulphur spray 
(three times in July)   

  

July 

    
Applied miticide spray 
(3-4 times over season) 

2018 June (week 
1) 

Applied 40lbs/acre 
N, 120 lbs/acre ash 

Mowed between rows 

  

  

June (week 
1)   

Applied cumulas folpan 
(fungicide)   

  
June (week 
2) 

Applied (8 lbs/acre 
nitrogen)     

  
June (week 
3) 

Tilled between rows Mowed between rows  
  

  

June (week 
4)   

Applied cumulas folpan and 
ployram (fungicides) 

Applied soveran 
(pesticide) 

  
June-
September   

Sporadic mowing between 
rows   

  

24-Jul Rotavate between 
rows 

Sow ryegrass, red clover, 
and oilseed radish in rows   

  

27-Jul 

  

Sow plot cover crops 
(researchers)   

  28-Jul Irrigation lines on     
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Table S3.3. Results of repeated measures two-way ANOVAs for soil variables. Within-subjects 

effects of time between growing seasons (early season 2017 versus early season 2018) and 

between-subjects effects of cover crop types and amendments, and their interactions. 

Amendments included fertilizer, SRC, or control; cover crop types included monoculture cover 

crop (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover (CARR). 

 

 

Effects 

  Variables  

  pH P K Ca Mg SOM Moisture 

Within-subject-

Time Pillai's 0.064 0.633 0.650 0.033 0.270 0.594 0.865 

  F 0.816 20.680 22.268 0.411 4.430 17.528 76.674 

  P  0.384 0.001 < 0.001 0.534 0.057 0.001 < 0.001 

Between-

subjects effects         

Cover crop 

type  (C) MS < 0.001 12.367 1019.312 354429.716 7.572 0.694 2.471 

  F 0.002 0.026 0.129 0.251 0.002 1.949 0.051 

  P 0.965 0.874 0.725 0.626 0.965 0.188 0.825 

Amendment 

(A) MS 0.036 126.913 7165.951 1062682.377 6547.836 0.155 27.321 

  F 0.399 0.269 0.909 0.752 1.706 0.436 0.563 

  P 0.679 0.769 0.429 0.492 0.223 0.657 0.584 

C x A MS 0.100 153.702 4313.262 67819.964 6925.531 0.229 25.404 

  F 1.113 0.326 0.547 0.048 1.804 0.641 0.524 

  P 0.360 0.728 0.592 0.953 0.207 0.544 0.605 

*SOM: soil organic matter 
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Table S3.4. Results of repeated measures two-way ANOVAs for soil variables. Within-subjects 

effects of time between growing seasons (mid season 2017 versus mid season 2018) and 

between-subjects effects of cover crop types and amendments, and their interactions. 

Amendments included fertilizer, SRC, or control; cover crop types included monoculture cover 

crop (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover (CARR). 

 

Effects 
  Variables 

 pH P K Ca Mg SOM Moisture 

Within-subject-

Time Pillai's 0.834 0.221 0.691 0.077 0.770 0.423 0.354 

  F 60.457 3.408 26.856 1.003 40.248 8.782 6.566 

  P  < 0.001 0.090 < 0.001 0.336 < 0.001 0.012 0.025 

Between-

subjects effects         

Cover crop type 

(C) MS 0.001 3741.361 14480.111 232806.250 205.444 0.562 0.067 

  F 0.012 4.128 1.216 0.188 0.092 1.190 0.008 

  P 0.913 0.065 0.292 0.672 0.767 0.297 0.931 

Amendment (A) MS 0.033 93.083 1103.250 1695220.861 3333.694 0.084 4.156 

  F 0.362 0.103 0.093 1.368 1.492 0.177 0.488 

  P 0.703 0.903 0.912 0.292 0.264 0.840 0.626 

C x A MS 0.064 245.028 1210.028 244147.583 3635.361 0.007 13.200 

  F 0.709 0.270 0.102 0.197 1.627 0.016 1.550 

  P 0.512 0.768 0.292 0.824 0.237 0.984 0.252 

*SOM: soil organic matter 
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Table S3.5. Results of repeated measures two-way ANOVAs for soil variables. Within-subjects 

effects of time between growing seasons (late season 2017 versus late season 2018) and 

between-subjects effects of cover crop types and amendments, and their interactions. 

Amendments included fertilizer, SRC, or control; cover crop types included monoculture cover 

crop (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover (CARR). 

 

Effects 
  Variables 

  pH P K Ca Mg SOM Moisture 

Within-subject-

Time Pillai's 0.613 0.557 0.839 0.108 0.757 0.048 0.477 

  F 19.029 15.066 62.427 1.446 37.455 0.605 10.940 

  P  0.001 0.002 < 0.001 0.252 < 0.001 0.452 0.006 

Between-

subjects effects         

Cover crop type 

(C) MS 0.012 149.369 30226.720 525893.284 824.264 2.614 3.168 

  F 0.121 0.065 3.213 0.280 0.311 2.791 2.367 

  P 0.734 0.803 0.098 0.606 0.587 0.121 0.150 

Amendment 

(A) MS 0.065 1233.727 9542.608 3125624.678 3799.999 0.063 1.854 

  F 0.651 0.536 1.014 1.663 1.434 0.068 1.385 

  P 0.539 0.599 0.392 0.230 0.276 0.935 0.288 

C x A MS 0.050 472.404 3103.974 725938.211 3894.243 0.488 0.505 

  F 0.495 0.205 0.330 0.386 1.470 0.521 0.377 

  P 0.621 0.817 0.725 0.688 0.269 0.607 0.694 

*SOM: soil organic matter 
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Table S3.6 Soil macroinvertebrates (grouped by family) represented in plots containing cover 

crop mixture (CARR) or monoculture (RYE) and their corresponding treatments (fertilizer, SRC, 

or control) throughout the 2017 and 2018 collections. Species presence is indicated by the letter 

x. 

 

Species 
CARR RYE 

fertilizer SRC control fertilizer SRC control 

Acaridae             

Tyrophagus sp.   x x x x x 

Acerentomidae             

Acerentulus confinis   x x x x   

Aphididae             

Acyrthosiphon pisum x x x x x x 

Macrosiphum euphorbiae   x x     x 

Myzus persicae x x   x   x 

Bdellidae             

Cyta sp.       x x   

Bdella sp. x x   x x x 

Bourletiellidae             

Bourletiella arvalis   x x x     

Bourletiella rustica x x x x x x 

Campodeidae             

Campodea fragilis x x x x x x 

Cantharidae             

Silis striatella x   x   x x 

Carabidae             

Acupalpus sp.   x   x   x 

Harpalus indianus   x         

Harpalus pensylvanicus x           

Lebia fuscata x x x   x x 

Cecidomyiidae             

Contarinia sp. x x     x x 

Ceratozetidae             

Diapterobates sp. x x x x x x 

Chrysomelidae             

Meibomeus sp.     x       

Phyllotreta cruciferae   x         

Phyllotreta striolata x     x     

Cicadellidae             

   Continued on next page 
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   Continued from previous page 

Draeculacephala sp.   x   x x x 

Corylophidae             

Clypastraea lunata x x   x x   

Curculionidae             

Buchaninius sulcatus     x   x x 

Dysderidae             

Dysdera crocata x x         

Elachistidae             

Symphytella vulgaris     x   x x 

Entomobryidae             

Entomobrya assuta x x x x x x 

Entomobrya unostrigata x x x x x x 

Entomobryoides dissimilis x x x x x x 

Lepidocyrtus sp. x x x x x x 

Erythraeidae             

Balaustium putmani x     x     

Euphthiracaridae             

Euphthiracarus monodactylus x x x x x x 

Eupodidae             

Eupodes sp. x x   x x x 

Eutichuridae             

Cheiracanthium sp. x x x x x x 

Forficulidae             

Forficula auricularia   x x       

Formicidae             

Camponotus sp.   x     x   

Crematogaster sp.   x   x   x 

Formica incerta x x x x x x 

Formica pallidefulva x           

Lasius sp.   x x x x   

Myrmecina sp.   x   x   x 

Ponera pennsylvanica x x x x x x 

Stenamma sp. x x x x x x 

Temnothorax sp.     x   x   

Geophilidae             

Geophilus proximus x x x x x x 

Hypogastruridae             

Hypogastrura sensilis x x x   x x 

Isotomidae             
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Desoria canadensis x x x x x x 

Desoria grisea x x x   x x 

Folsomia candida x x x x x x 

Isotoma notabilis x x x x x x 

Isotoma riparia x   x x x   

Isotoma viridis x x x   x x 

Japygidae             

Japyx sp. x x x x x x 

Julidae             

Julus scandinavius   x     x   

Laelapidae             

Hyposapis aculeifer x x x x x x 

Stratiolaelaps scimitus x x x x x x 

Leiodidae             

Colon dentatum   x         

Lithobiidae             

Lithobius crassipes x   x       

Lithobius microps x x x x x x 

Lycosidae             

Hogna sp. x       x   

Neobisiidae             

Microbisium parvulum x x     x   

Ologamasidae             

Gamasellus sp. x x   x x x 

Oniscidae             

Oniscus asellus x x x x x x 

Onychiuridae             

Protaphorura sp. x x x x x x 

Oppiidae             

Oppiella nova x x x x x x 

Orbatellidae             

Oribatritia sp. x x x x x x 

Oribatula tibialis     x x   x 

Oribotritiidae             

Protoribotritia sp. x x x x x x 

Paradoxosomatidae             

Oxidus sp. x       x   

Parajulidae             

Aniulus garius x x x x x x 
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Parasitidae             

Pergamasus sp. x x x x x x 

Phthiracariae             

Phthiracarus boresetosus x x x x x x 

Phytoseiidae             

Amblyseius andersoni x x x x x x 

Amblyseius cucumeris   x x x   x 

Phytoseiulus persimilis x x x x x x 

Pseudococcidae             

Pseudococcus sp. x       x x 

Scarabaeidae             

Popillia japonica   x       x 

Scutigerellidae             

Scutigerella immaculata x x x x x x 

Staphylinidae             

Drusilla canaliculata x x x x x x 

Heterothops fusculus x x     x   

Micropeplus sculptus x x x x x x 

Stigmaeidae             

Zetzellia mali x x x x x x 

Thripidae             

Frankliniella occidentalis x x x x x x 

Thrips tabaci   x   x     

Tomoceridae             

Pogonognathellus flavescens x x   x   x 

Tomocerus sp.       x x x 
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Table S3.7. Results of repeated measures two-way ANOVAs for soil invertebrate species 

diversity. Within-subjects effects of collection time between growing seasons (early season 2017 

versus early season 2018) and between-subjects effects of cover crop types and amendments, and 

their interactions. Amendments included fertilizer, SRC, or control; cover crop types included 

monoculture cover crop (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover 

(CARR). 

 

   Variables 

Effects   S H' D E A 

Within-subject-

Time Pillai's 0.521 0.426 0.173 < 0.000 < 0.001 

  F 13.028 8.911 2.515 0.001 0.002 

  P  0.004 0.011 0.139 0.973 0.961 

Between-

subjects effects       

Cover crop type 

(C) MS 0.250 0.058 0.021 0.048 49.000 

  F 0.027 0.291 0.747 1.890 0.005 

  P 0.872 0.600 0.404 0.194 0.946 

Amendment (A) MS 28.583 0.390 0.028 0.018 956.583 

  F 3.099 1.943 0.997 0.720 0.092 

  P 0.082 0.186 0.398 0.507 0.913 

C x A MS 11.583 0.158 0.012 0.066 6181.583 

  F 1.256 0.787 0.416 2.579 0.594 

  P 0.320 0.477 0.669 0.117 0.567 

* S: species richness, H': Shannon-Wiener index, D: Simpson index, E: Pielou  

   evenness, A: total abundance 
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Table S3.8. Results of repeated measures two-way ANOVAs for soil invertebrate species 

diversity. Within-subjects effects of collection time between growing seasons (mid season 2017 

versus mid season 2018) and between-subjects effects of cover crop types and amendments, and 

their interactions. Amendments included fertilizer, SRC, or control; cover crop types included 

monoculture cover crop (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover 

(CARR). 

 

   Variables 

Effects   S H' D E A 

Within-subject-

Time Pillai's 0.699 0.583 0.343 0.008 0.540 

  F 27.811 16.798 6.279 0.091 14.084 

  P  < 0.001 0.001 0.028 0.768 0.003 

Between-

subjects effects       

Cover crop type 

(C) MS 64.000 0.004 0.004 0.049 10677.778 

  F 1.875 0.031 0.666 13.655 2.734 

  P 0.196 0.864 0.430 0.003 0.124 

Amendment (A) MS 1.861 0.215 0.015 0.011 527.694 

  F 0.055 1.814 2.680 3.015 0.135 

  P 0.947 0.205 0.109 0.087 0.875 

C x A MS 25.583 0.012 5.288 0.017 1037.694 

  F 0.749 0.100 0.009 4.787 0.266 

  P 0.494 0.905 0.991 0.030 0.771 

* S: species richness, H': Shannon-Wiener index, D: Simpson index, E: Pielou  

   evenness, A: total abundance 
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Table S3.9. Results of repeated measures two-way ANOVAs for soil invertebrate species 

diversity. Within-subjects effects of collection time between growing seasons (late season 2017 

versus late season 2018) and between-subjects effects of cover crop types and amendments, and 

their interactions. Amendments included fertilizer, SRC, or control; cover crop types included 

monoculture cover crop (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover 

(CARR). 

 

   Variables 

Effects   S H' D E A 

Within-subject-

Time Pillai's 0.427 0.009 0.094 0.280 0.122 

  F 8.956 0.112 1.244 4.664 1.665 

  P  0.011 0.743 0.286 0.052 0.221 

Between-

subjects effects       

Cover crop type 

(C) MS 26.694 0.010 1.360 0.004 8160.111 

  F 0.477 0.035 < 0.000 0.820 0.770 

  P 0.503 0.854 0.997 0.383 0.397 

Amendment (A) MS 44.111 0.086 0.003 0.001 13101.083 

  F 0.788 0.301 0.270 0.244 1.236 

  P 0.477 0.746 0.768 0.787 0.325 

C x A MS 11.444 0.042 0.003 0.004 871.361 

  F 0.205 0.146 0.252 0.819 0.082 

  P 0.818 0.866 0.782 0.464 0.922 

* S: species richness, H': Shannon-Wiener index, D: Simpson index, E: Pielou  

   evenness, A: total abundance 
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Table S3.10 Vegetation species (grouped by family) represented in plots containing cover crop 

mixture (CARR) or monoculture (RYE) and their corresponding treatments (fertilizer, SRC, or 

control) throughout the 2017 and 2018 collections. Species presence is indicated by the letter x. 

 

Family/Species 
CARR RYE 

fertilizer SRC control fertilizer SRC control 

Amaranthaceae             

Amaranthus hybridus x x x x x x 

Amaranthus retroflexus   x x     

Chenopodium album x x x x x x 

Amaryllidaceae             

Allium canadense       x x   

Asteraceae             

Arctium minus x     x   x 

Cichorium intybus x x x x x x 

Carduus nutans x x x x x x 

Erigeron canadensis x x x x x x 

Lactuca serriola     x x x   

Pilosella caespitosa x x x x   x 

Sonchus asper x   x x   x 

Taraxacum officinale x x x x x x 

Brassicaceae             

Capsella bursa-

pastoris x   x x     

Raphanus sativus x x x x x x 

Sinapis arvensis x x x x x x 

Caryophyllaceae             

Stellaria media x x x x x x 

Convolvulaceae             

Convolvulus arvensis x     x x x 

Fabaceae             

Medicago lupulina       x x x 

Medicago sativa x x x x x x 

Trifolium pratense x x x x x x 

Trifolium repens x x x x x x 

Lamiaceae             

Lamium amplexicaule x x       x 

Malvaceae             

Malva sylvestris x x x x x x 
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Plantaginaceae             

Plantago lanceolata x x x x x x 

Plantago major x x x x x x 

Poaceae             

Bromus secalinus x x x x x x 

Dactylis glomerata x x x x x x 

Digitaria sanguinalis x x   x x x 

Lolium multiflorum x x x x x x 

Lolium perenne x x x x x x 

Phalaris arundinacea x     x x   

Polygonaceae             

Polygonum aviculare x x x x x x 

Rumex crispus x x x x x   

Portulacaceae             

Portulaca oleracea x x x x x x 

Rubiaceae             

Galium aparine x x x x x x 
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Table S3.11. Results of repeated measures two-way ANOVAs for vegetation species diversity. 

Within-subjects effects of collection time between growing seasons (early season 2017 versus 

early season 2018) and between-subjects effects of cover crop types and amendments, and their 

interactions. Amendments included fertilizer, SRC, or control; cover crop types included 

monoculture cover crop (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover 

(CARR). 

 

   Variables 

Effects   S H' D E A 

Within-subject-

Time Pillai's 0.330 0.698 0.704 0.698 0.280 

  F 5.921 27.769 28.545 27.720 4.676 

  P  0.032 < 0.001 < 0.001 < 0.001 0.051 

Between-

subjects effects       

Cover crop type 

(C) MS 0.250 0.064 0.028 0.017 1226.947 

  F 0.057 0.683 2.644 1.783 4.820 

  P 0.815 0.425 0.130 0.207 0.049 

Amendment (A) MS 0.194 0.083 0.024 0.017 519.109 

  F 0.044 0.877 2.238 1.774 2.039 

  P 0.957 0.441 0.149 0.211 0.173 

C x A MS 7.750 0.410 0.065 0.044 698.633 

  F 1.766 4.360 6.162 4.717 2.745 

  P 0.231 0.038 0.014 0.031 0.104 

* S: species richness, H': Shannon-Wiener index, D: Simpson index, E: Pielou  

   evenness, A: total abundance 
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Table S3.12. Results of repeated measures two-way ANOVAs for vegetation species diversity. 

Within-subjects effects of collection time between growing seasons (mid season 2017 versus mid 

season 2018) and between-subjects effects of cover crop types and amendments, and their 

interactions. Amendments included fertilizer, SRC, or control; cover crop types included 

monoculture cover crop (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover 

(CARR). 

 

   Variables 

Effects   S H' D E A 

Within-subject-

Time Pillai's 0.843 0.958 0.931 0.910 0.936 

  F 64.480 272.505 161.339 121.748 174.142 

  P  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Between-

subjects effects       

Cover crop type 

(C) MS 8.028 0.165 0.053 0.066 1813.342 

  F 1.129 3.906 11.645 12.121 5.258 

  P 0.309 0.072 0.005 0.005 0.041 

Amendment (A) MS 1.194 0.012 0.003 0.006 561.416 

  F 0.168 0.277 0.617 1.117 1.628 

  P 0.847 0.763 0.556 0.359 0.237 

C x A MS 4.361 0.060 0.008 0.007 395.710 

  F 0.613 1.430 1.781 1.197 1.147 

  P 0.558 0.277 0.210 0.336 0.350 

* S: species richness, H': Shannon-Wiener index, D: Simpson index, E: Pielou  

   evenness, A: total abundance 
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Table S3.13. Results of repeated measures two-way ANOVAs for vegetation species diversity. 

Within-subjects effects of collection time between growing seasons (late season 2017 versus late 

season 2018) and between-subjects effects of cover crop types and amendments, and their 

interactions. Amendments included fertilizer, SRC, or control; cover crop types included 

monoculture cover crop (RYE) or mixture of chicory, alfalfa, oilseed radish, and red clover 

(CARR). 

 
   Variables 

Effects   S H' D E A 

Within-subject-

Time Pillai's 0.738 0.934 0.816 0.807 0.901 

  F 33.844 169.857 53.285 50.261 109.330 

  P  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Between-

subjects effects       

Cover crop type 

(C) MS 42.250 0.053 0.040 0.066 31.173 

  F 8.090 0.706 7.054 11.395 0.059 

  P 0.015 0.417 0.021 0.006 0.811 

Amendment (A) MS 2.111 0.024 0.005 0.008 850.974 

  F 0.404 0.324 0.828 1.391 1.624 

  P 0.676 0.730 0.461 0.286 0.238 

C x A MS 6.333 0.070 0.006 0.005 366.613 

  F 1.213 0.941 0.990 0.952 0.700 

  P 0.331 0.417 0.400 0.413 0.516 

* S: species richness, H': Shannon-Wiener index, D: Simpson index, E: Pielou  

   evenness, A: total abundance 

 


