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ABSTRACT 

IMPACTS OF CEREAL RYE (SECALE CEREALE L.)  
IN SERVICE CROP MONOCULTURES AND POLYCULTURES  

ON WATER SUPPLY TO CORN 
 
Cameron Mark Ogilvie 
University of Guelph, 2019 

Advisor: 
Ralph C. Martin 

 

As climate change increases the likelihood of seasonal water deficits, farmers need viable 

management tools to increase agroecosystem resilience. An on-farm experiment was established 

to research the impacts of two service crops planted after winter wheat (Triticum aestivum L.) on 

water supply to corn (Zea mays L.). Volumetric water content was monitored during the corn 

growing season under drought, ambient, and irrigated conditions, and corn population and yield 

were measured. Service crop treatments did not evidence improved crop water supply relative to 

the control. Corn population and yield were significantly reduced following the cereal rye (Secale 

cereale L.) monoculture, but when rye was grown in a polyculture, in similar biomass proportions to 

the other species, there were no negative effects on corn. Thus, some of the known risks 

associated with cereal rye service crops before corn may be overcome by growing cereal rye in 

polyculture. 
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“It is the glory of God to conceal things, but the glory of kings is to search things out.”  

Proverbs 25:2, English Standard Version 
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1. INTRODUCTION & LITERATURE REVIEW 

Accepted for publication in the Journal of Soil & Water Conservation 

“Service crop management to maximize crop water supply and improve agroecosystem resilience: A review” 

Authors 1: Ogilvie, C.M., Deen, B., and Martin, R.C. 

 

Rising temperatures and rainfall variability due to climate change threaten to increase 

seasonal water deficits and reduce crop yields (Hatfield et al. 2013; Hatfield et al. 2011; Williams et 

al. 2016). Additionally, higher crop yields in recent years thanks to improved genetics, mineral 

fertilizers, and pesticide use have subsequently caused an increase in crop water demand, making 

water supply an increasing limit to yield (Lobell et al. 2014). If agriculture is to adapt to climate 

change, it is essential to develop agronomic best-management practices that buffer crop yields 

against water deficits (Bodner et al. 2015; Passioura 2007; Williams et al. 2016). But such 

practices need to be environmentally, economically, and energetically efficient to avoid causing 

other negative externalities.  

The ecological intensification of agroecosystems is a management approach that employs 

biological processes to provide ecosystem services that benefit crop production while also 

ensuring the health and functioning of the surrounding environment (Bommarco et al. 2013). 

Conservation agriculture is a form of ecological intensification where crops are grown in diverse 

rotations, the soil is not tilled, and the soil is covered year-round with crop residues and cover 

crops (Hobbs 2007; Reicosky 2015). As a result of these practices, crop water supply can be 

improved in agroecosystems. No-tillage and retaining crop residues tend to concentrate organic 

matter at the soil surface, preserve soil structural properties, and reduce soil exposure to air; this 

increases soil water storage capacity (Powlson et al. 2014), facilitates rainfall infiltration (Hatfield et 

                                                
1 Ogilvie drafted the manuscript for submission, made all final edits and revisions, and served as the 
corresponding author throughout the review process. Deen and Martin were involved in the editing process 
prior to submission and helped with revisions.  
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al. 2001), and reduces evaporative water loss (Steiner 1994). Diverse crop rotations also improve 

soil physical properties such as water-holding capacity and plant-available water (Kazula et al. 

2017), thereby increasing agroecosystem resiliency against seasonal water deficits (Gaudin et al. 

2015). Vital to the functioning of a conservation agriculture system is the use of cover crops 

(Blanco-Canqui et al. 2011; Drury et al. 1999; Gaudin et al. 2013; Olibone et al. 2010). 

Cover crops are plants grown in agroecosystems for the ecosystem services they provide 

rather than a harvestable product (i.e., food, fuel, fiber—with the exception of forage and feed); 

thus, they may more accurately be called “service crops” since their primary purpose is to provide 

diverse services including soil cover, fertility, or nutrient harvesting. The concept of “service crops” 

is preferred because it allows for a broader purpose of application—not simply soil cover—and 

implies that management is required in order to achieve the desired service (Garcia et al. 2018). 

This review explores how service crops can be used as an agronomic management tool in the 

context of conservation agriculture to maximize crop water supply and so buffer against seasonal 

water deficits. In the first section we describe the mechanisms underlying service crop impacts on 

crop water supply. In the second section we outline management approaches that impact the 

probability of realizing crop water supply services from service crops. We also explore the potential 

for service crop polycultures to optimize this service by combining the functional traits of 

component species and propose an ideal service crop polyculture for maximal crop water supply. 

 

1.1. Mechanisms Underlying Service Crop Impacts on Crop Water Supply 

Service crops can alter the water balance in agroecosystems by facilitating transpirational 

water loss, reducing evaporative water loss, facilitating water infiltration, modifying soil water 

storage and holding capacity, and enhancing the subsequent crop’s ability to access soil water 

(Figure 1.1).  We separately consider aboveground and belowground impacts of service crops on 

crop water supply, similar to a review of crop residue impacts on water dynamics in 



 

3 
 

agroecosystems by Steiner (1994), and then we also consider indirect mechanisms associated 

with soil fauna supported by service crops.    

 

1.1.1. “Mulch Effect” of Service Crops on Crop Water Supply.   

When crop biomass is not incorporated but left on the soil surface, the remaining residue 

serves as a mulch (de Almeida et al. 2018; Nielsen 1998; Steiner 1994). Ex situ mulches applied to 

agricultural fields can reduce evaporative water loss and so increase crop water supply (Unger 

1978; Unger and Parker 1976); they do this by obstructing vapor diffusion from the soil. By 

increasing the residue area index (RAI)—the surface area of residue per unit ground area—the 

convective resistance (rc) of a mulch is increased. Thus, mulches with a higher RAI will more 

effectively impede evaporative water loss, all other things equal (Fuchs and Hadas 2011). Other 

physical parameters that influence rc include percent ground cover and residue thickness, both of 

which increase the distance water vapor must travel to diffuse from the soil. The specific area—

surface area per unit mass (Am, m2 kg-1)—is a useful indicator of the effectiveness of a mulch since 

lower Am values suggest that more residue will be required to provide the same ground cover as a 

mulch with higher Am. Thus, service crops that provide mulches effective at reducing evaporative 

water loss are those that leave behind residue with a high Am, RAI, percent ground cover, and 

thickness. 

Greb (1967) compared the ground cover of six ex situ cereal crop residues including winter 

wheat (Triticum aestivum L. cv. Warrior), spring barley (Hordeum vulgare L. cv. Otis), spring oats 

(Avena byzantina cv. Fulton), German millet (Setaria italic cv. German), Sudangrass (Sorghum 

vulgare var. sudanense cv. Piper), and grain sorghum (S. vulgare, hybrid RS-610), finding that 

spring barley had the best ground cover potential, reaching 100% cover at 2.3 Mg ha-1. They 

estimated that both winter wheat and spring oat application rates for 100% cover would be 3.6 Mg 

ha-1; Sudangrass, German millet, and grain sorghum would require more than double this amount. 
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The amount of crop residue required to reach 100% cover is closely tied with the specific area of 

the residues, spring barley having the highest Am value of 4.27 m2 kg-1. Unger and Parker (1976) 

compared wheat, sorghum (S. bicolor L.), and cotton (Gosypium hirsutum L.) residue thickness 

and ground cover at different application rates in the lab. Wheat was found to provide complete 

(100%) ground cover at an application rate of 8 Mg ha-1; sorghum and cotton residues would need 

to be applied at more than four-times this rate to establish the same level of coverage. They also 

found that wheat residue was thicker (2.9 cm) at 8 Mg ha-1 than sorghum or cotton (1.9 and 1.1 

cm, respectively) at the same application rate, and that residue thickness was highly associated 

with reductions in evaporation rates. Gregory (1982) measured Am of sunflower (Helianthus annuus 

L.), corn (Zea mays L.), and soybean (Glycine max L.) residues collected from the field after fall 

harvest. Sunflower and corn had Am values of 2.0 and 3.2 m2 kg-1, respectively. Teasdale and 

Mohler (2000) provide Am values of 5.1, 6.9, and 4.2 m2 kg-1 for spring-sampled crimson clover 

(Trifolium incarnatum L.), hairy vetch (Vicia villosa Roth), and cereal rye (Secale cereale L.) residues, 

respectively. Wagner-Riddle et al. (1996) report a similar Am for cereal rye at 5.5 m2 kg-1. While all 

these studies used residues imported to the test site, and thus are not “true” service crop residues, 

they provide a helpful comparison of the residue properties of plant species commonly grown as 

service crops.  

Several studies have documented service crops reducing evaporative water loss (Basche 

et al. 2016; Daigh et al. 2014; Marshall et al. 2016; Qi et al. 2011; Stipešević and Kladivko 2005; 

Unger and Vigil 1998). But it is critical to remember that, if left long enough, soil water content 

under a mulch will dry down to the same level as that under no cover (Alonso-Ayuso et al. 2014; 

Cook et al. 2006); the difference is in how quickly the soil reaches that dry state. Nevertheless, this 

delayed soil drying may be beneficial for production crops for two reasons. One, by retarding 

evaporative water loss, the production crop experiences a longer window of access to plant-

available water for uptake (Basche et al. 2016). Secondly, by keeping the soil moist it is more easily 
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penetrated by roots that can then forage for deeper soil water. Soil strength (penetration 

resistance) is one of several interconnected factors along with soil bulk density, air-filled porosity, 

and soil water content that determine the limiting conditions for root growth (Benjamin 2013). Thus, 

mulches from service crops can increase production crop water supply by improving access to soil 

water reserves. 

Mulches from service crops also facilitate water infiltration by preventing surface smearing 

from raindrop impact (Cook et al. 2006; Nielsen 1998). And the organic materials from service crop 

biomass can serve as fuel and building materials for the soil formation process carried out by soil 

biology (Abiven et al. 2009; Bodner et al. 2015; Oades 1993; Tisdall and Oades 1982), thereby 

contributing to greater soil organic matter content, aggregate stability, porosity, and water-holding 

capacity, to the ultimate improvement of crop yields (Cai et al. 2016; Chakraborty et al. 2008; 

Mulumba and Lal 2008; Unger 1978; Unger and Parker 1976). The organic contribution from roots 

is greater than that of aboveground biomass however (Goss and Kay 2005), and so service crops 

are set to doubly outperform mulches in improving soil physical properties because of the active 

contribution of root growth (Yunusa and Newton 2003).  

 

1.1.2. Soil Priming Effect of Service Crop Roots on Crop Water Supply.  

In the process of exploring the soil, a growing service crop’s root system actively 

reorganizes soil aggregates and pore space, and passively adds to the pool of organic matter by 

way of mucilage and sloughed off, decomposing root biomass. A recent meta-analysis has clarified 

that increases in soil organic matter only marginally improve soil water-holding capacity (Minasny 

and McBratney 2017); but organic matter remains the resource base for the active transformation 

of many other soil physical properties by soil biology (Oades 1984; 1993; Pierret et al. 2007; Tisdall 

and Oades 1982), and thus is an indispensable element to building soils with greater crop water 

supply.  
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The active transformation of the soil physical environment by plant roots has been referred 

to as a “priming” effect (Bodner et al. 2014; Yunusa and Newton 2003), whereby water-holding 

capacity and the production crop’s ability to access stored soil water is improved in the season 

following a service crop (Table 1.1). Basche et al. (2016), Chen et al. (2014), and Bodner et al. 

(2014) all document increases in soil water-holding capacity—specifically due to greater field 

capacity water content—after growing service crops. Bodner et al. (2014) saw these increases by 

November with various July-planted service crops in Austria; Chen et al. (2014) detected these 

increases in March following August-planted service crops in Maryland, USA. Olibone et al. (2010) 

and Chen et al. (2014) demonstrate the capacity of service crops to improve the least-limiting 

water range to root growth. And Marshall et al. (2016) found a cereal rye service crop to reduce 

soil compaction in the E-horizon (20 to 30cm), thereby improving production crop root growth and 

access to water   

Service crop impacts on aggregate stability are more complex. Plant roots and associated 

microorganisms can strengthen soil structure by enmeshing soil particles together into aggregates 

(Oades 1993). Across several sites, Steele et al. (2012) saw significant increases in water-stable 

aggregates after a cereal rye service crop was interseeded into corn compared to a fallow control. 

After four years of growing a cereal rye service crop in a corn–soybean rotation, Rorick and 

Kladivko (2017) witnessed an increase in water-stable aggregate size, while other soil physical 

parameters like bulk density, water retention, and soil organic carbon went unchanged. Ball Coelho 

et al. (2005) found improvements in aggregate stability with fall-interseeded service crops in a no-till 

system.  

Aggregate stability increases can be transient. To simulate climatic variability, Linsler et al. 

(2016) froze soil from bare fallow and service cropped treatments and saw a reduction in 

aggregate size across all size classes, but a greater reduction in large aggregates in the fallow 

treatment. Once samples were incubated following the freeze, aggregate sizes after the service 
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crop recovered to reflect the same distribution as the fallow treatment. The study by Dozier et al. 

(2017) supports this; they did not detect any significant changes in soil physical properties after 

one season of service crop growth. But what roots provide in addition to enmeshment is organic 

matter that microorganisms can use over time to more robustly stabilize soil aggregates (Abiven et 

al. 2009; Goss and Kay 2005; Oades 1993), and organic matter supplied by plant roots is more 

important in this exchange than organic matter from aboveground residue (Goss and Kay 2005). 

After three years of growing a sunhemp (Crotalaria juncea L.) service crop in a wheat–sorghum 

rotation, Blanco-Canqui et al. (2011) saw a significant increase in surface (0 to 7.5 cm) organic 

matter concentrations from ~1.4 to 1.8 g kg-1; this was also strongly associated with increases in 

wet aggregate stability, with a 3.4-fold increase in the largest aggregate size class (8 to 4.75 mm). 

The connection between aggregate stability increases and water infiltration rates is also 

complex. Rasse et al. (2000) saw that increases in aggregate stability with mulching were not 

significantly correlated with increases in saturated hydraulic conductivity (Ksat). Steele et al. (2012) 

also saw an asynchronous link between aggregate stability and Ksat. In order for preferential flow 

paths to be made available for infiltration, plant roots must first decompose (Ghestem et al. 2011; 

Rasse et al. 2000); otherwise they will plug preferential flow paths (Jotisankasa and Sirirattanachat 

2017; Vergani and Graf 2016). Because of this, Steele et al. (2012) have importantly noted that the 

time of year when soil measurements are taken will change the probability of detecting a difference 

in infiltration rates and other soil physical properties. Both Carof et al. (2007) and Bodner et al. 

(2013) also found that the time of year when samples were taken was more determinative of 

changes in infiltration rates than the effect of service crops. 

Service crop roots more directly improve infiltration rates by increasing soil macroporosity 

and forming preferential flow pathways. They can do this by amplifying the regular shrink-swell 

cycles of the soil due to increased transpiration, and so creating cracks and fissures (Dexter 1991; 

Jotisankasa and Sirirattanachat 2017); and also by creating biopores through coarse root growth. 
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When service crop roots decompose, a biochemically reinforced, interconnected network of 

preferential pathways remains (Verboom and Pate 2006). Such networks lend themselves to 

greater crop water supply by facilitating water infiltration (Meek et al. 1992; Rasse et al. 2000); 

improving soil aeration—thereby encouraging production crop root growth and water access 

(Colombi et al. 2017)—and providing a “path of least resistance” for new roots to colonize and so 

access more water (Gaiser et al. 2012). Two insightful reviews of this so-called “biodrilling” have 

been made by Cresswell and Kirkegaard (1995) and Yunusa and Newton (2003).  

Demonstrating this, Rasse et al. (2000) saw improvements in soil macroporosity and 

saturated hydraulic conductivity (Ksat) after two years of an alfalfa (Medicago sativa L.) crop. The 

amplitude of fluctuation in soil water content was greater under the growing alfalfa than a bare 

fallow, but this was also linked with a high rate of root turnover. As a result, they reported about 

5,000 root-induced macropores per m2 formed over two years of alfalfa growth with a root 

turnover rate of 50 to 75% between the months of July and October in the top 9.5 cm of the soil 

profile. Significantly higher yielding and more resilient corn crops in an alfalfa–alfalfa–corn–corn 

rotation (contrasted with continuous corn or corn–soy rotations) have been observed previously—

especially in water-limited growing seasons (Gaudin et al. 2015). A possible explanation for this 

would be the increase of deep soil biopores associated with alfalfa roots, thus improving infiltration 

and deep root growth of the corn crop. 

Some have suggested that plant roots grow preferentially toward biopores because of the 

carbohydrate-rich mucilage or nutrient excrement left on the pore walls by previous roots or 

macrofauna (Athmann et al. 2013). However, plant roots will grow toward artificial macropores that 

are not nutrient enriched, and thus nutrient enrichment by soil macrofauna only enhances the 

benefit of macropores to plant roots (Edwards and Lofty 1980). X-ray computed tomography has 

allowed for some unique insights into why plant roots colonize biopores. In a pot experiment using 

barley as a model species, Pfeifer et al. (2014) found that, when a compacted subsoil was 



 

9 
 

amended with 1 mm artificial biopores, barley roots preferentially grew toward them. However, 

barley roots did not tend to grow within the pore channel, but instead crossed it and reentered the 

bulk soil. Thus, barley roots did not exhibit trematotropism—that is, growing toward holes. Instead, 

oxytropism—roots growing toward macropores because of higher oxygen concentrations—more 

accurately described root growth behavior. Therefore, a growing crop may find nutrient-lined 

biopores as an unintended consequence of oxytropic behavior orienting root growth towards 

oxygen-filled pore space in compacted soils. In connection with this, Colombi et al. (2017) found 

that corn and soybean roots did tend to grow inside pore channels, while wheat roots crossed the 

pore channel and reentered the bulk soil. Thus, oxytropism was common across all species, but 

trematropism was not. In slight contrast, White and Kirkegaard (2010) found that in a red Kandosol 

in southern Australia, below 0.3 m more than 50% of wheat roots were in pores or cracks, and 

below 1.0 m all wheat roots were in pores and cracks. This discrepancy in trematropic response in 

wheat roots in the lab versus the field may be due to both soil type and degree of compaction.  

One practical consequence of trematropic habit is that the root growth performance of a 

successive production crop, following a service crop, will depend on its affinity to trematropism, 

and thus its likelihood of capitalizing on the biopore channels formed (Chen and Weil 2011). Plants 

with thicker roots, such as corn, may preferentially use biopore channels since thicker roots 

establish better soil contact within the pore (Colombi et al. 2017). Otherwise, where there is poor 

root-soil contact, root water uptake is reduced inside biopores (Logsdon 2013). When root growth 

through biopores allows a production crop to reenter the bulk soil and access otherwise 

unavailable soil water, only then is net water uptake positive (Han et al. 2015).  

 

1.1.3. Impact of Soil Fauna Supported by Service Crops on Crop Water Supply.  

Besides the direct influence service crop roots have on soil physical properties, service 

crops can also attract and support soil macrofaunal communities that further modify the soil 
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environment to favour increased crop water supply. Earthworms are well known for their ability to 

improve soil aggregate stability (Ketterings et al. 1997). They can also improve soil macroporosity 

through earthworm burrows, and soil meso- and microporosity through earthworm casts (Piron et 

al. 2017), thus increasing soil water-holding capacity and reducing compaction. Some species—

such as Reginaldia omodeoi—may reduce soil porosity by compacting the soil (Blouin et al. 2013); 

but the tenor of research on earthworms suggests that their net effect on soil functioning is 

positive. Service crop–earthworm associations have received substantial research attention, 

therefore we will focus on the benefit of earthworms to crop water supply in service crop systems, 

acknowledging that other soil micro- and macrofauna participate in soil formation as well. 

Several studies have reported increases in earthworm populations with the use of service 

crops, mulches, and green manures. Blanco-Canqui et al. (2011) saw a six-fold increase in 

earthworm abundance with the long-term use of a sunhemp service crop contrasted with no 

service crop in Kansas, and this was significantly associated with higher infiltration rates. Schmidt 

et al. (2003) compared earthworm numbers and biomass between a conventionally managed 

wheat field with tillage, a no-till wheat field, and a no-till wheat field with a permanent white clover 

(Trifolium repens L. cv. Donna) stand that was mowed before planting. Earthworm density and 

biomass more than doubled in the clover plots from to 1993 to 1997 in Bristol, United Kingdom. 

Blanchart et al. (2006) saw a similar change in earthworm communities in southern Benin after the 

introduction of an interseeded velvet bean (Mucuna pruriens (L.) DC. var. utilis) service crop into 

corn. After eleven years of production, earthworm density was five times greater in the service crop 

treatment than in the control treatment. On the same site, Barthès et al. (2000) found that surface 

water runoff and soil erosion were reduced, and that better surface aggregate stability was found 

under the velvet bean service crop. Blanchart et al. (2006) linked these improvements in soil 

physical properties and water dynamics—at least in part—to the difference in earthworm activity.  
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Greater earthworm abundance under service crops may be explained in two ways. First, 

within-season variability in earthworm populations is highly associated with changes in soil 

temperature and moisture content (Whalen et al. 1998). Service crop surface residues can 

moderate these conditions (Dabney et al. 2001; Wagner-Riddle et al. 1996), creating a more stable 

microclimate in the soil for earthworm growth and reproduction. Exhibiting this, Reeleder et al. 

(2006) found greater earthworm numbers under a cereal rye service crop than with no service crop 

in a continuous corn rotation. The difference was found in the drier of the two field seasons; 

therefore, they attributed the difference to moisture conservation under the service crop which 

created a more hospitable environment for earthworms than the drier, uncovered soil.  

The second explanation is that service crops—along with mulches, manures, and crops 

more generally—contribute biomass to the pool of organic matter that earthworms feed on. 

Demonstrating this, Leroy et al. (2008) found significantly greater earthworm biomass under a low 

C:N green manure treatment than when no organic amendments were applied. Interestingly, they 

did not find significant differences in earthworm abundance or biomass between the green manure 

treatment and a treatment receiving mineral fertilizer but no green manure. In defense of this, they 

explained that, since the fertilizer would increase crop production and thus organic matter 

additions (through above and belowground biomass and root exudates) the fertilized treatment 

would support greater earthworm communities than an unfertilized treatment.  

 

1.2. Managing Service Crops for Increased Crop Water Supply 

1.2.1. Management of Service Crop Biomass and Persistence.  

Many of the crop water effects resulting from the mechanisms discussed above are 

proportional to the amount of service crop biomass achieved, as well as the persistence of the 

service crop mulch. Insufficient service crop biomass is often reported such that there is no change 

in soil water storage over the production crop growing season (Appelgate et al. 2017; Daigh et al. 



 

12 
 

2014; Krueger et al. 2011). Soil type can hinder service crop biomass production when 

environmental conditions are suboptimal (Marshall et al. 2016), while soil physical properties can 

also reduce the probability of detecting a water conservation effect (Blanco-Canqui et al. 2015; 

Clark et al. 1997). It would appear that service crops retaining >1,000 kg ha-1 of dry biomass in the 

spring can increase soil water storage during the production crop growing season (Basche et al. 

2016; Daigh et al. 2014; Marshall et al. 2016), while those supplying less do not (Appelgate et al. 

2017; Krueger et al. 2011). Consequently, management to ensure adequate biomass production is 

essential for reducing evaporative water loss, albeit not necessarily for other goals. Key 

management strategies that influence service crop biomass and mulch persistence include (1) 

species selection, (2) planting date, and (3) termination date.   

Some service crop species may be more consistent than others in producing adequate 

amounts of biomass. Seed size affects germination rates of service crops and their ability to 

establish before the winter (Murrell et al. 2017). For example, hairy vetch, by having a larger seed, 

takes longer to germinate and establish canopy cover and thus is more susceptible to dry soil 

conditions at planting (Bodner et al. 2010). Once established, hairy vetch (cv. Beta) and mustard 

(Sinapis alba L. cv. Caralla) are able to produce more biomass in low-rainfall seasons than cereal 

rye (cv. Picasso) or phacelia (Phacelia tanacetifolia Benth. cv. Vetzrouska), showing more plasticity 

in their growth pattern to climatic differences (Bodner et al. 2010). Cereal rye is popular largely 

because it is better adapted to cool seasons and so can establish at later planting dates (Murrell et 

al. 2017), but rye’s aboveground growth can be quite variable depending on environmental 

conditions (Figure 1.2) (Bodner et al. 2010; Lawson et al. 2015).  

Service crop species selection can also affect the persistence of the mulch. Thus, while 

legumes tend to have higher Am values (Table 1.2) and so provide more surface cover per unit of 

biomass, they also have lower C:N ratios, and so decompose faster. Teasdale and Mohler (2000) 

found that one third of clover and vetch biomass had been lost within one month of initial 
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application compared to corn stover which saw little to no change. Ruffo and Bollero (2003) 

measured the decomposition rates of cereal rye and hairy vetch as a function of degree days and 

decomposition days; both models accurately described the decay functions of the residue with 

vetch having a higher decay rate than cereal rye. Chen and Weil (2011) reported little to no residue 

left in the spring from a fall-planted forage radish cover crop (Raphanus sativus var. longipinnatus 

cv. Daikon), and this treatment saw the most variability in water tension the following summer—an 

effect they attributed to the lack of residue and thus uninterrupted infiltration and evaporation. 

Residual fertilizer nitrogen from the fall also increases spring service crop N-content (Clark et al. 

2007b), and thus may reduce the persistence of service crop residues. 

Some have proposed that the architectural properties of residues will also impact microbial 

decomposition (Ruderfer 2003), and by extension, persistence. To this end, Halde and Entz (2016) 

also report a fast decomposition rate for oilseed radish (R. sativus L.), but argue that C:N ratios did 

not provide a satisfactory explanation of this. Their research suggests that the high surface area of 

forage radish residue makes it more favourable for microbial decomposition, and this may have a 

greater part to play in its decomposition rate than the C:N ratio. Their work also touches on 

another management factor affecting decomposition rate, that of the initial application rate of the 

residue. Halde and Entz (2016) saw that in one year, a larger initial application rate increased the 

decomposition rate; but in another year it decreased the decomposition rate. They theorize that 

increasing mulch application rates should decrease the rate of decomposition since the residue is 

more exposed to photodegradation and provides a better microenvironment for microbes at lower 

application rates; the work of Steiner et al. (1999) and Stroo et al. (1989) corroborate this theory. 

On the contrary, Wagner-Riddle et al. (1996) and Teasdale and Mohler (2000) found that mulch 

application rate had a positive linear relationship with mulch decomposition rate. Consequently, 

there appears to be a lack of consensus on the impact of initial mulching rates on persistence.  
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Service crop planting date, and by extension its growing period before winter sets in, is a 

major management factor determining biomass production. Many service crops are highly sensitive 

to growing degree day accumulation and produce the most biomass with early planting (Teasdale 

et al. 2004). Delaying planting by several weeks can result in significant reductions in biomass and 

ground cover (Lawson et al. 2015). In many northern temperate regions, service crops planted 

after corn or soybeans (October or later) have not been found to produce substantial biomass, 

facing such a small window of growth before the first frost (Blanco-Canqui et al. 2017).  

In response to this, some have begun relay-cropping service crops to allow for a longer 

period of growth. In Iowa, Kaspar et al. (2001) overseeded oats and cereal rye into corn in August 

which left 367 and 818 kg ha-1 of biomass, respectively, for the following spring; this was the most 

biomass produced in the three years of their study and the only year where they saw significant 

improvements in infiltration rates from the service crops. In southwestern Ontario, Ball Coelho et al. 

(2005) reported greater soil water storage under a cereal rye service crop than no service crop 

when it was broadcasted into corn between July and August and terminated two weeks prior to 

corn planting the following spring. The difference appeared in low-rainfall years and was particularly 

apparent in no-till; therefore, they attributed it to the capacity of the residue to act as a mulch and 

reduce soil water evaporative loss. They also saw a yield boost in corn in seven out of eight years 

with cereal rye.   

Service crops grown after wheat in a corn–soy–wheat rotation have several months of 

growth potential and, in principle, can produce more biomass and more recalcitrant residue. In 

Pennsylvania, Mirsky et al. (2011) saw a 65% increase in fall biomass production when their service 

crops were planted in late-August as opposed to mid-October. At the same location, Murrell et al. 

(2017) planted cereal rye (cv. Aroostook), oat (cv. Jerry), winter canola (Brassica napus L. cv. 

Wichita), forage radish (cv. Tillage Radish), and red clover (Trifolium pratense L.) service crops after 

wheat and found that they produced nearly ten times the amount of fall biomass than when they 
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were planted after corn. Canola and red clover—two of the four overwintering service crops—had 

better survival and spring regrowth when planted after wheat than after corn, but cereal rye spring 

biomass was the same. Bodner et al. (2014) planted their service crops after wheat in late July and 

achieved 2,033.3 kg ha-1 of biomass from a buckwheat (Fagopyrum esculentum L.) service crop in 

Austria.  

When the service crop is terminated determines biomass production along with C:N ratios, 

and thus mulch persistence. As a plant reaches maturity, plant nutrients are directed toward the 

reproductive sinks, and the resulting high C:N ratio in the stalk and stem make it more recalcitrant 

(Alonso-Ayuso et al. 2014). In the fall when service crops are interseeded or planted after corn or 

soybeans, they are not likely to reach physiological maturity; the biomass produced is more 

susceptible to decomposition. Conversely, in the spring a tradeoff is necessarily made between 

service crop maturity, biomass, and when to plant the subsequent production crop. Early-

terminated service crops run the risk of producing minimal amounts of immature biomass that can 

be lost quickly due to lower C:N ratios (Halde and Entz 2016; Munawar et al. 1990). On the other 

hand, late-terminated service crops may cause early-season water stress for the production crop, 

resulting in delayed development (Krueger et al. 2011) and potential yield losses (Raimbult et al. 

1991).  

According to Munawar et al. (1990), a late-terminated rye service crop reduced corn yields 

in Kentucky compared to an early-terminated service crop in two years when rainfall was lower. 

But during a wetter year, where water was not as limiting, there were no significant differences in 

corn yield between the termination dates. In Minnesota, Krueger et al. (2011) too found that a late-

terminated service crop depleted soil moisture and delayed corn development. On the flip side, 

Clark et al. (1997) concluded from their study that when corn in Maryland was planted later (mid-

May), corn grain yields were not adversely affected by a later service crop termination date; 

instead, the late termination date allowed for greater biomass production which resulted in more 
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moisture conservation for the production crop. Similarly, a late-terminated winter wheat service 

crop produced more biomass, and consequently retained more soil water than when it was 

terminated 3 to 4 weeks earlier in Indiana (Stipešević and Kladivko 2005). When spring rains were 

minimal however, there was more soil water under the early-terminated service crop since 

transpiration had stopped. In some cases, allowing a service crop to grow and continue transpiring 

soil water may be preferred if wet soils prevent a farmer from being able to work their field 

(Kahimba et al. 2008; Qi and Helmers 2010). These studies collectively demonstrate that one must 

assess the regional risk of early season water deficit to determine when the service crop should be 

terminated (Unger and Vigil 1998). 

The pursuit of high C:N, recalcitrant biomass for a persistent mulch can reduce production 

crop yields in other ways. Late-terminated service crops can result in nitrogen immobilization and 

deficiency for the production crop (Clark et al. 1997; Krueger et al. 2011; Vyn et al. 2000). Grasses 

such as cereal rye and oat are frequently associated with yield losses in corn (Johnson et al. 1998) 

and soybeans (Hively and Cox 2001), respectively. In the case of cereal rye, the C:N ratio may be 

kept sufficiently low to allow for net-mineralization so long as the service crop is terminated before 

entering the reproductive growth phase (Lawson et al. 2015). With service crops like vetch, the 

issue is not primarily nitrogen immobilization, but delayed planting of the production crop. The 

termination of a vetch service crop is naturally restricted by its phenology since termination is most 

effective at the full bloom stage; unlike rye, the final N-content of the vetch is still high enough to 

supply the N-requirements of the coming production crop (Teasdale et al. 2004). Alonso-Ayuso et 

al. (2014) have proposed that a later termination date may still optimize service crop N-release for 

the production crop by preventing early-season nitrogen mineralization which could be lost. 

However, the timing of N-release is difficult to manage on its own without the added challenge of 

creating a persistent mulch, preventing early-season water deficit, and timely planting of the 

production crop. 
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Although higher amounts of service crop biomass are generally desired for reducing 

evaporative water loss, there can be challenges associated with too much residue and soil 

coverage. High residue amounts can challenge effective operation of planters  (Beach et al. 2018), 

interfering with seed-soil contact, and so reducing crop populations (Ball Coelho et al. 2005). Since 

residues retain soil water and moderate soil temperatures, crop yields under no-till are often 

depressed with high residue levels (Drury et al. 1999; Vyn et al. 1998). This effect may be negated 

in hot and dry seasons because of the greater capacity for no-till systems to conserve and supply 

water to the following crop (Ball Coelho et al. 2005; Gaudin et al. 2015). But even under hot-dry 

conditions the water conservation potential of service crop residue may decrease significantly upon 

canopy closure (Hatfield et al. 2001) since reduced windspeed results in an exponential drop in 

vapor diffusion (Fuchs and Hadas 2011; Hanks and Woodruff 1958).  

 

1.2.2. Management to Enhance Soil Priming Effect of Service Crop Roots.  

Certain service crop species are better suited for soil priming than others. For example, 

Bodner et al. (2014) grew twelve plant species used as service crops and explored their rooting 

patterns in relation to soil pore size distribution and water retention. They observed that, as root 

volume density increased to a maximum of 0.004 cm3 cm-3, there was a corresponding logarithmic 

increase in saturated water content (θs) to a maximum of 0.46 cm3 cm-3. Coarse-rooted species 

such as common vetch (V. sativa L.) or grass pea (Lathyrus sativus L.) increased soil 

macroporosity and θs while fine-rooted species such as cereal rye and flax (Linium usitatissimum 

L.) improved the heterogenization of pore size distribution but did not greatly affect θs.  

Perennial forage crops and their priming effects in rotation with other crops has been well 

researched. Perkons et al. (2014) examined the roots of winter barley and winter oilseed rape 

following two years of a perennial chicory pre-crop (Chichorium intybus L. cv. Puna). They saw a 

significant increase in the number of biopores >5 mm between 45 to 65 cm compared to an oat–
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tall fescue (Festuca arundinacea Schreb.) pre-crop, and both barley and winter oilseed rape (B. 

napus L.) had developed a significantly deeper root system by anthesis after chicory than after oat–

fescue. Han et al. (2016) found that, compared to the oat–fescue pre-crop, chicory increased the 

diameter and decreased the density of barley roots in the A-horizon, thus demonstrating a growth 

habit that would explore deeper soil. They concluded that a deeper root system—as was found 

after chicory—may confer drought resiliency by increasing access to subsoil water. 

Two years of an alfalfa (lucerne) pre-crop significantly increased the amount of water 

extracted by spring wheat at the 90 to 105cm depth compared to chicory and fescue pre-crops 

(Gaiser et al. 2012). Water also remained plant available for wheat well into August while the 

chicory and fescue treatments had already dried out by the start of August or earlier. Wheat yields 

were not significantly different but tended to be greater after alfalfa compared to the others. 

Dicotyledonous plants—particularly tap-rooted perennials—are generally thought to more 

effectively penetrate through compacted soil horizons than monocots (Kautz 2014). 

In their review of biodrilling, Cresswell and Kirkegaard (1995) concluded that perennial 

legumes such as alfalfa and some Lupins (Lupinus spp.) are more likely to produce measurable 

improvements in the subsoil environment of compacted soils than annuals such as canola. Service 

crops with persistent, deeper root activity in the soil seem to have greater effects on subsoils. 

Yunusa and Newton (2003) identified several characteristics of optimal primer plants, one of which 

is perenniality. It should be noted however that the relative effect of alfalfa and other tap-rooted 

perennials on soil structure and porosity is confounded by the nature of their root systems which 

are coarser than annuals like canola (Bodner et al. 2014).  

In spite of the fact that perennial legumes are better candidates for soil priming than annual 

brassicas, annual brassicas have been observed to successfully form biopores that a subsequent 

production crop can exploit, so improving yield by improving access to soil water. Using a 

minirhizotron, Williams and Weil (2004) studied the root growth of a soybean crop following 
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September-planted forage radish, oilseed radish, and canola (B. rapa L.) service crops. Service 

crop roots were observed creating new root channels in the soil from April through to termination in 

late May, and soybean roots were seen colonizing these same channels throughout the rest of the 

summer. Soybeans following forage radish yielded significantly greater than a control, but only at 

the dryer of the two study sites. The authors explained that, with the water limitation, soybean 

roots would have used the open biopores as an economical path to deeper soil water, but this 

would not have been necessary where water was replete.  

Similarly, Chen and Weil (2011) discovered that forage radish and rapeseed increased corn 

root growth compared to a no–service crop control, though compaction changed the nature of the 

increase. When soil was highly compacted, forage radish and rapeseed produced the largest 

increase in corn root growth, and the increase tended to occur deeper in the soil (>20 cm). In 

contrast, when no compaction was applied, corn after rye saw the greatest increase in corn root 

growth, the increase occurring between 20 to 30 cm in year one, and between 15 to 40 cm in year 

two. Across compaction treatments, corn yield was significantly greater following a service crop 

than not, but there were no significant differences in corn yield between service crops. The authors 

attributed the yield increase to improved crop water supply, likely due to both increased access to 

deep soil water following forage radish and rapeseed and increased retention of soil water under 

the mulch layer provided by the cereal rye.  

Finally, not all service crop root systems will respond similarly to climatic variability (i.e. 

drought, excessive rainfall). Root growth plasticity should thus be considered since a service crop 

that cannot adapt to variable weather is less likely to produce a priming effect (Bodner et al. 2010). 

Bodner et al. (2010) identified that cereal rye showed little change in the intensity of its rooting near 

the soil surface, while vetch and mustard made substantial increases in their rooting depth during 

dry years. This differential root growth response to the water status of soils or other weather 



 

20 
 

patterns has not received much attention in the context of service crops and soil priming but would 

appear to be essential for ensuring that soil priming is successful. 

 

1.2.3. Management of Service Crops to Enhance Earthworm Benefits. 

Service crop management can increase or reduce earthworm populations. In south-eastern 

Australia, Mele and Carter (1999) used several wheat residue management practices (mulching, 

standing, burning, and incorporating) to assess impacts on earthworms. They found significantly 

greater earthworm numbers under the mulched treatment as opposed to wheat residue left 

standing or burnt, with incorporation resulting in a dramatic loss of earthworms. When they varied 

the amount of wheat residue left on the soil surface from 0 to 10 Mg ha-1, they did not detect 

changes in earthworm density. With the addition of 2 Mg ha-1 however, they reported a four-fold 

increase in earthworm biomass from that receiving no residue. Hence, residue application rates are 

not the sole determinant of earthworm abundance.  

All other things being equal, the nutrient quality of residues has greater influence on 

earthworm abundance and biomass than the quantity of organic material added. Roarty et al. 

(2017) compared earthworm populations under several service crops and found them to be 

highest under peas, despite the fact that peas produced the least aboveground biomass. van 

Eekeren et al. (2009) reported the same phenomenon from an earthworm study in pastures. They 

found that a clover pasture supported higher earthworm populations and biomass than a 

grass/clover mix, followed by a grass pasture that received N-fertilizer, followed by an unfertilized 

grass pasture. These two studies also suggest that earthworms can respond to changes in the 

nutrient profiles of plants, since populations increased under fertilized grass species which were 

well-suited for nitrogen scavenging. 

 Valckx et al. (2011) explored earthworm eating preferences between several service crop 

residues: Italian ryegrass (Lolium lumtiflorum Lam.), lacy phacelia (P. tanacetifolia Benth.), oats, 
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yellow mustard (S. alba L.), and rapeseed (B. napus L.). In the lab, ryegrass residue—while having 

the highest C:N ratio—was significantly preferred to the other four, oats and phacelia being the 

least preferred. In the field, oat residues were the least preferred food substrate and habitat, most 

likely due to allelopathic compounds. Earthworms did not appear to be sensitive to allelopathy from 

mustard or rapeseed despite the fact that these contain glucosinolates. Roarty et al. (2017) 

reported that earthworm abundance and biomass tended to be larger under an oat service crop 

than mustard or ryegrass but concluded along with Valckx et al. (2011) that earthworms under 

mustard did not suffer from allelopathy.  

 

1.3. Using Service Crop Polycultures to Increase Crop Water Supply.  

Many of the individual service crop species explored above can contribute to the goal of 

improving crop water supply, but each also appear to have limitations. For example, cereal rye 

residue makes for an effective, persistent mulch because of its moderately high surface area and 

C:N ratio (Daigh et al. 2014; Ruffo and Bollero 2003; Teasdale and Mohler 2000; Wagner-Riddle et 

al. 1996). However, cereal rye biomass production is inconsistent across seasons (Figure 1.2) 

(Bodner et al. 2010; Krueger et al. 2011; Lawson et al. 2015), its root growth is not as likely as 

other species to prime the soil for increased access to deep soil water and nutrients (Bodner et al. 

2014), and risk of early-season nitrogen immobilization (Clark et al. 1997; Vyn et al. 2000) forces an 

earlier termination date resulting in reduced biomass production. Forage radish is comparatively 

effective at producing macropores in the subsoil (Chen and Weil 2009; 2011), but its aboveground 

biomass is not persistent (Halde and Entz 2016). As a final example, if established well, hairy vetch 

shows signs of drought resiliency (Bodner et al. 2010), along with consistent biomass production 

(Clark et al. 1997); but its biomass decomposes more rapidly than grasses (Ruffo and Bollero 

2003), its roots are less effective at biodrilling (Burr-Hersey et al. 2017), and it necessitates a later 

termination date, thus delaying planting of the coming production crop (Teasdale et al. 2004). 
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 An important question is whether service crop polycultures can increase crop water supply 

compared to monocultures by pooling the functional traits of the component species. Several 

studies have compared the ecosystem services provided by service crop polycultures and 

monocultures; some have concluded that certain services are increased when species are 

combined (Finney and Kaye 2017; Finney et al. 2016; Miguez and Bollero 2005); for other services 

there is a decrease or no change (Nielsen et al. 2015). Cases where service crop monocultures do 

not improve crop water supply are frequently associated with insufficient biomass production 

(Appelgate et al. 2017; Daigh et al. 2014; Krueger et al. 2011; Marshall et al. 2016). If service crop 

polycultures can reliably produce more biomass compared to monocultures, this could increase 

the probability of improving crop water supply. 

 Wortman et al. (2012a) and Tribouillois et al. (2016) found land equivalent ratios greater 

than one for some service crop mixtures they had planted, meaning that biomass production of the 

mixture was greater than using the same land area to grow the component species in 

monoculture. Cases of transgressive overyielding—where a mixture produces more biomass than 

the most productive monoculture—are limited (Cardinale et al. 2011; Trenbath 1974) and have not 

yet been found in studies on service crop mixtures (Finney et al. 2016; Smith et al. 2014).  

A related question is whether polycultures have greater yield stability than monocultures. 

Comparisons are often made to grassland systems and how species diversity—particularly in the 

form of functional diversity—increases resiliency (Tilman and Downing 1994). It is worth considering 

that stability in biomass production with service crop polycultures may never rival that in grassland 

ecosystems because annual service crop polycultures are not subject to the same environment-

driven selection pressure that leads to a more stable polyculture over time (Russell and Bisinger 

2015). Despite this caveat, Lawson et al. (2015) reported that a vetch/rye mix was more consistent 

in biomass production over a six-year period than rye alone. Murrell et al. (2017) found that the 

winter survival of Austrian winter pea (Pisum sativum) improved when it was grown in polyculture 
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rather than monoculture. Tribouillois et al. (2016) found that legume/non–legume bicultures were 

more adaptive to soils with low nitrogen availability than their sole-cropped equivalents and so 

optimized service crop growth.  

Other studies, however, have failed to demonstrate that polycultures contribute to greater 

service crop yield stability (Smith et al. 2014; Wortman et al. 2012a). It may be that polycultures 

can provide more consistent yields if species selections are made to account for environmental 

variability (Tribouillois et al. 2016). A mix containing cereal rye may have more successful fall 

establishment than a mix or a monoculture without rye simply because it can germinate and grow 

at lower temperatures (Murrell et al. 2017); and a mix containing vetch may produce more biomass 

than a non-vetch mix or monoculture under drought conditions (Bodner et al. 2010).  

 Service crop polycultures may also impact crop water supply by changing ground cover 

and residue quality compared to monocultures. Lawson et al. (2015) reported that, when planted 

in mid-September, a cereal rye/vetch polyculture provided significantly greater spring ground cover 

(68%, averaged for two seeding rates) than rye and vetch monocultures (50 and 47%, 

respectively). But others have not observed significantly greater ground cover compared to 

monocultures (Brust et al. 2014). As it pertains to residue quality, Tribouillois et al. (2016) found 

that grass/legume bicultures had C:N ratios between those of grass and legume sole crops, and 

Villamil et al. (2006) found that a rye/vetch biculture had a more moderate decomposition rate. 

Poffenbarger et al. (2015a) demonstrated that increasing proportions of legumes in service crop 

mixes will increase the rate of decomposition.  

A good example of the interplay between initial biomass, C:N ratio, and crop water supply 

comes from the two-part study by Clark et al. (2007a; 2007b) where  vetch, cereal rye, and a 

rye/vetch mix were planted in the fall after grain corn harvest. In the spring, at both an early and 

late termination date using a grass-selective herbicide, the mixture had a significantly lower C:N 

ratio (13 and 17) than the rye monoculture (28 and 57) (Clark et al. 2007b), but the later termination 
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date produced substantially more biomass and so was responsible for greater soil water storage 

during the summer months for both the rye service crop and the rye-vetch mix (Clark et al. 2007a). 

Thus, the late-terminated grass/legume biculture was able to produce sufficient biomass to 

conserve soil water while also alleviating some of the N-deficiency caused by the late-terminated 

rye cover (Clark et al. 2007a), 

 Service crop polycultures may also alter the soil environment. Dicotyledonous service crops 

are valued for their ability to reduce subsoil compaction and improve soil porosity (Bodner et al. 

2014; Chen and Weil 2009; 2011; Cresswell and Kirkegaard 1995; Kautz 2014), but as a 

monoculture, residue persistence and thus the mulch effect is sub-optimal (Chen and Weil 2011; 

Halde and Entz 2016; Teasdale and Mohler 2000). In mixture with a grass service crop however, 

the combined benefits of deep rooting and persistent mulch may be realized. Williams and Weil 

(2004) found that, in a dry year, soybeans following a forage radish/cereal rye mixture yielded 

significantly greater than a rye service crop or no service crop. They attributed this difference to 

increased crop water supply due to the biodrilling effect of the forage radish combined with the 

mulch effect from the rye residue. However, at a wetter field site where moisture was replete these 

benefits were not seen. Chen and Weil (2011) proposed that a mix of cereal rye and forage radish 

or rapeseed could optimize the residue benefits of the mulch with the biodrilling effects of the 

brassica crops. Bodner et al. (2014) grew a cereal rye/crimson clover/hairy vetch mixture after 

wheat and found comparable improvements in soil physical properties with other coarsely rooted 

service crops.  

Service crop polycultures may also enhance associated soil fauna benefits. Grass/legume 

bicultures can support larger populations of earthworms than grass monocultures. In Ireland and 

Britain, Schmidt et al. (2001) discovered larger earthworm populations under wheat–legume 

intercrops than wheat monocultures. Comparing between a no-till wheat and a no-till wheat/clover 

intercrop, there was a greater than two-fold increase in earthworm individuals and biomass 
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(Schmidt et al. 2003); they attributed this difference to an increase in high-quality, available food 

resources from the clover biomass. van Eekeren et al. (2009) also found a higher number of 

earthworm burrows in a grass/clover forage at 20 cm below the soil surface than a grass-only 

forage. Presuming that these earthworms affected soil physical properties, it is likely that soil 

porosity, water-holding capacity, organic matter, and aggregate stability were also more greatly 

improved under the polyculture compared to the grass monoculture. Curiously, Roarty et al. (2017) 

did not find a significant difference in earthworm populations under pea, oat, and cereal rye service 

crops, despite differences in residue quality. Mean earthworm abundance in a pea/cereal mix was 

less than the three service crops grown in monoculture, and was significantly less than the pea 

service crop (Roarty et al. 2017). Theirs is the most recent and extensive study of service crop 

associations with soil macrofauna.   

By combining the functional traits of plant species considered in this review, an ideal 

service crop polyculture for increased crop water supply would most likely consist of a cereal, a 

legume, and a plant with an aggressive taproot. The cereal would provide a persistent mulch with 

relatively high surface cover; the legume would moderate the C:N ratio of the cereal, thus buffering 

against early-season N-deficiency for the production crop, and would encourage soil faunal 

activity; and the taproot would improve soil porosity, reduce subsoil compaction, and so increase 

water access and availability for the subsequent production crop (Kaye and Quemada 2017). 

Additionally, grass/legume/taproot mixtures at least show superficial complementarity in their 

rooting patterns, making them likely candidates to be grown in mixture (Burr-Hersey et al. 2017). 

To our knowledge, a three-way mix such as this has not yet been evaluated for its potential to 

maximize crop water supply, though some have come close (Bodner et al. 2014; Chen and Weil 

2011), and some experiments are said to be underway (Kaye and Quemada 2017).  

Although it is simple enough to propose such a polyculture to enhance crop water supply, 

achieving the desired polyculture composition may be a challenge. Seed size, temperature, and 
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water availability all interact such that the desired species representation, and thereby adequate 

service provision, can be difficult to achieve. What Murrell et al. (2017) discovered was that, to 

achieve a diverse, winter-hardy polyculture for optimal spring regrowth, early planting—after wheat 

as opposed to after corn—is required: mixtures planted after wheat had more time for the 

constituent species to establish before entering dormancy, and so improved spring regrowth and 

representation within the mix. 

 

1.4. Summary and Conclusions 

 It may be that by abandoning the language of “cover crops”—as though they merely cover 

the soil—the art and intentionality of interseasonal agroecosystem management can be recovered. 

The ecosystem services supplied by service crops will only be appreciated so long as service 

crops are appropriately managed. If service crops are being planted to improve water supply to the 

subsequent production crop, methods of reducing evaporative loss, increasing soil water storage, 

storage capacity, and improving crop root growth must be collectively addressed. Polycultures, by 

virtue of having greater multifunctionality, hold the most promise for addressing these water-based 

constraints to crop production. But for service crop polycultures to do this successfully, 

environmental constraints, appropriate species selection, species representation within the 

polyculture, planting and termination dates, and fertility management must all be considered in 

consort. Where they are not, at best there will be no difference in crop yields and at worst yields 

will be reduced. Undoubtedly this reality sits at the heart of the low service crop acreage in North 

America.  

Most of the studies considered in this review did not have as an objective the quantification 

of the service crop–crop water supply–crop yield relationship. Among those that did, only one 

reported an improvement in crop yield due to increased water supply generated by a service crop. 

We maintain that the lack of evidence of service crop improvements in water supply does not 
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indicate an inherent incapacity of service crops to improve crop yields through improved water 

supply, but instead suggests that optimizing service crop management is crucial if improvements in 

crop water supply are to be realized.  

 The time scale on which this service is appreciated is not well-understood. There is 

sufficient evidence to accept that after several years of planting service crops agroecosystems 

become more resilient to water deficits. But because the proposed three-way service crop 

polyculture has not yet been evaluated for its potential to maximize crop water supply, it is not 

clear whether water supply and crop yields can be reliably improved after only one year of use. We 

recommend that this be studied methodically and over several years. First, improved service crop 

plant cultivars for maximal service provisioning need to be identified and bred. Stable biomass 

production and aggressive root growth are essential traits in this respect and can be efficiently 

studied in controlled environments before bringing them to the field. Second, after the most 

appropriate component species are selected, species representation within the mixture must be 

established. There is little evidence in the literature to suggest that the seeding rates of polycultures 

being planted optimize the services being studied. Finally, field studies that monitor water 

dynamics and soil physical properties over the course of subsequent production crop growing 

seasons are necessary since ecosystem services such as improved infiltration or biopore formation 

may be more readily observed at some times over others. 
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Table 1.1. Measurement techniques used for indirect estimation of root-soil interactions in service crop research. 

Study Service Crop(s) Measurements Service crop  
effect* (+/-/nc) 

Chen et al. (2014) Brassica napus cv. ‘Essex’ 
Raphanus sativus var. 
longipinnatus cv. ‘Daikon’ 
Secale cereal cv. ‘Wheeler’ 

Air permeability + 

Steele et al. (2012) Secale cereale Air permeability + 
    
Blanco-Canqui et al. (2011) Crotalaria juncea 

Glycine max 
Vicia villosa 

Bulk density (ρb), Proctor - 

Chen and Weil (2011) Brassica napus cv. ‘Essex’ 
Raphanus sativus var. 
longipinnatus cv. ‘Daikon’ 
Secale cereal cv. ‘Wheeler’ 

ρb nc 

Chen et al. (2014)  ρb nc 
Haruna et al. (2018) Secale cereale ρb nc 
Patrick et al. (1957) Vicia sativa 

Vicia villosa 
ρb - 

Rorick and Kladivko (2017) Secale cereale ρb nc 
Steele et al. (2012)  ρb - 
Villamil et al. (2006) Vicia villosa 

Secale cereale 
ρb - 

Wagger and Denton (1989) Triticum aestivum 
Vicia villosa 

ρb nc 

    
Blanco-Canqui et al. (2011)  Penetration resistance (cone penetrometer) nc 
Chen and Weil (2011)  Penetration resistance (cone penetrometer) nc 
Chen et al. (2014)  Penetration resistance (cone penetrometer) nc 
Folorunso et al. (1992) Avena sativa 

Vicia sativa 
Penetration resistance (micropenetrometer) - 
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Marshall et al. (2016) Secale cereale Penetration resistance (cone penetrometer) - 
Villamil et al. (2006)  Penetration resistance (cone penetrometer) - 
    
Ball Coelho et al. (2005) Secale cereale Water retention + 
Chen et al. (2014)  Water retention nc 
Haruna et al. (2018)  Water retention nc 
Lal et al. (1979) 
 

Brachiaria ruziziensis 
Centrosema pubescens 
Cynodon nlemfuensis 
Paspalum notatum  
Psophocarpus palustris 
Pueraria phaseoloides 
Stizolobium deeringianum 
Stylosanthes guianensis 

In situ field capacity + 
Water retention + 

Patrick et al. (1957)  Water retention + 
Rorick and Kladivko (2017)  Water retention nc 
Villamil et al. (2006)  Water retention + 
    
Bodner et al. (2013) Secale cereale 

Sinapis alba 
Pore size distribution (PSD) via infiltration (Kosugi 
1996) 

+ 

Carof et al. (2007) 
 

Festuca rubra 
Lotus corniculatus 
Medicago sativa 

Mean pore radius (Philip 1969) +/- 
Resin-impregnated image analysis (Ringrose-
Voase, 1996)   

- 

Haruna et al. (2018)  PSD via capillary rise (Jury et al. 1991) + 
Villamil et al. (2006)  PSD via water desorption (Carter and Ball 1993) + 
Wagger and Denton (1989)  PSD via water desorption (Cassel 1974) nc 
    
Chen et al. (2014)  Least-limiting water range + 
    
Blanco-Canqui et al. (2011)  Constant head saturated hydraulic conductivity 

(Ksat) 
nc 

 Double-ring infiltration + 
Bodner et al. (2013)  Tension infiltration nc 
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Carof et al. (2007)  Disc infiltration +/- 
Folorunso et al. (1992)  Simulated rainfall infiltration (Prichard et al. 1989) + 
Haruna et al. (2018)  Constant/falling head Ksat nc 
  Single-ring infiltration + 
Kahimba et al. (2008) Trifolium alexandrium Infiltration (neutron moisture meter; time domain 

reflectometry) 
+ 

Kaspar et al. (2001) Avena sativa 
Secale cereale 

Simulated rainfall infiltration (Meyer and Harmon 
1979) 

+ 

Lal et al. (1979)  Double-ring infiltration + 
McVay et al. (1989) Pisum sativum var. arvense 

Trifolium alexandrium 
Trifolium incarnatum 
Triticum aestivum 
Vicia villosa 

Sprinkle infiltration (Miller 1987) + 

Steele et al. (2012)  Marriot infiltration + 
Villamil et al. (2006)  Constant head Ksat nc 
Wagger and Denton (1989)  Constant head Ksat nc 
    
Blanco-Canqui et al. (2011)  Organic carbon + 
McVay et al. (1989)  Organic carbon + 
Patrick et al. (1957)  Organic carbon + 
Rorick and Kladivko (2017)  Organic carbon nc 
Sainju et al. (2003) Secale cereale 

Trifolium incarnatum 
Vicia villosa 

Organic carbon + 

Steele et al. (2012)  Organic carbon + 
Villamil et al. (2006)  Organic carbon + 
    
Ball Coelho et al. (2005)  Wet and dry aggregate stability + 
Blanco-Canqui et al. (2011)  Wet aggregate stability + 
Linsler et al. (2016) Sinapis alba 

Phacelia tanacetifolia 
Raphanus sativus var. 

Wet aggregate stability (aggregate fractionation, 
Cambardella and Elliott 1993; Jacobs et al. 2009) 

+ 
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Oleiformis 
Trifolium alexandrium 

Liu et al. (2005) Hordeum vulgare cv. ‘Virden’ 
Lolium multiflorum cv. 
‘Aubade’ 
Secale cereale cv. ‘Danko’ 

Wet aggregate stability + 

McVay et al. (1989)  Wet aggregate stability (Kemper and Rosenau 
1986) 

+ 

Patrick et al. (1957)  Wet aggregate stability + 
Rorick and Kladivko (2017)  Wet aggregate stability + 
Sainju et al. (2003)  Dry aggregate size distribution (Mendes et al. 

1999; Schutter and Dick 2002) 
+/- 

Steele et al. (2012)  Wet aggregate stability + 
Villamil et al. (2006)  Wet aggregate stability + 
    

Note: Where a study is listed more than once the species names are not repeated.  

*“+” or “-“ symbols refer to the direction of change in the measured soil parameter; nc, no change.
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Table 1.2. Residue physical properties obtained from various studies. 

Species 
Residue  
(Mg ha-1) 

Achieved 
Ground  

Cover (%) 
Thickness  

(cm) 

Application Rate for 
100% Ground Cover  

(Mg ha-1) 
Am*  

(m2 kg-1) 
      
Greb (1967)      

Winter Wheat — — — 3.6  2.74 
Spring Barley — — — 2.3  4.27 
Spring Oats — — — 3.6  2.77 
Millet  — — — 8.1  1.23 
Sudangrass — — — 6.8  1.48 
Grain sorghum — — — 16.4  0.61 

      
Unger and Parker 
(1976) 

     

Winter Wheat 8 100 2.9 — — 
Grain Sorghum 4 66 1.0 — — 

 8 90 1.9 — — 
 16 98 3.1 — — 
 32 100 4.5 — — 

Cotton 4 8 0.5 — — 
 8 37 1.1 — — 
 16 80 1.4 — — 
 32 99 3.4 — — 
      
Gregory (1982)      

Winter Wheat 4.148 — — — 4.8 
Sunflower 2.011 28 — — 2.0 
Corn 3.462 57 — — 3.2 
Soybean 1.549–2.818 53–85 — — 4-7 

      
Wagner-Riddle et 
al. (1996) 

     

Cereal Rye — — — — 5.5 
      
Teasdale and 
Mohler (2000) 

     

Corn — — — — 1.9 
Cereal Rye — — — — 4.2 
Crimson Clover — — — — 5.1 
Hairy Vetch  — — — — 6.9 
Oak Leaves — — — — 10.3 

      
Kaspar et al. 
(2001) 

     

Oats 0.286 79.3 — — — 
Cereal Rye 0.491 83.3 — — — 
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Figure 1.1. Summary of potential service crop impacts on agroecosystem elements that alter the crop water supply–transpirational water 
loss balance. 
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Figure 1.2. Effect of planting and termination dates on cereal rye biomass accumulation. 

Note: ADW, Agricultural Drainage Water Research Site; ISUAG, Iowa State University Agronomy and Agricultural Engineering Research 
Farm; SEPAC, Southeast Purdue Agricultural Center. Cereal rye biomass values are averaged over the duration of the study. 
*Biomass values estimated from figure in published paper. 

Planting date(s) Planting Date Range Grow ing Window Termination Date Range Termination dates T1, T2, and T3, respectively

Study T1 T2 T3

Applegate et al. (2017) Ames, Lewis, Boone, & Sutherland, IA 771 — —
Ball Coelho et al. (2005) Oxford County, ON — — —
Basche et al. (2016) Boone, IA 1,639 — —
Clark et al. (1997) Coastal Plain, MD 1,464 2,402 3,133

Piedmont, MD 1,112 1,576 3,288

Daigh et al. (2014) ADW, IA 136 322 —
ISUAG, IA 1,039 2,207 —
SEPAC, IN 1,378 — —

Krueger et al. (2011) Morris, MN 776 3,303 —
Liebl et al. (1992) Urbana, IL — — —
Munawar et al. (1990) Lexington, KY 1,900 3,460 —
Murrell et al. (2017) After Wheat 3,515* — —

After Corn 3,400* — —
Qi et al. (2008) ADW, IA 620 2,338 —

July Aug. Sept. Oct. Nov.

Rock Springs, PA

Average cereal rye biomass 
(kg ha-1)

Dec. Jan. Feb. Mar. Apr. May June
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2. HYPOTHESIS & OBJECTIVES 

The preceding literature review recommended a systematic approach to studying the 

service crop–crop water supply–crop yield link by first breeding improved service crop cultivars and 

establishing optimal seeding rates for species grown in polyculture. Due to limitations, the present 

study applied the concepts introduced in the literature review to an existing field experiment on a 

collaborator’s farm and looked for evidence of the link between service crops, crop water supply, 

and crop yield. The potential of service crop polycultures to maximize this service relative to 

monocultures was also explored. Thus, the following hypothesis was made: 

 

Hypothesis. 

A service crop polyculture will provide short-term improvements in water supply to a subsequent 

corn crop compared to a monoculture and no service crop, and these improvements will be more 

pronounced under seasonal water deficits, as will be the effect on corn yield. 

 

Objectives. 

i. Determine the effect of a service crop polyculture on mulch production, hydraulic 

conductivity, soil water-holding capacity, and corn root growth, compared to a 

monoculture and no service crop, 

ii. Evaluate the effect of service crop monocultures and polycultures on volumetric water 

content, water potential, and soil temperature under drought, ambient, and irrigated 

conditions throughout the corn growing season, and 

iii. Measure the service crop monoculture and polyculture effect on corn production under 

drought, ambient, and irrigated conditions. 
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3. MATERIALS & METHODS 

3.1. Site Description.  

The experiment was established on two neighbouring fields in the summers of 2016 and 

2017 on the VanArkel farm (42°33'57"N, 82°10'23"W) near Dresden, ON. According to the Kent 

County Soil Survey (AAFC 2000), the polygon is a 60:40 Tavistock-Maplewood soil with complex 

slopes, <50 m in length, at 0.5-2% gradient; at crests there are inclusions of Bennington, but 

otherwise the field is imperfectly to poorly drained, depending on landscape position. It has been in 

a corn–sugar beet (Beta vulgaris subsp. vulgaris)–soybean–winter wheat rotation with strip-tillage 

and service crops for approximately two cycles. 

 

3.2. Experimental Design & Treatments. 

The experiment was set up in a randomized split-plot design with four blocks. Service 

crops were the main plot factor (Table 3.1); each plot was 3.048 m x 30.48 m. During the 

subsequent growing season water availability (WA) treatments were imposed as sub-plot factor to 

simulate corn production following a service crop under differing conditions of water availability. 

Ambient (AM; control), drought (DR), and irrigated (IR) sub-plots, 76 cm x 6.096 m, were randomly 

arranged within each main service crop treatment plot. They were all placed in the fourth of eight 

corn rows planted into each service crop treatment for consistency. Within the row, WA treatments 

were spaced out such that a 6.096 m gap was maintained downslope of the IR treatment, and a 

3.048 m gap maintained downslope of the DR treatment to prevent excess water entering the 

other treatments. 
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Experiment 1,  

2016-2017   
Experiment 2,  

2017-2018 
         

 1sp NSC 4sp   NSC 4sp 1sp 

Bl
oc

k 
1 DR AM AM  

Bl
oc

k 
1 IR IR IR 

IR IR DR  AM AM DR 
AM DR IR  DR DR AM 

         

 1sp 4sp NSC   NSC 4sp 1sp 

Bl
oc

k 
2 IR IR AM  

Bl
oc

k 
2 IR IR DR 

DR AM DR  AM DR AM 
AM DR IR  DR AM IR 

         

 NSC 4sp 1sp   1sp NSC 4sp 

Bl
oc

k 
3 DR AM DR  

Bl
oc

k 
3 DR DR DR 

IR IR IR  IR IR AM 
AM DR AM  AM AM IR 

         

 NSC 1sp 4sp*   1sp 4sp NSC 

Bl
oc

k 
4 DR IR IR  

Bl
oc

k 
4 IR IR IR 

IR DR DR  AM DR AM 
AM AM AM  DR AM DR 

 

Figure 3.1. Experimental design for the two study years at VanArkel Farms (Abbreviations: NSC–No 
service crop, 1sp–One species, 4sp–Four species, AM–Ambient, DR–Drought, IR–Irrigated). 
*4sp in Block for Experiment 1 was excluded due to poor corn establishment. 

 

 

Table 3.1. Service crop treatments and seeding rates. 

Treatment Species Seeding rate (kg ha-1) 

NSC – – 

1sp Secale cereale  28.0 

4sp Secale cereale  
Trifolium incarnatum 
Echinochloa esculenta 
Helianthus annuus 

28.0 
5.6 
0.9 
2.2 

Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
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3.2.1. Drought 

To simulate drought conditions, 63.5 cm x 6.096 m wooden troughs were constructed and 

covered with vapour barrier plastic (Figure 3.2). These were installed on June 17, 2017 and June 

19, 2018 (Table 3.2) by propping them up on wooden pegs, creating a slight slope to encourage 

runoff. Four troughs were used to cover both inter-rows around the treatment row along with the 

next two neighbouring inter-rows to limit lateral surface flow. Stem flow sheets were installed on 

the treatment row on July 27, 2017 using a strip of vapour barrier cut at the spacing of corn plants; 

Parafilm MTM Laboratory Film was used to secure the sheet to the corn plants, creating a seamless 

flow path from the corn plant to the trough. Troughs and stem flow sheets were removed late 

September, after corn reached physiological maturity (~3125 CHUs for P0474/414 varieties) on 

September 23 in 2017, and September 7 in 2018. 

 

3.2.2. Irrigation 

A 5.08 cm x 6.096 m aluminum pipe was attached to a 190 L rain barrel to form an 

irrigation system (Figure 3.3). The aluminum pipe was capped at one end using plastic and a hose 

clamp, and the pipe was perforated by drilling 1 mm holes at 10 cm intervals down the length of 

the pipe. When installed in the field, the pipe was placed 20 cm from the treatment row and was 

leveled using wooden pegs to ensure an equal flow rate across the length of the pipe. When the 

time came to irrigate, the barrel was filled with the appropriate amount of water. A retrofitted, PTO-

powered spray tank was used to fill each barrel; the tractor RPMs were set at the desired speed, 

and a flow rate was calculated using the time it took to fill a pail of known volume. This flow rate 

was then used to calculate the time needed to fill each barrel with the appropriate amount of 

water.  

Monthly average rainfall from 1981-2010 was gathered from the Canadian Climate Normals 

database for Dresden, ON (42°35'00" N, 82°11'00" W), approximately two kilometres from the 
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experimental site. Total precipitation for the May 1-September 30 window was calculated on a 

weekly basis, giving an approximation of 20 mm week-1. Weekly rainfall was calculated from the 

on-site weather station on a Friday (00h:00m) to Thursday (23h:59m) basis, and where rainfall was 

less than 20 mm per week, the difference between the accumulated rainfall and the 20 mm weekly 

average was added to the barrels. (In some cases, if irrigation could not take place within the 

period of calculation, the required irrigation amount was carried over and applied during the next 

period). In 2017, the first irrigation event took place on July 5, once irrigation equipment had been 

installed (Table 3.2). By that point, the month of June was 20 mm behind the 30-year average, and 

so irrigated plots were supplemented with 20 mm of water to account for this. In 2017, irrigation 

took place on July 6 (20.4 mm), July 20 (4.8 mm), July 27 (22.8 mm), August 3 (15.4 mm), August 

10 (14.6 mm), August 24 (12.6 mm), and September 14 (18.8 mm) for a total of 109.4 mm of 

supplemental water. In 2018, June was ahead of the 30-year average, and so the first irrigation 

event took place on July 6, accounting for the lack of rainfall between June 29 and July 5. In both 

years, irrigation continued weekly, as needed, up to corn physiological maturity (~3125 CHUs for 

P0474/414) on September 23 in 2017, and September 7 in 2018. 
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Table 3.2. Experimental timeline. 
Activity Experiment 1 Experiment 2 
 2016 2017 
Manure injection July 24 July 24 
Service crop planting  July 25 July 26 
Service crop height measurements  September 9 September 8 
Volunteer wheat terminated in NSC September 26 September 25 
Service crop biomass harvested (S1) October 24-25 October 19-21 
Strip tillage November 8 November 12 
 2017 2018 
Service crop residue collection (S2) April 13 April 23 
Service crop termination April 22 April 24 
Corn planting April 29 May 1 
Soil sampling May 10 May 17 
Service crop residue collection (S3) June 14-15 June 13 
Sidedress UAN application June 16 June 14 
Drought troughs installed June 17 June 19 
Soil sensors began recording June 22 June 28 
First irrigation event July 5 July 6 
Service crop residue collection (S4) July 25 July 16 
Stem flow sheets installed July 27 July 19 
Vertical root pulling  September 1 September 11 
Accumulated >3125 CHUs (i.e. physiological maturity) September 23 September 7 
Corn harvest October 26-30 October 3-4 
Abbreviations: NSC–no service crop, CHU–Crop heat units, S1-4–sampling times one through four, UAN–
urea ammonium nitrate. 
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  Figure 3.2. Drought trough system showing the troughs covering the four inter-rows surrounding 
the central treatment row (A), a view under the raised troughs (B), the sheets installed in July to 
intercept stem flow (C), and the contrast between wet and dry soil under the trough after a 
rainfall event (D). 

 

A B 

C D 
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  Figure 3.3. Irrigation system showing the barrel placed in the field next to the treatment row (A), 
and an irrigation pipe watering a treatment row (B). 

 

 

3.3. Treatment Establishment & Site Management 

Following winter wheat harvest, on July 24, 2016 and July 24, 2017, 70,000 L ha-1 of liquid 

hog manure (Table 3.3) was injected across the experimental site, in a path perpendicular to the 

planting path of service crops and corn. A Kuhn liquid manure injector was used with disc injectors 

spaced 28 cm apart. Manure samples for nutrient analysis were taken as the tank was being filled 

(two samples in 2016; four in 2017); before filling, the pit had been agitated for approximately one 

hour; analysis was conducted by A&L Canada Laboratories Inc. Service crops (Table 3.1) were 

then no-till drilled with a 3.048 m–wide John Deere seed drill on July 25, 2016 and July 26, 2017 

(Table 3.2). The no–service crop (NSC) control was sprayed with glyphosate September 26, 2016 

and September 25, 2017 to terminate any volunteer wheat plants that were growing. The 

experiment was strip-tilled November 8, 2016 and November12, 2017 with an Orthman 1tRIPr 

strip till unit outfitted with a shank, containment coulters, and rolling basket harrows at 76 cm 

centers, to prepare the seedbed for corn planting. The service crops were terminated on April 22, 

A B 
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2017 with Roundup® (Monsanto) at 0.54 L ha-1 (226.7 g a.e. ha-1) tank-mixed with Eragon® 

(BASF) at 11.6 g a.i. ha-1. In 2018, the service crops were terminated on April 24 with 0.54 L ha-1 

Roundup. 

Pioneer P0474 and P0414 corn (both 104-day corn varieties) were seeded at a target 

population of 74,568 plants ha-1 (30,200 plants acre-1) at 76 cm row spacing on April 29, 2017 and 

May 1, 2018, respectively; no starter fertilizer was applied at planting. A side-dress urea-

ammonium-nitrate (UAN 28-0-0) application was made on June 16, 2017 and June 14, 2018 at 

467.7 L ha-1 (168.2 kg N ha-1). 

 

Table 3.3. Manure analysis in 2016 and 2017. 

Parameter Average Analysis 
Results  

kg L-1 x 103  *Applied Nutrients 
(kg ha-1) 

2016 (n=2)    

Dry Matter 2.7% – – 

Nitrogen (Total) 0.622%  7.45 522.76 

NH4 5319 ppm  6.37 446.70 

Phosphorus (Total) 0.1022%  – – 

P2O5 0.2350%  2.82 197.51 

Potassium (Total) 0.3353%  – – 

K2O 0.4024%  4.82 338.28 

    

2017 (n=4)    

Dry Matter 2.7%  – – 

Nitrogen (Total) 0.427%  5.1 358.7 

NH4 3492 ppm  4.2 293.5 

Phosphorus (Total) 0.1053%  – – 

P2O5 0.2422% 2.9 203.6 

Potassium (Total) 0.3625%  – – 

K2O 0.4350%  5.2 365.4 
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*Based on an application rate of 70,155 L ha-1    

 

3.4. Weather 

Hourly temperature and rainfall were monitored with an ADCON weather station generously 

provided by Weather INnovations Consulting LP. A solar panel–powered radio telemetry unit 

transmitted data every 15 minutes to the WIN server from the anemometer, temperature and 

relative humidity sensors, and pronamic rain gauge with a single-spoon tipping system (0.2 mm 

per tip). Noticeable differences in weather were observed for both the service crop and corn crop 

growing seasons. The fall of 2016 was warmer and wetter than the 30-year average (Figure 3.4), 

as well as the corresponding period in 2017. From July through August 2016—one month before 

and after service crop planting on July 25—there was 321.4 mm of rainfall and the average 

temperature for that period was 23.1°C. In contrast, during the same period in 2017, there was 

only 107.6 mm of rainfall and the average temperature was lower at 20.5°C. The overwintering 

periods were also different: January-March 2017 had average temperatures between -2 and +2°C 

whereas for the same period in 2018 average temperatures ranged from -5 to zero.  

The spring of 2017 was cooler and wetter than in 2018. In the two weeks after planting, 

from April 30 to May 13 2017, the average temperature was 9.4°C and 89.6 mm of rainfall had 

accumulated (Figure 3.5); water ponding was evidenced by soil surface crusting and movement of 

crop residues. Moderate to severe slug damage was observed throughout the field, consistent with 

other province-wide observations (Baute 2017). For the same period in 2018, the average 

temperature was 14.7°C and 45.2 mm of rainfall had accumulated (Figure 3.6). The remaining 

months of the corn crop growing season were substantially warmer in 2018 than in 2017; just over 

3125 CHUs had accumulated by September 23 in 2017 while in 2018 the same mark was reached 

by September 7. Additionally, from April 30 to September 23 2018, 367.2 mm of rainfall had 

accumulated whereas from May 1 to September 7 2018, 339.2 mm had accumulated. In both 
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years, the corn crop experienced several weeks of dry conditions mid-summer, but in 2018 this 

more closely corresponded with corn silking, which was also two weeks ahead of 2017. The heat 

of summer 2018 and dryness of summer 2017 were abnormal given the 30-year average. 

Gibberella ear rot (Gibberella zeae [Schwein.] Petch) was a common issue in the province during 

harvest in 2018 (Rosser and Tenuta 2018), though ear rot was not as severe at the experimental 

site.  
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Figure 3.4. Monthly total rainfall and average temperature from July 2016 through October 2018 in comparison with historical weather 
data gathered from the Canadian Climate Normals database for Dresden, ON (1981-2010).  
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Figure 3.5. Weekly total rainfall and irrigation, and daily average temperature for the 2017 growing season, beginning one month before 
corn planting through to the end of October after harvest, at VanArkel Farms near Dresden, ON. 
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Figure 3.6. Weekly rainfall and irrigation, and daily average temperature for the 2018 growing season, beginning one month before corn 
planting through to the end of October after harvest, at VanArkel Farms near Dresden, ON. 
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3.5. Service Crop and Mulch Measurements.  

3.5.1. Methods 

Service crop height was estimated several weeks after planting (Table 3.2) by taking 6 

measurements along two diagonal transects within a plot, for a total of 12 measurements per plot 

(2016, n=144; 2017, n=144). Service crop fall biomass (S1) was harvested October 24-25, 2016 

and October 19-21, 2017 (Table 3.2) from four 0.5 m2 quadrats per plot by cutting the residue just 

above the soil surface and weighing each quadrat separately (2016, n=48; 2017, n=48); for the 

polyculture treatment, species were sorted and weighed separately for each quadrat.  

Volunteer wheat biomass was not separated from rye biomass in 2016 but was in 2017. 

Thus, in fall 2016 rye biomass is overestimated due to the presence of volunteer wheat, but total 

biomass is accurate. Straw remaining from wheat harvest was not collected in 2016 but was in 

2017; thus biomass plus residue is underestimated in 2016 but is accurate in 2017. Straw was 

collected by hand-raking the remaining residue. Unfortunately, the straw samples from fall 2017 

were discarded and were only weighed along with volunteer wheat regrowth. Thus, in 2017, wheat 

(volunteer wheat plus straw) is either included in the calculations, resulting in an overestimated 

mean for volunteer wheat biomass, or it is left out of the calculations, resulting in an 

underestimated mean. 

Service crop mulch ‘At Planting’ (S2; see Table 3.2) was sampled on April 13, 2017 and 

April 23, 2018 from four 0.5 m2 quadrats per plot by cutting the residue just above the soil surface 

and hand-raking up the remaining stubble (2017, n=48; 2018, n=48). Mulch was collected again 

‘At Sidedress’ (S3) on June 14-15, 2017 and June 13, 2018 (2017, n=48; 2018, n=48), and ‘At 

Silking’ (S4) on July 25, 2017 and July 16, 2018 (2016, n=48; 2017, n=48; see Appendix A for 

further sampling procedures). Biomass and mulch were dried in a forced-air dryer at 80°C for 5 

days and dry weights were recorded. Weights were converted to a per-hectare basis such that: 
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𝐷𝐷𝐷𝐷𝑠𝑠 =
𝐷𝐷𝐷𝐷ℎ𝑎𝑎

10,000𝑚𝑚2 × 0.5𝑚𝑚2 

where DWs is the dry weight of the 0.5 m2 sample and DWha is the dry weight per-hectare 

equivalent. 

At sampling dates S2-S4, percent ground cover and mulch height were estimated for each 

quadrat (percent ground cover and mulch height were not estimated for S2 in 2017). Percent 

ground cover was determined by visually estimating the percentage of visible ground, at 5% 

increments (2017, n=96; 2018, n=144); mulch height was estimated by sticking a ruler through the 

residue to the soil surface (2017, n=96; 2018, n=144). Surface area of the mulch from S2-S4 was 

estimated by running the mulch through a LI-COR LI-3100C area meter (2017, n=144; 2018, 

n=144). Mulch area index (MAI) was calculated as: 

MAI = Ares/0.5m2 

where Ares is the surface area of the mulch. Specific area was calculated as: 

 Am = Ares/DWres 

where DWres is the dry weight of the mulch. 

 

3.5.2. Statistical analysis 

Service crop fall biomass and spring mulch were analyzed in SAS 9.4 using PROC 

GLIMMIX according to a two-year combined, repeated-measures, randomized complete block 

design with multiple sub-samples. The experimental year was treated as a fixed effect and the 

Kenward Rogers adjustment was applied to correct for degrees of freedom. In order to satisfy 

model assumptions of normally distributed errors with a mean of zero and a common variance, a 

lognormal distribution was used; data scale values are reported by back-transforming the analysis 

scale, and standard errors were calculated using the delta method (Bowley 2015). The variance 

components (vc) and compound-symmetric (cs) covariance structures were compared to deal with 
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autocorrelation over the four sampling periods, and to allow for model convergence; vc was 

selected because it lowered the AICC fit statistic. Tukey-Kramer adjusted means comparisons with 

an α=0.05 were made within a slice of the year*sampling time interaction. 

Service crop height, prior to S1, was analyzed in PROC GLIMMIX according to a two-year 

combined analysis, randomized complete block design with multiple sub-samples. The Kenward 

Rogers adjustment was applied to correct for degrees of freedom. A lognormal distribution was 

used to ensure error distribution met model assumptions, and a heterogeneous error structure was 

applied across the service*experiment interaction as this most improved the residual plots and 

minimized the AICC fit statistic. Tukey-Kramer adjusted means comparisons were made to 

investigate differences among treatments at α=0.05. 

At S1, the proportion of cereal rye, crimson clover, Japanese millet, and sunflower in the 

4sp mix were compared between 2016 and 2017. Zero and one values were converted to 0.0001 

and 0.9999, respectively; a beta distribution with a CCLL link was tested, but analysis of residual 

plots revealed that a Gaussian distribution allowed for best fit. The model was set up for a single 

fixed factor (year), randomized complete block with multiple sub-samples. A heterogeneous error 

structure was applied to the sunflower proportions as this lowered the AICC fit statistic. Because 

the biomass sampling procedure changed from 2016 to 2017, and because the straw samples 

were lost from fall 2017, proportions for 2017 were estimated with and without the wheat biomass 

and straw residues. Ninety-five percent confidence intervals were generated for the proportion 

means to determine the degree of overlap between the two possible estimates from 2017 and the 

one from 2016. 

In the spring of 2018, rye regrowth was separated from residue. PROC GLIMMIX was used 

to test differences in rye regrowth between the 1sp and 4sp treatments; random effects were 

structured according to a randomized complete block design with multiple sub-samples. The 
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lognormal distribution was not used since errors were randomly distributed about a mean of zero 

with a common variance.  

Service crop mulch height, ground cover, MAI, and Am from S2-4 were analyzed with 

PROC GLIMMIX according to a repeated measure, randomized complete block design with 

multiple sub-samples, with the experimental year treated as a fixed effect. For ground cover, 

percentages were converted to proportions. For MAI and Am a lognormal distribution was used to 

correct for the fact that errors increased with the mean and to allow for model convergence, 

respectively. The Kenward-Rogers adjustment was applied to all analyses to correct for degrees of 

freedom, and a compound symmetric covariance structure was used in the repeated statement.  

For Am data, there was some heterogeneity shown across the sampling times, but 

heterogeneous covariance structures did not allow for model convergence. The vc covariance 

structure was also tested, but this did not improve the AICC fit statistic; thus, cs was used. Several 

isolated departures (studentized residuals > 3.4) were detected and removed, and this step 

substantially improved model fit. For both MAI and Am, the interaction effects were sliced and 

compared using the Tukey-Kramer adjustment. 

 

3.6. Soil Physical Properties Measurements.  

3.6.1. Water retention  

On May 10, 2017 and May 17, 2018, four soil cores (5 cm diameter x 2.5 cm height) were 

taken from non-trafficked inter-rows in each service crop treatment at the 5-10 cm depth to 

measure changes in soil water retention (2017, n=48; 2018, n=48). Cores were shaved of excess 

soil, and a cheese cloth was attached to the underside of the core using a hose clamp. The 

samples were then placed in a tray and slowly saturated by raising the water level over a period of 

13 and 12 days in 2017 and 2018, respectively. Cores were assumed to be saturated when the 

tops showed a wet sheen. One bar and 15 bar pressure plates were also soaked for several days 
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before being installed in the 5 and 15 bar pressure chamber extractors, respectively. Before taking 

saturated weights, cores were dabbed on a paper towel to remove excess water; once weighed, 

they were placed on the pressure plates in ~0.5 cm of standing water to ensure fluid connection 

between the soil pores and the plate. Cores were assigned randomly to one of three pressure 

chambers and sat at a given pressure for two weeks for samples to equilibrate (three weeks at 15 

bar). Weights were taken at 20, 50, 100, 300, 750 mbar, and 15 bar, after which the cores were 

dried at 105°C for >24 hours and dry soil mass was measured in order to calculate bulk density (ρ).  

In 2017, one of the chambers did not seal at the 750 mb pressure and consequently the 

cores became excessively dry and shrank. These 16 cores were rewetted and returned to the 

pressure chamber for two weeks before moving on to the 15 bar pressure. In 2018, one of the 

chambers did not seal at the 100 mbar pressure and sixteen cores became excessively dry. These 

too were rewetted and returned to the pressure chamber for two weeks before continuing with the 

pressure sequence. 

 

3.6.1.1. Statistical analysis 

From the difference in water weights recorded at each pressure, gravimetric water content 

(u) was calculated as: 

𝑢𝑢 =  
𝑚𝑚𝑤𝑤

𝑚𝑚𝑠𝑠
 

where mw is the water mass and ms is the dry soil mass. Gravimetric water content was then 

converted to volumetric water content (θ) such that: 

𝜃𝜃 = 𝑢𝑢 × 𝜌𝜌 

where ρ is the bulk density of the soil as determined by: 

𝜌𝜌 =
𝑚𝑚𝑠𝑠

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒
 

where vcore is the volume of the soil core (49.09 cm3). 
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Instead of testing measured water contents between service crop treatments at each level 

of applied pressure, a water retention model was selected to allow for statistical comparisons of 

model parameters. Parameter estimates for the water retention curve of each core were calculated 

by non-linear parameter optimization in Excel (Microsoft Office 2016) according to the Van 

Genuchten equation (1980): 

   𝜃𝜃 = 𝜃𝜃𝑐𝑐 + (𝜃𝜃𝑠𝑠−𝜃𝜃𝑟𝑟)
[1+(𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑎𝑎×ℎ)𝑛𝑛](1−1 𝑛𝑛� )      

where θ is the instantaneous volumetric water content, θs is field capacity water content, θr is 

residual water content (effectively, permanent wilting point), h is the pressure head, and both alpha 

and n are curve fitting parameters. An analysis of variance was then performed on the parameter 

estimates in SAS 9.4 using the GLIMMIX procedure according to a randomized complete block 

design with multiple sub-samples. The nobound option and a lognormal distribution were used for 

testing α in order to satisfy model assumptions for error distribution. For n there were two isolated 

departures (studentized residuals > 3.4) that skewed the distribution; these were removed from the 

analysis to improve fit. For θr, parameter optimization did not produce estimates, and so an 

ANOVA was not able to be performed on this parameter. Tukey-Kramer adjusted means 

comparisons were requested when F-tests were significant. 

 

3.6.2. Saturated hydraulic conductivity 

Soil cores for measuring Ksat were collected using the same procedure as described for 

water retention cores except that 5 x 5 cm cores were used (2017, n=48; 2018, n=48). Cores 

were prepared by shaving excess soil, attaching a cheese cloth on the bottom end, and securing 

another 5 x 2.5 cm ring on top of the core with duct tape, elastic bands, and a hose clamp to seal 

the seam. Cores were saturated by placing them in a container and raising the water level 1 cm 

every day. However, in both years, not all cores reached saturation. In 2017, this, in addition to the 
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time needed to take Ksat measurements, exceeded expectations; consequently, many of the cores 

remained in saturated conditions for over three months and the internal pore structure may have 

been compromised by this. In the end, even when full saturation was not achieved, this was noted 

and measurements were taken. In 2018, cores were allowed to saturate for a maximum of three 

weeks, and measurement were taken at this point regardless of whether or not they reached 

saturation. 

Hydraulic conductivity was measured by the falling-head method in place of constant-head 

Ksat since it is more appropriate for smaller pore-sized soils (Jačka et al. 2014). A 9 mm internal 

diameter acrylic tube was pushed through a size-10 rubber stopper to form the standpipe; this 

was fit inside the ring fixed to the top of the soil core, making sure there were no leaks. The core 

and standpipe were set in a glass beaker on top of a piece of window screening, and the beaker 

was filled to overflow. The falling-head tube was then slowly filled with water up to the initial water 

level; time between the initial and final water level was measured as one run. Runs were made for 

each core until three approximately stable run times were measured. Saturated hydraulic 

conductivity was calculated as: 

   𝐾𝐾𝑠𝑠𝑎𝑎𝑠𝑠 = 𝐴𝐴𝑡𝑡𝐿𝐿
𝐴𝐴𝑐𝑐𝑠𝑠

× ln �ℎ𝑝𝑝0
ℎ𝑝𝑝𝑡𝑡
�      

where At is the area of the falling-head tube, Ac is the area of the soil core, L is the length of the soil 

core, t is the time for water to fall between the initial (hp0) and final (hpt) water levels in the standpipe. 

 

3.3.2.1. Statistical analysis 

Hydraulic conductivity (Ksat) was analyzed in SAS 9.4 using PROC GLIMMIX for a two-

factor, randomized complete block design with multiple sub-samples where the experimental year 

was treated as a fixed effect. The Kenward-Rogers adjustment was applied to correct for degrees 

of freedom and the nobound option was selected. The three run times were averaged to create 
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one Ksat data point per sample. From analyzing plots of studentized residuals against the linear 

predictor, cover, and the block effect, a lognormal distribution was chosen so that residuals met 

assumptions of normality. Other distributions were also attempted but either did not improve fit or 

did not allow for model convergence. 

 

 

3.7. Soil Water & Temperature Measurements. 

3.7.1. Methods 

 To measure volumetric water content (θ), soil water storage (SWS), water potential (Ψ), and 

soil temperature over the course of the corn crop growing season, capacitance and water potential 

sensors were installed in each of the treatments. EC-5 soil moisture sensors (METER Group, Inc.) 

were installed at -5 and -20 cm depths in AM and IR treatments, with an additional sensor installed 

at -50 cm in DR where deep soil water was expected to be most critical to corn growth (Chen and 

Weil 2011). An MPS-2 water potential and temperature sensor (METER) was also installed at the -

20 cm depth in all treatments. To install the sensors, a hole was dug 20 cm from the treatment 

row, being careful not to compress the soil profile closest to the treatment row; a ruler was placed 

horizontally over the hole, and a meter stick was used to ensure consistent placement depth. EC-5 

sensors were inserted horizontally into the undisturbed soil profile, toward the treatment row, with 

the prongs stacked vertically to avoid water pooling. Moist soil was packed around the heads of 

the MPS-2 sensors to ensure contact with the ceramic discs; these were then pressed into the soil 

at the -20 cm depth. The hole was then back-filled with soil from the appropriate horizons and 

compacted to approximate the natural bulk density. Factory calibrations were used for both the 

EC-5 and MPS-2 sensors since relative measurement precision—comparing water content and 

potential between the treatments—was of greater concern than measurement accuracy.  
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3.7.2. Statistical analysis 

To calculate differences in θ, SWS, Ψ, and temperature, wetting events were first identified 

using data from the on-site weather station. A wetting event was defined where total precipitation 

was greater than 5 mm; the bounds of the wetting event were marked by the earliest and latest 

instances of precipitation where precipitation was greater than zero within 72 hours of the last 

instance of precipitation. The earliest time point was expanded by one hour acknowledging that 

precipitation began within the hour prior to what was recorded by the weather station. The first 

wetting event was identified after the soil sensors began recording data—June 22, 2017 and June 

28, 2018; the last wetting event was identified near corn maturity. 

By these limits, in 2017 there were nine wetting events, making for ten points of inquiry 

(nine for ΔSWS calculations): E1 June 22, 20:00–June 23, 12:00; E2 June 30, 2:00–July 1, 0:00; 

E3 July 7, 1:00–July 13, 9:00; E4 August 2, 18:00–August 5, 0:00; E5 August 11, 7:00–August 17, 

18:00; E6 August 22, 15:00–17:00; E7 August 28, 15:00–August 29, 14:00; E8 September 2, 

22:00–September 5, 12:00; and E9 September 19, 1:00–September 29, 7:00. In 2018 there were 

seven events, making for eight points of inquiry (seven for ΔSWS calculations): E1 July 20, 15:00–

July 24 16:00; E2 July 31, 20:00–August 4 9:00; E3 August 6, 19:00–August 12, 1:00; E4 August 

16, 8:00–August 21, 18:00; E5 August 25, 11:00–August 27, 4:00; E6 September 9, 23:00–

September 11, 5:00; and E7 September 20, 9:00–23:00. While the period between E2 and E3 

was only 52 hours in 2018, these events were separated to allow for more points of comparison 

since there were fewer rainfall events in this year. Additionally, for the irrigated treatment in both 

years, irrigation events were further included in the wetting event list for a total of seven and five IR 

events in 2017 and 2018, respectively. 

To estimate SWS, the EC-5 sensor at the -5 cm depth was assumed to approximate water 

content for the 0 to -10 cm range; the -20 cm approximated the -10 to -30 cm range; and in the 

DR treatment, the -50 cm sensor approximated the -30 to -70 cm range. The change in soil water 
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storage (ΔSWS) was then calculated as the difference in SWS between time points. Volumetric 

water content, ΔSWS, Ψ, and temperature were analyzed in SAS 9.5 using the GLIMMIX 

procedure according to a repeated measures, randomized complete block design with the 

Kenward-Rogers correction applied. Data from 2017 and 2018 were analyzed separately as the 

number of events and hours associated with each data point differed between years. A doubly 

repeated measures model over time and depth was attempted in PROC MIXED but did not allow 

for model convergence. The inclusion of precipitation in the model as a covariable was attempted, 

but this interfered with model convergence. Thus, θ, ΔSWS, Ψ, and temperature were analyzed 

separately for each WA treatment and depth as this allowed for model convergence and improved 

plots of residuals. There was substantial variability across analyses as to which covariance 

structure allowed for the best model fit; Table 3.4 shows the model specifications and R-side 

covariance structures for each analysis. 

In a number of cases, the block estimate was zero; the nobound option was not selected 

because this did not allow for model convergence or worsened plots of residuals. A number of 

isolated departures were detected according to Lund’s test (studentized residuals > 3.4), and were 

therefore removed from the model to allow for better fit. The Shapiro-Wilk test for θ at the 5 and 50 

depths in DR in 2018 suggested a significant (p<0.05) departure from the assumption of normality; 

alternative distributions and covariance structures were attempted to correct for this, but these did 

not improve fit or in some cases did not allow the model to converge. Results and ANOVAs are 

presented with the model that provided the best fit, and Tukey-Kramer adjusted means 

comparisons were requested with α=0.05 when there were statistical differences in the F-tests.  
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Table 3.4. Model specifications and R-side covariance structure for analysis of θ, ΔSWS, Ψ, and 
temperature for 2017 and 2018. 
 Depth  
  -5 cm (0-10 cm) -20 cm (10-30 cm) -50 cm (30-70 cm) 
Year WA  θ  
2017 DR *vc, group=service vc vc, group=service 
 AM vc, group=service vc, group=service – 
 IR vc †cs – 
2018 DR vc vc vc 
 AM vc vc – 
 IR vc vc – 
     
  ΔSWS 
2017 DR vc, group=service arh(1) arh(1) 
 AM ‡arh(1) arh(1) – 
 IR §ar(1), group=service ar(1) – 
2018 DR arh(1) arh(1) arh(1) 
 AM arh(1) arh(1) – 
 IR ar(1), group=service ar(1) – 
    
  Depth, -20 cm 
  Ψ Temperature 
2017 DR ar(1), group=service vc, group=service 
 AM ar(1) ar(1) 
 IR ar(1) ar(1) 
2018 DR cs ar(1) 
 AM ar(1), group=service ar(1) 
 IR φcsh ar(1) 
* – variance components 
†– compound symmetric 
‡ – first-order autoregressive, heterogeneous 
§ – first-order autoregressive 
φ – compound symmetric, heterogeneous 

 

 

3.8. Corn Development & Yield Measurements. 

3.8.1. Methods 

 Silking date was estimated by counting 20 plants, starting 5 plants in from the edge of the 

6.096 m treatment row, and recording how many were presenting silks. Once more than 10 (i.e. 

50%) presented silks, the treatment was said to be “silking”. Silking measurements were started 

too late in 2017, resulting in a number of plots with more than 50% of plants presenting silks by the 
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first day of measurement; thus no treatment comparisons were possible. Averaged across 

treatments, corn was silking at the experimental site by July 24 2017, and July 19, 2018. 

 Due to poor corn emergence—likely caused by water ponding and slug damage shortly 

after planting—corn data from the 4sp treatment was not collected in block 4 in 2017. Corn 

population was estimated by counting the number of plants in 5 m of row within each service 

crop–by–WA treatment combination (2017, n=33; 2018, n=36). Corn was harvested from this 

same 5 m row marked out within each WA treatment. Cobs were removed from a 10-plant sub-

sample, weighed, and dried at 60°C for several days to calculate dry weights and moisture 

content; after drying, the cobs were shelled and dry grain weight was taken. The 10 corresponding 

plants were also cut just above the ground, and weighed for fresh weight. Due to size constraints 

with the sample bags, eight of the 10 plants were cut up and placed into bags, weighed for fresh 

weight, dried, and dry weights were taken. Cobs were removed from the remaining plants, 

weighed, dried, and shelled for grain weight. Corn grain yields are presented at 15% moisture. The 

remaining plants were cut just above the ground, weighed, and discarded (2017, n=33; 2018, 

n=36). The dry weight to fresh weight ratio for the sub-sample of 8 plants was used to calculate 

total dry weight of the remaining plants such that: 

𝐷𝐷𝐷𝐷𝑐𝑐𝑒𝑒𝑟𝑟 =
𝐷𝐷𝐷𝐷10

𝐹𝐹𝐷𝐷10
× 𝐹𝐹𝐷𝐷𝑐𝑐𝑒𝑒𝑟𝑟 

Where DW10 is the dry weight of the 10-plant sub-sample, FW10 is the fresh weight of the 10-plant 

sub-sample, and FWrem is the fresh weight of the remaining corn plants.  

The harvest index was calculated for the whole plot such that:  

𝐻𝐻𝐻𝐻 = 𝐷𝐷𝐷𝐷𝑔𝑔
𝐷𝐷𝐷𝐷𝑠𝑠𝑐𝑐𝑠𝑠𝑎𝑎𝑎𝑎
�        

where DWg is the total dry weight of the grain, and DWtotal is the sum of grain dry weight and the 

remaining stover dry weight—ear and plant biomass.  
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3.8.2. Statistical analysis 

Corn yield was analyzed in SAS V9.4 using the GLIMMIX procedure according to a split-

plot combined analysis with Factor A being the service type and Factor B being the water 

treatment. The experimental year was treated as a fixed effect due to the stark difference in 

growing seasons and for ease of analysis. Applying the nobound option did not improve model fit 

according to AIC and AICC fit statistics and so the default model was used. The Kenward-Rogers 

adjustment was requested to correct degrees of freedom in a split-plot design. Heterogeneous 

error structures were tested to achieve a better fit, however, these did not provide improvements 

according to fit statistics, normality plots, and plots of residuals, and so the analysis was carried 

out assuming a homogenous error structure. Tukey-Kramer adjusted mean comparisons with an 

α=0.05 were requested to compare corn yield across WA treatments and the year by service crop 

interaction, sliced by the year effect. 

To examine the relationship between fall cereal rye biomass and corn yield, AM grain yields 

for each plot were regressed by the corresponding amount of rye biomass produced at S1 the 

year prior. (In 2016, because rye and volunteer wheat were not separated, wheat biomass is 

included in this value; in 2017, because rye and wheat were separated but volunteer wheat and 

straw were not, wheat biomass was included. Thus, the 2017 biomass values are overestimated 

due to the presence of wheat straw). A regression analysis was performed using the REG 

procedure, assuming a linear relationship between grain yield and rye (+wheat) biomass.  

Initially, in analyzing population data the WA treatment was kept in the model to ensure 

there were no population differences between AM, DR, and IR treatments. This effect was not 

significant (p=0.6974)—nor were any of the WA interactions—therefore WA was removed from the 

model and reanalyzed. Error distribution with WA removed from the model still satisfied model 

assumptions. Tukey-Kramer adjusted means comparisons with α=0.05 were requested for the WA 

treatments.  
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Analysis of residual plots for corn stover data revealed heterogeneity of error across service 

crop levels; thus, a heterogeneous error structure was applied which successfully improved the 

model fit. The nobound option was not selected as this did not allow the model to estimate a 

number of treatment means. For corn HI, selecting the nobound option did improve fit statistics 

and so this was included. Means comparisons were made at α=0.05 for both corn stover and HI 

using the Tukey-Kramer adjustment. 

To test the hypothesis that seasonal water deficits would increase the grain yield impact of 

the service crop, Δyield was calculated by subtracting NSC grain yield from both the 1sp and 4sp 

grain yields within a block for each WA treatment. The resulting Δyield values for both 1sp and 4sp 

were analyzed in PROC GLIMMIX according to the same model design as grain yield. None of the 

F-tests were significant however and so no means comparisons were made. 

 

3.9. Vertical Root-Pulling Measurements. 

3.9.1. Methods 

 Beck et al. (1987) and Beck et al. (1988) developed and implemented a system for 

measuring “vertical root-pulling resistance” from corn plants; the peak pull weight (kg plant-1) was 

shown to correlate positively with root system mass. A modified system was constructed for this 

experiment where, instead of using a skid-steer loader, a steel A-frame was constructed by L. Van 

Arkel to support an electric winch (Superwinch LT2000, 12V, 1.0 hp) that provided a consistent 

pull (Figure 3.7). On September 1, 2017, and September 11, 2018, in each service crop treatment, 

10 bordered corn plants were selected within a row of the wider plot, subject to ambient 

conditions, that did not have wheel traffic on either side. The first plant was selected after taking 3 

steps into the plot; consecutive plants were selected every third or fourth plant down the row, 

depending on spacing and disturbance. Corn plants were cut 60 cm above the ground, the 

remaining leaves were stripped away, and a steel cable puller was slipped over the corn stalk and 



 

63 
 

secured near the lowest node with a small screw driver. The frame was slid over top of the plant 

and a Torbal (Scientific Industries, Inc., Bohemia, NY) force gauge and load cell (Model: FB 5k; 

Capacity: 750 kg) were attached to connect the cable puller to the winch. Weight measurements 

(kg) were taken over the course of 10 seconds, at 0.1 second intervals, and the peak weight was 

calculated for comparison between treatments (2017, n=110; 2018, n=120). Before pulling, 

volumetric water content was measured to correct for changes in soil cohesive forces (Bullock et 

al. 1988); a FieldScout (Spectrum Technologies, Inc.) 5 cm Time Domain Reflectometry probe was 

used, taking 5 measurements and averaging them as a reading for each plant. Stalk diameter at 60 

cm height was also measured for each plant. 

 

3.9.2. Statistical analysis 

Vertical root-pulling data was analyzed in SAS 9.4 using the GLIMMIX procedure with a 

two-factor randomized complete block design with multiple samples. Both experimental years 

were analyzed together, and the experimental year was treated as a fixed effect. Stem diameter 

and θ were included as covariables in the model statement and tested significantly (p<0.05). 

Analysis of residuals conformed to model assumptions. Tukey-Kramer adjusted means 

comparisons at α=0.05 were requested to investigate significant differences among service crop 

treatments. 
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Figure 3.7. The vertical root-pulling apparatus, showing: (A) the steel A-frame with winch and pulley 
connected, (B) the load cell attached to a corn plant, (C) the visualized recording of weights over 
time, and (D) a corn plant covered with the cable puller, ready to be pulled. 

 

A B 

C D 
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4. RESULTS 

4.1. Service Crop Biomass, Mulch, & Mulch Physical Properties. 

There were significant differences in service crop fall biomass and spring mulch between the 

two experimental years and across the sampling times (Table A.1). At S1 in 2016, there was 

significantly more biomass in the four-species (4sp) polyculture compared to the cereal rye 

monoculture (1sp), but in 2017, there were no differences between service crop treatments in 

biomass at S1 (Table 4.1). In 2016, the 4sp polyculture was thick, dark green, and stood nearly 80 

cm tall by September 9, 2016 (Table 4.2; see also Figure 4.1 taken on October 3, 2016); in 2017 

the polyculture was thinner, a paler green, and stood less than 25 cm tall by September 8 (Table 

4.2; see also Figure 4.2 taken on October 2, 2017). The height of the 1sp treatment was also 

greater in 2016 (36.70 cm) than in 2017 (21.41 cm).  

While the same seeding rates were used in 2016 and 2017, the final polyculture composition 

changed from 2016 to 2017. In 2016, cereal rye biomass comprised 25% of the 4sp polyculture; in 

2017 however, rye comprised 60-80% of the polyculture—significantly more than in 2016 based 

on 95% confidence intervals (Table 4.3). Japanese millet biomass was significantly lower in 2017 

compared to 2016, comprising 5-14% and 44% in the two years, respectively. Across both years, 

crimson clover contributed to less than 1% of the biomass of the polyculture, and sunflower in the 

range of 10-30%. 

Before corn planting in 2018, residue was separated from cereal rye regrowth in both the 

1sp and 4sp treatments. Regrowth in 1sp was numerically greater but not statistically different 

from 4sp (p=0.5711; see Table A.4). Comparing the combined residue and regrowth (“mulch”) 

values, at S2, there was significantly more mulch in 4sp compared to NSC in spring of 2017, but 

no statistical difference in mulch between 1sp and NSC, or 1sp and 4sp for the same period (Table 

4.1). There were no statistical differences in mulch mass at S2 in 2018, nor any statistical 

differences in S3-S4 for both 2017 and 2018. 
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Mulch ground cover differed significantly between the service crop treatments across the 

sampling dates and experimental years (p=0.0294; Table A.5). Mulch ground cover tended to be 

greater in the service crop treatments than NSC, and this difference was statistically significant at 

S4 in 2017 as well as S2 and S3 in 2018 (Table 4.4). There were no statistical differences between 

1sp and 4sp, however. Unlike ground cover, there was no effect of the service crop on mulch 

height, though the change in mulch height across the sampling periods differed between 2017 and 

2018 (Table A.6). Mulch height decreased as the season progressed, and mulch height was 

statistically greater in 2017 compared to 2018 at S3 and S4 (Table 4.5).  

Analysis of MAI data revealed a significant service crop–sampling time interaction as well as a 

significant experimental year–sampling time interaction (Table A.7). The MAI average for each year 

by sampling time combination was statistically lower in 2018 than 2017 at S3 and S4, but not at 

S2 (Table 4.6). Additionally, there was no statistical difference in the mean MAI between S2 and S3 

in 2017, but there was a statistical difference for the same comparison in 2018. Thus, the surface 

area of mulch per unit ground area decreased more and quicker in 2018 than in 2017. Comparing 

service crops within a sampling time averaged over the two years, at S2 the mulch in both 1sp and 

4sp had a statistically greater MAI than in NSC, though this difference was less pronounced and no 

longer statistically different by S3 or S4. 

Statistical differences also appeared in mulch Am across both the year–service crop and the 

year–sampling time interaction (Table A.8). Notably, in 2017, Am decreased from planting through 

to silking, whereas in 2018 it increased (Table 4.7). In other words, in 2017, the amount of mulch 

dry matter decreased slower than MAI, but in 2018, mulch dry matter decreased faster than MAI. 

In spite of the fact that MAI decreased faster in 2018 than in 2017, this decrease was outstripped 

by the decrease in mulch dry matter (Table 4.1). Averaged across the sampling times within a year, 

in 2017 there were no statistical differences in Am between the service crops. However, in 2018 

both service crop treatments had statistically greater Am than NSC.
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Figure 4.1. Service crop growth on October 3 2016. The plot seen in the center of the image is a 
neighbouring 12-species service crop from a larger experiment. 

 

 

Figure 4.2. Service crop growth on October 2 2017. The plot seen on the left is a neighbouring 12-
species service crop; to the right is a no–service crop plot that was recently terminated to control 
winter wheat regrowth. 
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Table 4.1. Service crop dry weight fall biomass and spring mulch [Mg ha-1 (se)] from the end of the service crop growing season to 
corn silking the following summer, in 2016-2017 and 2017-2018 (n=384). 
 2016-2017 
Treatment Fall (S1) Planting (S2) Sidedress (S3) Silking (S4) 
NSC †0.03cB (0.01) 2.54bA (0.38) 3.43A (0.51) 2.30A (0.34) 
1sp 3.01bAB (0.44) 3.91abA (0.58) 3.66AB (0.54) 1.76B (0.26) 
4sp 5.97aA (0.88) 4.19aA (0.62) 3.84AB (0.57) 1.89B (0.28) 
     
 2017-2018 
Treatment Fall (S1) Planting (S2) Sidedress (S3) Silking (S4) 
NSC 5.03A (0.74) 3.36AB (0.50) 2.42AB (0.38) 1.63B (0.24) 
1sp 4.41A (0.65) 5.17A (0.76) 2.91AB (0.43) 1.40B (0.21) 
4sp 5.61A (0.83) 4.78A (0.71) 2.93AB (0.43) 2.04B (0.30) 
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted mean comparisons 
(slice=year*time). 
A-B – Within a row, different upper-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=year*service crop). 
† – at S1 in 2016 wheat straw was not collected with fresh biomass whereas it was for S1 in 2017. 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species, S1-4–sampling times 1-4. 

 

 

Table 4.2. Fall service crop height [cm (se)] on September 9, 2016 and September 8, 2017 (n=240). 
Treatment 2016 2017 
NSC –† 13.70b (1.91) 
1sp 36.70bA (2.84) 21.41aB (1.78) 
4sp 79.43aA (6.24) 23.41aB (2.16) 
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=year). 
A-B – Within a row, different upper-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=service crop). 
† – Measurements were not taken for NSC in 2016. 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
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Table 4.3. Proportional species representation in the 4sp service crop polyculture in the fall of 2016 and 2017 (n=96). 
Species 2016† 2017‡  2017§  
Cereal Rye  0.25 (0.07) 0.82 (0.07) 0.59 (0.07) 

95% Confidence Interval 0.10–0.41 0.66–0.98 0.43–0.75 
Crimson Clover 0.01 (0.00) <0.01 (0.00) 0.01 (0.00) 
Millet 0.44 (0.05) 0.05 (0.05) 0.14 (0.05) 

95% Confidence Interval 0.31–0.56 -0.07–0.17 0.02–0.26 
Sunflower 0.30 (0.10) 0.13 (0.06) 0.26 (0.08) 
† – In 2016, cereal rye was not separated from volunteer wheat biomass. 
‡ – In 2017, cereal rye was separated from volunteer wheat biomass, but wheat biomass was not separated from wheat straw; proportions were 
calculated including wheat biomass and straw in with cereal rye. 
§ – In 2017, cereal rye was separated from volunteer wheat biomass, but wheat biomass was not separated from wheat straw; proportions were 
calculated without wheat biomass and straw. 
 
 

Table 4.4. Service crop mulch proportional ground cover from planting through to corn silking in 2017 and 2018 (n=240).  
 2017 

Treatment †Planting (S2) Sidedress (S3) Silking (S4) 
NSC – *0.44 0.32 
1sp – 0.50 0.47 
4sp – 0.50 0.53 
    
 2018 
Treatment Planting (S2) Sidedress (S3) Silking (S4) 
NSC 0.48b 0.31b 0.29 
1sp 0.83a 0.65a 0.41 
4sp 0.76a 0.61a 0.43 
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according Tukey-Kramer adjusted means comparisons 
(slice=year*time). 
*Standard errors for all means are 0.07. 
† – No measurements were taken at S2 in 2017. 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
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Table 4.5. Spring service crop mulch height [cm (se)] averaged over service crop treatments from planting through to corn silking in 
2017 and 2018 (n=240).  
Year †Planting (S2) Sidedress (S3) Silking (S4) 
2017 – 3.07Aa (0.13) 1.82Ba (0.13) 
2018 2.03A (0.13) 1.19Bb (0.13) 0.76Cb (0.13) 
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according Tukey-Kramer adjusted means comparisons 
(slice=time). 
A-B – Within a row, different upper-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=year). 
*Unless otherwise stated, standard errors at all time points are 0.21 
† – No data was collected at S2 in 2017. 
Abbreviations: S2-4–sampling times 2-4. 

 

Table 4.6. Service crop mulch area index [m3 m-3 (se)] from planting through to corn silking, averaged over the two experimental years, 
and mulch area index from planting through silking averaged over service crop treatments in 2017 and 2018 (n=288).  
 2017-2018 
Treatment Planting (S2) Sidedress (S3) Silking (S4) 
NSC 0.58b (0.09) 0.61 (0.10) 0.40 (0.06) 
1sp 1.29a (0.20) 0.75 (0.12) 0.36 (0.06) 
4sp 1.02a (0.16) 0.73 (0.11) 0.46 (0.07) 
    
Year Planting (S2) Sidedress (S3) Silking (S4) 
2017 1.05AB (0.17) 1.27Az (0.21) 0.83Bz (0.14) 
2018 0.79A (0.13) 0.38By (0.06) 0.20By (0.03) 
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=time). 
A-B – Within a row, different upper-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=year). 
z-y – Within a sampling period, different lower-case letters indicate statistical difference at p<0.05 between year averages according to Tukey-
Kramer adjusted, multiple means comparisons (slice=time). 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species, S2-4–sampling times 2-4. 
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Table 4.7. Service crop mulch specific area [cm2 g-1 (se)] from planting through to corn silking in 2017 and 2018, averaged over 
sampling times, and specific area averaged over service crop treatments from planting through silking in 2017 and 2018 (n=288).  
Treatment 2017 2018  
NSC 36.4 (3.5) 12.2b (1.2)  
1sp 38.9 (3.8) 16.8a (1.6)  
4sp 32.9 (3.2) 16.0a (1.6)  
    
Year Planting (S2) Sidedress (S3) Silking (S4) 
2017 30.4Bz (2.9) 36.5ABz (3.5) 42.1Az (4.0) 
2018 18.2Ay (1.7) 15.3Ay (1.5) 11.8By (1.1) 
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=year). 
A-B – Within a row, different upper-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=year). 
z-y – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=time). 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species, S2-4–sampling times 2-4. 
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4.2. Soil Physical Properties. 

4.2.1. Water retention 

Analysis of variance for the Van Genuchten curve parameters revealed a statistical effect of 

the experimental site on α (p=0.0499) and field capacity water content (θs) (p=0.0152; Table A.9). 

For the 2017 site, α was significantly lower than in 2018, and θs was higher than in 2018 (Table 

4.8). While there was no overall statistical effect of the service crop on θs, in 2018 θs was 

substantially greater in 1sp than NSC, and standard errors would suggest that these differed 

statistically. There were no statistical effects of the experimental site or the service crops on any of 

the other curve parameters. 

 

Table 4.8. Van Genuchten curve parameters for soil water retention in 2017 and 2018. 
 alpha  θs  n 
Treatment 2017 2018 2017 2018 2017 2018 
NSC -2.43* -3.13 0.435† 0.382 0.127‡ 0.101 
1sp -1.97 -2.61 0.437 0.418 0.123 0.094 
4sp -2.33 -3.26 0.439 0.395 0.141 0.091 
Mean (se) -2.24B (0.22) -3.00A (0.22) 0.437A (0.008) 0.398B (0.008) – – 
A-B – Within a row, among the same parameter, different upper-case letters indicate statistical differences 
between years at p<0.05 according to Tukey-Kramer adjusted, multiple means comparisons. 
* – Standard errors for all alpha year–service crop interaction means are 0.51 
† – Standard errors for all θs year–service crop interaction means are 0.011 
‡ – Standard errors for all n year–service crop interaction means are 0.017 except for NSC and 1sp in 2017 
which are 0.018. 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
 

4.2.2. Hydraulic conductivity 

No statistical differences were observed in saturated hydraulic conductivity (Ksat) between 

the service crop treatments or between the experimental years (Table A.10). In general, Ksat values 

were exceedingly low (10-7 mm s-1), and coefficients of variation were high (>60%; data not shown). 
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4.3. Soil Water & Temperature Monitoring. 

In both 2017 and 2018, statistical differences were not detected in ΔSWS (data not 

shown). Statistical differences between service crop treatments were found, however, in volumetric 

water content (θ) and soil temperature—both years in AM (Table A.11, A.31, A.32, A.36) and in DR 

(Table A.19, A.24, A.37, A.39), and in IR in 2018 (A.45, A.46, A.50)—and there was a significant 

service crop–wetting event interaction in water potential (Ψ) across the wetting events in DR in 

2018 (Table A.43).  

In AM in 2017 at the 5 cm depth, average θ was statistically greater in 1sp than 4sp, but 

1sp was not statistically greater than NSC; 4sp and NSC were also not statistically different (Table 

4.9). In AM in 2018 at the same depth, average θ was statistically greater in 4sp than NSC; there 

were no statistical differences between 1sp and 4sp or 1sp and NSC. The same pattern appeared 

at the 20 cm depth in AM in 2018, where 4sp had the greatest average θ, followed by 1sp and 

then by NSC—4sp being statistically greater than NSC. There were no differences in θ at -20 cm in 

AM in 2018. Soil temperature (measured at -20 cm) was statistically warmer on average in 4sp 

than 1sp or NSC in 2018 by half a degree; no differences in soil temperature appeared in 2017 

however. There were also no statistical differences in Ψ in AM in either year. 

In DR in 2017, no statistical differences were detected for θ at the 5 or 20 cm depths, but a 

similar pattern to what was observed in AM at 5cm in 2017 was seen at the 50 cm depth in DR 

(Table 4.10). At -50 cm in DR in 2017, average θ was statistically greater in 1sp than in 4sp; 

average θ was also statistically greater in NSC than in 4sp but was not statistically different from 

1sp. The same pattern was observed at 50 cm in DR in 2018: average θ was drier in 4sp 

compared to 1sp or NSC. However, at -5 cm in DR in 2018, the pattern was reversed: average θ 

was statistically greater in 4sp than in both 1sp and NSC. What was observed in average θ at 5 cm 

in DR in 2018 closely mirrored the same in AM, but was dryer—0.139-0.173 in DR compared to 
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0.185-0.208 in AM. In DR in 2017, there was also a statistical difference in average soil 

temperature: 1sp was 0.7°C warmer than 4sp, and 0.4°C warmer than NSC; NSC was also 

statistically warmer than 4sp at 20.3 and 20.0°C, respectively. Finally, in DR in 2018, there was a 

significant interaction within the three service crop treatments over time such that both 1sp and 

4sp reached their maximum Ψ—their wettest point—by the start of the third wetting event, 

whereas NSC reached its wettest point by the start of event five.  

No statistical differences in average θ, Ψ, or soil temperature were observed in IR in 2017 

(Table 4.11). In 2018 however, average θ was statistically greater at the 5 cm depth in NSC than in 

1sp or 4sp, and average θ was statistically greater in 1sp than in 4sp. A similar pattern was 

observed at -20 cm, where θ was statistically greater in NSC than in 4sp; water content was once 

again numerically greater in NSC than in 1sp, but this was not statistically significant. Temperature 

was highest in 4sp and was statistically warmer than both 1sp and NSC by 0.4 and 0.6°C, 

respectively. 
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Table 4.9. Volumetric water content (two depths: 2017 n=101, 104; 2018 n=63, 70), water potential (2017 n=108; 2018 n=84), and 
soil temperature data (2017 n=108; 2018 n=84) in the Ambient treatment, averaged over time, in 2017 and 2018. 

 Average θ (m3 m-3) 
 -5 cm  -20 cm 
Treatment 2017 2018  2017 2018 
NSC 0.221ab (0.013) 0.185b (0.014)  0.285 (0.008) 0.208b (0.023) 
1sp 0.241a (0.014) 0.195ab (0.015)  0.281 (0.010) 0.226ab (0.023) 
4sp 0.200b (0.012) 0.208a (0.014)  0.274 (0.012) 0.231a (0.023) 
      
 *Average Ψ (kPa)  *Average Soil Temperature (°C) 
Treatment 2017 2018  2017 2018 
NSC -198 (70) -342 (120)  19.7 (0.2) 20.0b (0.2) 
1sp -151 (70) -382 (112)  20.0 (0.2) 20.2b (0.1) 
4sp -228 (77) -520 (112)  19.7 (0.2) 20.6a (0.1) 
      
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons. 
*Water potential and soil temperature were both recorded at -20 cm 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 

 

  



 

76 
 

Table 4.10. Volumetric water content (three depths: 2017 n=109, 103, 109; 2018 n=76, 83, 85) and soil temperature data in the 
Drought treatment (2017 n=110; 2018 n=91), averaged over time, in 2017 and 2018, along with water potential averaged across 
wetting events in 2017 (n=110) and the water potential–wetting event interaction in 2018 (n=91). 

 Average θ (m3 m-3) 
 -5 cm  -20 cm 
Treatment 2017 2018  2017, Mean (se) 2018, Mean (se) 
NSC 0.191 (0.002) 0.139b (0.017)  0.243 (0.007) 0.215 (0.015) 
1sp 0.189 (0.005) 0.137b (0.017)  0.248 (0.007) 0.218 (0.015) 
4sp 0.205 (0.008) 0.173a (0.017)  0.236 (0.008) 0.211 (0.015) 
      
 -50 cm  *Average Soil Temperature (°C) 
Treatment 2017 2018  2017 2018 
NSC 0.297a (0.029) 0.226a (0.024)  20.3b (0.2) 20.3 (0.2) 
1sp 0.313a (0.032) 0.243a (0.024)  20.7a (0.2) 20.6 (0.2) 
4sp 0.223b (0.028) 0.202b (0.024)  20.0c (0.2) 20.5 (0.2) 
      
 *Average Ψ (kPa)   
Treatment 2017     
NSC -418 (186)    
1sp -272 (94)    
4sp -203 (109)    
 *Ψ, 2018 (kPa) 
 †Wetting Event 
Treatment 1 2 3 4 5 6 7 7End 
NSC -838AB -1169B -858AB -945AB -604A -755AB -597A -715AB 
1sp -1364AB -1292B -776A -1122AB -1069AB -1252AB -999AB -1191AB 
4sp -1001B -1093B -439A -817AB -938AB -1093B -937AB -1067B 
      
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons. 
A-B – Within a row, different upper-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons (slice=service). 
*Water potential and soil temperature were both recorded at -20 cm 
†–Water potential corresponds to the beginning of the wetting event, except for the last column which ends the final wetting event.  
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
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Table 4.11. Volumetric water content (two depths: 2017 n=177, 180; 2018 n=125, 112), water potential (2017 n=179, 2018 n=134), 
and soil temperature data (2017 n=179, 2018 n=134) in the Irrigated treatment, averaged over time, in 2017 and 2018. 

 Average θ (m3 m-3) 
 -5 cm  -20 cm 
Treatment 2017 2018  2017 2018 
NSC 0.231 (0.025) 0.244a (0.021)  0.294 (0.017) 0.265a (0.010) 
1sp 0.231 (0.025) 0.213b (0.021)  0.311 (0.017) 0.260a (0.010) 
4sp 0.224 (0.025) 0.186c (0.021)  0.296 (0.018) 0.223b (0.010) 
      
 *Average Ψ (kPa)  *Average Soil Temperature (°C) 
Treatment 2017 2018  2017 2018 
NSC -86 (45) -255 (81)  19.8 (0.2) 20.7b (0.2) 
1sp -113 (45) -222 (80)  19.9 (0.2) 20.9b (0.2) 
4sp -73 (48) -235 (80)  20.0 (0.2) 21.3a (0.2) 
      
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to Tukey-Kramer adjusted, multiple means 
comparisons. 
*Water potential and soil temperature were both recorded at -20 cm 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
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4.4. Corn Population. 

Both the year and the service crop had significant effects on corn population (Table A.51). 

Corn populations were statistically greater in 2018 than 2017 (Table 4.12). Averaged over the two 

years, corn populations were greatest in NSC; there was no statistical difference in population 

between corn following NSC and the 4sp mix, but population was significantly reduced in 1sp 

compared to NSC. There was also no statistical difference in population between 1sp and 4sp. 

 

Table 4.12. Corn population (plants m-2) following different service crop treatments, averaged over 
the two experimental years, and corn population in 2017 and 2018 averaged over the different 
service crop treatments (n=69). 
Treatment Mean (se)  Year Mean (se) 
NSC 7.9a (0.2)  2017 6.8b (0.2) 
1sp 7.2b (0.2)  2018 8.2a (0.1) 
4sp 7.4ab (0.2)    
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to 
Tukey-Kramer adjusted, multiple means comparisons. 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 

 

 

4.5. Corn Yield. 

Both water availability (WA) treatments and the experimental year–service crop interaction 

had significant effects on corn grain yield (Table A.52). Averaging across both experimental years 

and all service crop treatments, grain yield was the least in Drought (DR), intermediate in Ambient 

(AM), and greatest in Irrigated (IR) (Table 4.13). Averaging across WA treatments, in 2017, corn 

grain yield was statistically less after rye compared to NSC or 4sp, across all WA treatments. Corn 

yield after the 4sp mix in 2017 was not significantly different from corn after NSC. A different trend 

was observed in 2018, however. Once again, corn yield lagged significantly after the rye 

monoculture compared to NSC, but grain yield following the 4sp mix was significantly reduced 

compared to NSC and was not statistically different from 1sp. Thus, corn following cereal rye 
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yielded poorly in both experimental years, and while in 2017 corn following 4sp was comparable or 

greater than corn following NSC, in 2018 yields shrank to match those following cereal rye.  

Regressing corn grain yield by cereal rye and wheat biomass at S1 revealed a significant 

negative relationship (Table A.53), suggesting that for every Mg of cereal rye (and wheat) biomass 

produced in the fall there was a corresponding reduction in grain yield by 0.7 Mg the following 

season (Figure 4.3). The intercept, where no cereal rye biomass was produced, was 16.7 Mg ha-1 

and the slope was significantly different than zero (Table A.53); this linear relationship explained 

40% of the variability in corn grain yield. 

 Similar to the trends observed in corn population and yield, in 2017 yield per plant was 

reduced following rye, and in 2018 yield-per-plant was reduced following both rye and the mix 

(Table 4.14). A significant three-way interaction was observed (Table A.54). Slicing the means 

comparisons by the experimental year–service crop interaction revealed that in 2017 there was no 

significant difference in yield per plant between DR and AM (p=0.8758), AM and IR (p=0.6534), or 

DR and IR (p=0.3643) following 4sp. Significant differences between at least two of the WA 

treatments occurred in all other experimental year–service crop combinations. Exploring the 

experimental year–WA interaction revealed that there were no statistical differences in yield-per-

plant in the irrigated treatment in both years. 

Analysis of variance showed a significant effect of the experimental year and the WA 

treatments on corn stover dry matter, but no effect of the service crops or any interactions with 

them (Table A.55). Stover DM in 2017, averaged across all treatment combinations, was 12.12 Mg 

ha-1 compared to 8.65 Mg ha-1 in 2018 (Table 4.15). Stover yield was also significantly higher in IR 

(11.54 Mg ha-1) compared to AM (10.56 Mg ha-1) and DR (9.06 Mg ha-1).  

Analysis of variance for corn harvest index (HI) revealed a significant effect of WA and an 

experimental year–service crop interaction effect on HI (Table A.56). In 2017, HI was greatest 

following NSC and 4sp, and was lower after cereal rye—though there was no statistical difference 
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between NSC and 1sp (Table 4.16). In 2018, once again HI was greatest following NSC, but now 

both 4sp and 1sp had low HIs. Averaging over the two years, there was no statistical difference in 

HI between AM and IR, but both were statistically greater than in DR. 

To test the hypothesis that the service crop effect would be more pronounced under 

seasonal water deficits, Δyield was calculated between the service crop treatments and the control 

within a block. Analysis of variance did not reveal any statistical differences in Δyield between the 

DR and AM treatments however (Table A.57). In 2017, the Δyield for 4sp in DR was positive—

which was unique compared to all of the other treatment combinations. With the rest, Δyield 

ranged from -0.10 to -1.88 Mg ha-1 over the two years (data not shown). 

 

Table 4.13. Corn grain yield [Mg ha-1 (se)] at 15% moisture following different service crop 
treatments, averaged over different levels of water availability in 2017 and 2018, and grain yield 
following different levels of water availability, averaged over the two years and different service crop 
treatments (n=69). 
Treatment *2017 *2018  Treatment 2017-2018 
NSC 15.9a (0.7) 17.1a (0.7)  Drought 12.3c (0.4) 
1sp 13.2b (0.7) 12.8b (0.7)  Ambient 15.2b (0.4) 
4sp 16.5a (0.8) 12.7b (0.7)  Irrigated 16.6a (0.4) 
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to 
Tukey-Kramer adjusted, multiple means comparisons. 
*slice=year 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
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Figure 4.3. Corn grain yield (Mg ha-1) at 15% moisture, grown under ambient conditions, regressed 
by cereal rye and volunteer wheat dry weight biomass over the two service crop–corn growing 
seasons, 2016-2017 and 2017-2018 (n=23). 
*Biomass values for S1 in 2017 include wheat straw. 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
 

 

Table 4.14. Corn grain dry weight per plant (kg) following different service crops and different levels 
of water availability in 2017 and 2018.  
 2017  2018 
Treatment Drought Ambient Irrigated  Drought Ambient Irrigated 
NSC 0.175*aB  0.198 AB  0.213 A   0.140 aB  0.179 aA  0.180 A  
1sp 0.131 bB  0.188 A  0.200 A   0.107 abB  0.155 abA  0.147 A  
4sp 0.190 a  0.197  0.209   0.100 bC  0.141 bB  0.179 A  
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to 
Tukey-Kramer adjusted, multiple means comparisons (slice=year*water availability). 
A-C – For each year, within a row, different upper-case letters indicate statistical difference at p<0.05 
according to Tukey-Kramer adjusted, multiple means comparisons (slice=year*service crop). 
*Standard error values for all treatment combinations were 0.011 kg, except for corn following 4sp in 2017 
which had standard error values across WA treatments of 0.013. 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 

0

5

10

15

20

25

0 1 2 3 4 5

C
or

n 
gr

ai
n 

yi
el

d 
(M

g 
ha

-1
) a

t 1
5%

 m
oi

st
ur

e

Fall (S1) cereal rye + volunteer wheat* dry weight biomass (Mg ha-1)  

NSC 1sp 4sp

y = 16.7 – 0.7*x 
P=0.0007 
Adjusted R2 = 0.4011 



 

82 
 

Table 4.15. Corn stover yield (dry weight, Mg ha-1) averaged over different service crop treatments 
and different levels of water availability in 2017 and 2018, and stover yield following different levels 
of water availability, averaged over service crop treatments and the two experimental years (n=69). 
Year Mean (se)  Treatment Mean (se) 
2017 12.12a (0.29)  Drought 9.06a (2.9) 
2018 8.65b (0.28)  Ambient 10.56b (0.29) 
   Irrigated 11.54c (0.29) 
a-c – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to 
Tukey-Kramer adjusted, multiple means comparisons. 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
 

 

Table 4.16. Corn harvest index [DWgrain/DWgrain+stover (se)] following different service crops in 2017 
and 2018, averaged over different levels of water availability, and harvest index following different 
levels of water availability, averaged over the two experimental years and different service crop 
treatments (n=69) 
Treatment *2017 2018  Treatment 2017-2018 
NSC 0.514ab (0.006) 0.611a (0.006)  Drought 0.534b (0.005) 
1sp 0.503b (0.006) 0.560b (0.006)  Ambient 0.553a (0.005) 
4sp 0.526a (0.006) 0.564b (0.006)  Irrigated 0.552a (0.005) 
a-b – Within a column, different lower-case letters indicate statistical difference at p<0.05 according to 
Tukey-Kramer adjusted, multiple means comparisons. 
*slice=year 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
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4.6. Vertical Root-Pulling. 

There were no significant differences in vertical root-pulling (VRP) between the two 

experimental years (p=0.2894; see Table A.58); however, there was a significant effect of the 

service crop on VRP (p=0.0098). Stem diameter and soil volumetric water content also tested 

significantly suggesting that these covariables indeed contributed to VRP. Averaging treatment 

means over the two years, corn following the 4sp mix was significantly harder to pull out of the 

ground compared to corn following NSC (Table 4.17). Corn following 1sp was numerically harder 

to pull than corn following NSC, but this was not statistically significant. There was no statistical 

difference either between corn following 1sp or 4sp.  

 

Table 4.17. Vertical root-pulling weight [kg (se)] of corn plants following 
different service crops, averaged over 2017 and 2018 (n=230). 
Treatment 2017-2018 
NSC  155.4b (8.9)  
1sp  182.6ab (9.0)  
4sp  197.1a (9.5)  
a-b – Within a column, different lower-case letters indicate statistical 
difference at p<0.05 according Tukey-Kramer adjusted, multiple means 
comparisons. 
Abbreviations: NSC–No service crop, 1sp–One species, 4sp–Four species. 
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5. DISCUSSION 

5.1. Service Crop Biomass, Mulch, & Mulch Physical Properties. 

In many previous studies assessing cover crop biomass production, cover crops were 

grown without added nutrients (Basche et al. 2016; Daigh et al. 2014; Finney et al. 2016; Murrell et 

al. 2017; Smith et al. 2014; Wortman et al. 2012a). The decision to grow service crops with 

manure in this experiment was based on the needs of the farmer collaborator who finishes hogs. 

Manure storage and management is a challenge, and so service crops are used primarily to reduce 

nutrient loss from manure applied late-summer. Applying fertility amendments with the service crop 

can lower C:N ratios (Clark et al. 2007a), and may result in quicker mulch decomposition rates. But 

for non-legume service crops especially, low nitrogen availability can hinder biomass production 

(Vyn et al. 2000). Therefore, because added fertility can increase biomass production (Balkcom et 

al. 2018), greater ground cover may be achieved in the spring by applying manure, thereby 

reducing evaporative water loss.  

Based on the proportions of species biomass in the fall polyculture, the 4sp service crop 

polyculture was different in 2016 than in 2017. Crimson clover was barely present in both 

experimental years, and while millet was present in 2016 it dropped down to less than 15% of the 

polyculture biomass and was replaced by cereal rye in 2017 (Table 4.3). Murrell et al. (2017) found 

cereal rye to be highly competitive in their polycultures, and that its dominance was associated 

with decreases in diversity. If competition from cereal rye caused the unbalanced representation in 

2017, a number of factors may explain its increased competitiveness. First, the farmer-collaborator 

had switched from a mash feed to a pelletized feed for his hogs between the two seasons, and 

this resulted in a change in the N-content of the manure. Based on the manure nutrient tests, 

approximately an additional 150 kg ha-1 of NH4-N was applied with service crop planting in 2016 

compared to 2017 (Table 3.1). This difference, along with higher temperatures and rainfall in 2016 

could have enabled millet, as a warm-season grass, to outcompete and shade out cereal rye. 
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Reduced millet presence in the 2017 mix may also explain why there were no statistical differences 

in biomass between service crop treatments at S1 (Table 4.1). The proportion of volunteer wheat in 

the mix may also have changed between the two years, but because cereal rye and wheat were 

not separated in 2016 this cannot be determined. 

The differences in fall biomass between 4sp and 1sp in 2016 were no longer apparent the 

following spring. At S2, there were no statistical differences between 1sp and 4sp in terms of 

mulch dry matter in either 2017 or 2018. Murrell et al. (2017) found that as the proportion of winter-

killed species increased in the polyculture, the amount of biomass present in the spring decreased. 

This appears to be consistent with the results of the present study. While there were no statistical 

increases or decreases between S1 and S2, numerically the 1sp treatment increased in dry matter 

while 4sp decreased—presumably because cereal rye, which overwinters and grows again in the 

spring, had a thinner stand in the 4sp polyculture compared to the monoculture. 

 While both 1sp and 4sp tended to have greater ground cover than NSC from S2-S4 (Table 

4.4), and while they both had greater MAI than NSC at S2 when averaged over the two years 

(Table 4.6), there were no differences between 1sp and 4sp. Others have found that polycultures 

increased ground cover relative to monocultures when proportional ground cover was measured in 

the fall (Lawson et al. 2015). Differences in ground cover that exist in the fall may be lost over the 

winter due to decomposition. However, the present study cannot compare changes in ground 

cover between the fall and the spring and so does not indicate a benefit to ground cover with a 

service crop polyculture compared to a monoculture—though spring ground cover was improved 

relative to no service crop. Brust et al. (2014) came to similar conclusions. Furthermore, while 

Fuchs and Hadas (2011) demonstrated that increasing MAI increases convective resistance (and 

therefore reduces evaporative water loss), the MAI values of the present study were an order of 

magnitude smaller than those in their study. Therefore, it is unclear how much of a reduction in 

evaporative water loss would be generated by these service crops compared to no–service crop. 
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 Specific area values for cereal rye were substantially lower in this study than those reported 

in the literature. At S2 in spring 2017, Am for the 1sp cover was 36.9 cm2 g-1, which is lower than 

that found by Wagner-Riddle et al. (1996) (55 cm2 g-1; see Table 1.2). Fuchs and Hadas (2011) 

found an Am value for wheat straw of 45 cm2 g-1, compared to 27.8 cm2 g-1 in NSC at S2 in 2017. 

Specific area values were even lower in 2018 than in 2017. Greb (1967) and Gregory (1982) report 

Am values for millet and sunflower, respectively, in the range of 10-20 cm2 g-1; this could contribute 

to lower Am values for 4sp, but does not explain the low values for wheat straw and cereal rye 

alone. All of the aforementioned studies did however use mulches imported to the study site, and 

thus in the present case it is possible that Am was reduced by decomposition over the winter.  

Mulch area index and Am results do not demonstrate that the service crop polyculture 

provided a better mulch, and thus better conditions for improved crop water supply, than the 

cereal rye monoculture. However, together they reveal different trends in decomposition between 

the two experimental years. MAI and Am were statistically greater in 2017 compared to 2018 from 

S3-S4 (Table 4.6) and from S2-S4 (Table 4.6), respectively. MAI also decreased faster in 2018 

compared to 2017, and Am increased over time in 2017 whereas it decreased over time in 2018. 

This can be explained by warmer temperatures after corn planting in 2018 (Figure 3.4), which likely 

provided better conditions for mulch decomposition—particularly of fine mulch material.  

It is important to note that three of the four species in the polyculture were represented well 

in only one of the two experimental years—crimson clover was not well-represented in either. The 

present study did not demonstrate whether a different seeding rate could improve this. There are a 

number of approaches to creating service crop seed blends (Finney et al. 2016; Murrell et al. 2017; 

Poffenbarger et al. 2015b; Smith et al. 2014; Wortman et al. 2012b). It would be best to use one of 

these approaches to test different seeding rates and ratios, as recommended in the literature 

review (see Section 1.4), to substantiate an optimal seeding rate to be used for future studies of 

service crop polycultures.  
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5.2. Soil Water, Temperature, & Physical Properties. 

Differences in volumetric water content (θ), soil water potential (Ψ), and soil temperature 

between service crop treatments often changed depending on the year and are therefore difficult 

to explain. The only difference which appeared in the same manner both years was at the -50 cm 

depth in DR: θ was significantly lower in 4sp compared to 1sp or NSC, and there was no statistical 

difference in water content between 1sp or NSC from late-June through September (Table 4.10). 

There are two potential explanations for this difference, but neither are fully satisfying. Reduced θ 

deep in the soil profile may be a relic of water uptake by the service crop polyculture from the 

previous fall. Millet is adapted to drought conditions and as such is able to rapidly exploit deep soil 

water (Passot et al. 2016). In contrast, cereal rye has been found to take up less water at depth 

(<45 cm) than other cereal crops like triticale ( X Tritosecale Wittmack), accumulating more of its 

root dry-weight near the soil surface (Sheng and Hunt 1991). Nevertheless, this explanation seems 

improbable given the difference in millet presence in the polyculture between fall 2016 and 2017 

(Table 4.3), in addition to the large amount of precipitation that occurred in spring of 2017 (Figure 

3.2), which one would expect to have recharged the soil profile by the time soil water 

measurements began on June 22, 2017. 

An alternative explanation is that lower θ following 4sp at the -50 cm depth in DR indicates 

improved access and water uptake by the following corn crop at that depth. But this explanation is 

also not satisfactory. First, one would expect the difference in corn performance between the two 

experimental years (Table 4.13) to result in a lesser amount of water uptake at depth in 2018, 

leading to a higher θ; this was not the case however. Second, this explanation would require that 

by mid-June, there were differences in water uptake at -50 cm between the treatments that were 

substantial enough to persist for the rest of the growing season. This also seems unlikely. Perhaps 

the more important point is that θ was more often different between NSC and 4sp than it was 

between NSC and 1sp. Out of the 8 times when statistical differences in θ were detected, NSC 
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and 4sp differed 7 times; NSC and 1sp only differed once at -20 cm in IR in 2018 (Table 4.11). 

Thus, there is little evidence that the cereal rye monoculture changed θ compared to NSC. 

The hypothesis guiding this study was that a service crop polyculture would improve water 

supply to a following corn crop compared to a monoculture or no–service crop, and that this 

service would become more apparent under water-limited conditions. Based on the results of this 

study this hypothesis cannot be accepted. Planting service crops did not lead to improvements in 

soil water content, or produce changes in the Van Genuchten curve parameters for water 

retention, or Ksat. There were significant differences in both the alpha and θs curve parameters 

between 2017 and 2018 (Table 4.8); the site in 2017-2018 had a significantly lower saturated 

water content than the site in 2016-2017. No differences in Ksat were detected between service 

crop treatments or years.  

The results in the literature are rather mixed on service crop effects on infiltration rates, but 

it would appear that laboratory core methods do not detect differences in infiltration rates between 

treatments with and without service crops as often as field methods (Table 1.1). Others who have 

used similar laboratory methods have reported similar results to those of the present study, 

particularly with high coefficients of variation (Blanco-Canqui et al. 2011; Haruna et al. 2018; 

Villamil et al. 2006; Wagger and Denton 1989). An important observation was made by Steele et al. 

(2012) that the timing of when measurements are taken may also impact the likelihood of 

observing treatment differences. The cores for the present study were collected in May—roughly a 

month-and-a-half after the service crop was terminated. Preferential flow paths may have still been 

plugged with service crop roots at this time, masking any existing differences in macroporosity 

(Jotisankasa and Sirirattanachat 2017; Vergani and Graf 2016). It is recommended that future 

studies use the double-ring infiltration method instead of collecting soil cores for measuring Ksat. 

Frequently, the studies that use this or other in-field method detect increases in Ksat with the use of 

service crops (Table 1.1).  
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5.3. Corn Population, Yield, & Root-Pulling. 

Both the rye monoculture and the four-species polyculture increased mulch at planting time 

(S2), compared to the control treatment, in at least one of the two experimental years (Table 4.1). 

Too much residue at planting can become a management challenge for farmers—interfering with 

seed placement and reducing seed-to-soil contact (Ball Coelho et al. 2005; Beach et al. 2018). The 

present study found between 2.54 to 3.35 Mg ha-1 of wheat straw mulch remaining at planting 

where there was no service crop planted the previous fall, and between 3.91 to 5.17 Mg ha-1 of 

mulch across the two service crop treatments. This is within the range of what other studies have 

reported. Murrell et al. (2017) harvested between 2-6 Mg ha-1 of biomass between late-April and 

mid-May for cereal rye monocultures planted after winter wheat. Janovicek et al. (1997) measured 

between 1.71 Mg ha-1 and 5.33 Mg ha-1 of residue present at corn planting with a red clover 

service crop planted after barley harvest—this compared with 1.21 Mg ha-1 to 3.36 Mg ha-1 of 

barley straw remaining where there was no service crop.  

Despite the greater amounts of mulch in the service crop plots, even at planting in 2017, 

4sp did not negatively impact corn population in this strip-till system compared to NSC. The 

difference in fall biomass between 1sp and 4sp was no longer present at S2 in 2017, and the 1.5 

Mg ha-1 difference in mulch that remained between 4sp and NSC at S2 did not result in a statistical 

corn population reduction (Table 4.12). Averaged over the two years, corn population was 

significantly reduced following 1sp however, compared to NSC, and therefore this reduction 

cannot be attributed to residue interference at planting.  

Not only was corn population reduced following cereal rye compared to NSC, but corn 

grain yield was significantly reduced in both years (Table 4.13). It is also worth noting that yield-per-

plant was reduced following cereal rye in DR in 2017 (Table 4.14), and corn harvest index was 

reduced in 2018 (Table 4.16). If the reduction in grain yield was solely attributed to lower 

populations, one would expect yield-per-plant to increase, but the opposite occurred. This 
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information, combined with the absence of statistical differences in corn stover between the service 

crop treatments (Table 4.15), suggests that the presence of cereal rye affected, not only corn 

establishment, but also grain fill. Furthermore, as was shown in Figure 4.3, reductions in corn grain 

yield following 4sp in 2018 compared to NSC would also appear to be due to the increased 

presence of cereal rye in the mix from the fall prior (Table 4.3). Both Tollenaar et al. (1993) and 

Kaspar and Bakker (2015) also found that reductions in corn yield were proportional to cereal rye 

phytomass. 

There are many reasons why cereal rye might impair yield-per-plant of a following corn 

crop, nitrogen immobilization being one of them—though this does not explain the population 

reduction. In one of their experimental years, Vyn et al. (2000) saw reductions in corn yield 

following a cereal rye service crop when fertilizer nitrogen was not applied at corn planting. 

Tollenaar et al. (1993) grew corn after five cereal rye cultivars and found that, with two varieties 

(Kodiak and Gordon), reductions in corn yield relative to no–service crop could be mitigated with 

higher fertilizer N rates. Appelgate et al. (2017) noted that cereal rye–based service crops can lead 

to depleted soil-N by late-April to early-May, causing a reduction in leaf chlorophyll content in the 

production crop. On the other hand, while Krueger et al. (2011) found that soil nitrate 

concentrations were significantly reduced in the spring following a chemically terminated cereal rye 

service crop, this did not result in reduced corn yield. And Martinez-Feria et al. (2016) reported that 

when cereal rye is terminated during early vegetative stages, there is minimal risk of immobilizing 

nitrogen. Furthermore, some studies that have looked at fertilizer timing for corn suggest that there 

is no difference in corn yield response to fertilizer-N is being applied at planting versus silking 

(Bundy et al. 1992; Scharf et al. 2002; Stecker et al. 1993). Thus, in the case of the present study, 

given the manure application rates from the previous summer (Table 3.3), service crop termination 

dates in late-April in both years (Table 3.2), and the 168.2 kg ha-1 sidedress N–application made in 

June, N-limitation seems an unlikely cause of the yield penalty to corn following cereal rye. 
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Service crops that regrow in the spring can transpire water and thereby reduce water 

availability. Martinez-Feria et al. (2016) reported significant reductions in corn grain yield (14-34%) 

following cereal rye in two years of their experiment when conditions were dry. Munawar et al. 

(1990) also connected reduced corn yields following rye to dry conditions, and Krueger et al. 

(2011) demonstrated water depletion by a rye service crop—though this did not reduce corn 

yields. In the present study however, cereal rye was not found to deplete soil water relative to no–

service crop. Volumetric water content in 1sp was not statistically different from NSC at any depth 

or year in ambient or water-limited conditions (Table 4.9 and 4.10). In temperate regions, spring 

rains are often sufficient to replenish soil water reserves (Basche et al. 2016; Unger and Vigil 1998). 

Some have also suggested that reductions in corn population and yield-per-plant are 

caused by allelopathic exudates from cereal rye (Raimbult et al. 1991; Tollenaar et al. 1993). 

However, Dhima et al. (2006) tested extracts from three cereal rye populations and did not find an 

allelopathic effect on corn—though there were allelopathic effects on other grass species. Duiker 

and Curran (2005) did not detect any allelopathic effect of cereal rye on corn population or yield in 

either zone-till or no-till treatments, and Kaspar and Bakker (2015) found that negative effects on 

corn population and yield (not necessarily allelopathic) depended on the cereal rye cultivar. Bakker 

et al. (2016) saw an increased prevalence of root rot diseases in corn planted after a cereal rye 

service crop. And Acharya et al. (2017) was able to demonstrate that when corn was planted less 

than ten days after cereal rye termination, corn emergence and grain yield were significantly 

reduced compared to corn planted more than ten days after termination, or corn following no 

service crop. Further study indicated that Pythium spp. were largely responsible for this disease 

complex, and that fungicide treatments targeting Pythium spp. were able to reduce disease 

incidence (Acharya et al. 2018). In-field effects of cereal rye before corn included reduced harvest 

populations, yield, and yield-per-plant (Acharya et al. 2018). 
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The present study planted corn 7 days after terminating the service crops in both years. 

And while it cannot be verified that corn population, yield, and yield-per-plant following cereal rye 

were reduced due to pathogen issues, this biotic theory makes the most sense of the data. 

Presumably, more cereal rye above-ground biomass production would be associated with a larger 

rye root system, creating a more dispersed host habitat for root pathogens throughout the soil 

(Acharya et al. 2017). Terminating only a week before planting would mean that rye roots still had 

active tissue at the time of corn planting, creating the opportunity for a “green bridge” between 

hosts for pathogens. This could have resulted in poor emergence, further stunting root growth, 

reducing water uptake—especially when water was limiting (Table 4.14)—culminating in reduced 

corn yield and yield-per-plant. Increased water availability from June onward did not eliminate the 

yield penalty following cereal rye, since population was already reduced; thus the effect of the 

service crop was not more pronounced under certain WA treatments, contrary to the hypothesis. 

However, irrigation did eliminate the penalty to corn yield-per-plant (Table 4.14). This makes sense 

if pathogens impaired root growth and so reduced the ability of the corn plant to find water; thus 

supplementing water allowed the corn plant to overcome its limited root system.  

While offering different reasons for why cereal rye caused reductions in corn yield, many of 

the aforementioned studies agree that chemically terminating the service crop earlier reduced 

negative effects of cereal rye on corn production (Acharya et al. 2017; Bakker et al. 2016; Krueger 

et al. 2011; Raimbult et al. 1991). The present study cannot comment on the effect of termination 

timing. However, it does offer an important distinction to the risk of planting corn so soon after 

cereal rye: corn yields may be reduced when planted less than ten days after cereal rye 

monocultures. When cereal rye was grown in a polyculture with other species producing similar 

proportions of biomass, planting corn 7 days after service crop termination did not result in 

reductions in corn population, yield, yield-per-plant, or the harvest index in one year of this two-

year experiment. If the effect of cereal rye on corn was indeed disease-related, the polyculture was 
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at least able to suppress cereal rye biomass production to such a degree that it did not affect corn. 

It may also be that the other species were able to prevent the spread of the pathogen to corn, or 

suppress pathogen growth, although this study did not test this. Furthermore, when corn was 

grown after the polyculture in 2017, there was no significant effect of drought on yield-per-plant 

relative to ambient or irrigated conditions. This may indicate improved resiliency to water deficits 

following the service crop polyculture, but more research is necessary to confirm this effect. Two 

different corn hybrids were used in the two experimental years (both 104-day varieties) and this 

may have affected the results—either population or yield-per-plant. However, at least for overall 

corn yield, the result was the same in both years following cereal rye which would seem to indicate 

that the corn hybrids were both susceptible to the negative effect of cereal rye. 

Vertical root-pulling results do not follow the same pattern as corn yield or yield-per-plant 

and appear at odds with the hypothesis of reduced root growth due to disease following cereal 

rye. Vertical root-pulling weight was significantly greater in 4sp compared to NSC (Table 4.17), and 

this did not vary across years (Table A.58)—despite the inconsistency in corn yield following 4sp in 

the two years. Vertical root-pulling has been used previously to predict root system mass and root 

tensile strength (Beck et al. 1988; Beck et al. 1987), as well as N-uptake ability (Kamara et al. 

2002), and to locate quantitative trait loci in different corn varieties (Liu et al. 2010). Following the 

observations of Beck et al. (1988), root-pulling data from the present study would initially suggest 

that corn root growth was significantly greater following 4sp than NSC, regardless of the 

experimental year, soil water content, or stem diameter. Millet and sunflower roots may have been 

coarse enough to open up macropores that were used by corn roots in the following season, and 

this may have increased anchorage. Vertical root-pulling results did follow a similar pattern to soil 

water content at -50 cm in DR, which, if taken as evidence of increased water uptake at depth, 

could support the claim of increased anchorage. This being said, the 4sp service crop did not 

produce any measurable changes in Ksat or Van Genuchten curve parameters—two measures of 
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soil physical properties that one would expect to have also been affected by service crop root 

growth. 

However, the present study introduced a variable into the method that had not been 

previously accounted for: crop rotation—namely, the use of service crops. As such, vertical root-

pulling measures may be confounded by the effect of the preceding service crop on soil cohesion 

and shear strength. Plant roots can reinforce soil shear strength and apparent soil cohesion in 

proportion to rooting density (Chok et al. 2015); thus, it is more likely that the preceding service 

crop’s root system increased soil cohesion, and so increased root-pulling weight in the service 

crop polyculture relative to the control. Further study could explore a relationship between vertical 

root-pulling and other measures of soil strength such as penetration resistance and aggregate 

stability. Vertical root-pulling may thus be another method for assessing reductions in erosive 

potential in agroecosystems. 

 

5.4. Limitations 

The present study was conducted on soils which are imperfectly to poorly drained. But 

additionally they are soils which have been well-managed for over a decade—diverse crop rotation, 

minimum tillage, regular organic amendments—and so organic matter and other soil physical 

properties are presumably near optimal. Thus, the capacity of service crops to increase water 

supply and so improve crop yields may be minimal compared to sandy fields that have been under 

poor management. This may have contributed to the lack of significant differences observed in soil 

physical properties, and so future studies looking to explore service crop–crop water supply 

interactions should avoid such soils. 

 An additional limitation in this study was the substantial amount of wheat residue in the no–

service crop control. This was in accordance with the farmer’s standard management, wishing to 

keep crop residue in the field. While there was more crop residue in the service crop treatments at 
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planting each spring compared to the control, by July there were no statistical differences in 

remaining crop residue. This may occur for a couple of reasons. First, the wheat residue is leftover 

from a plant that has reached full maturity, and many of the nutrients in the stalk have been 

directed into reproductive growth, thus leaving recalcitrant stalk material behind. In contrast, all the 

service crops were either winter-killed or spring terminated in the middle of their life-cycle, thus 

leaving more easily decomposable material on the soil surface. Other studies have similarly faced 

large amounts of residues from the previous crop in their service crop residue, masking any 

differences in surface cover between the control and the treatments (Kaspar et al. 2001). 

Removing wheat straw across the experimental area may have helped provide greater contrast 

between the treatments. 

 Because remaining wheat straw and volunteer wheat were not measured in the fall of 

2016, and because wheat straw was not separated from volunteer wheat in 2017, this makes 

comparison of the treatments in the fall, and between the fall (S1) and the spring (S2), 

cumbersome. It was wrongly assumed that wheat straw collected from NSC in fall 2017 could be 

used as a baseline for wheat straw present in 1sp and 4sp, but the service crops had also 

facilitated the decomposition of the wheat straw. This phenomenon has been noted before with 

red clover (Drury et al. 1999; Drury et al. 2003); cover crops in general can support soil faunal 

populations and so facilitate residue decomposition (Fageria et al. 2005). The inclusion of manure 

in the rotation would likely have catalyzed this process as well. Nevertheless, future research on 

service crop polycultures should be more consistent in separating species, and should collect and 

separate both residues left from the previous crop in addition to the living biomass of the service 

crop.  

 Topography and soil texture varied between and across the two experimental sites, and the 

experimental site for the 2017-2018 season was situated over a municipal drainage pipe.  
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Topography changes can increase variability in corn yield following service crops (Muñoz et al. 

2014), and soil moisture measurements can be affected by soil texture changes—particularly high 

sand and clay contents (Czarnomski et al. 2005). These factors likely introduced variability into the 

data that was unanticipated. There was substantial variability in MPS-2 measurements, indicated 

by high coefficients of variation. Lab experiments have found these sensors to be fairly reliable 

(Degré et al. 2017), and thus the high standard errors reported here may be representative of the 

real variability in the field. Furthermore, while the troughs used in the DR treatments were able to 

successfully reduce water availability and corn yield, they likely interfered with soil water 

evaporative loss by creating microclimate under the trough—though soil temperature data at -20 

cm does not clearly demonstrate this. This may have confounded water content measurements, 

especially at -5 cm, in DR. 

Some research suggests that water-holding capacity measurements taken in a pressure 

plate chamber at -15 bar lose accuracy due to the soil pulling away from the pressure plate (Bittelli 

and Flury 2009). This is especially so with clay soils having a high shrink-swell potential, which was 

the texture of the soil for the present study. It is unclear how much this would have changed the 

results. Challenges in measurement accuracy were also faced with hydraulic conductivity cores. In 

the first experimental year, the cores were processed over a period of five months due to the 

unanticipated length of time it took for cores to saturate—even with this allowance a number of 

cores did not reach saturation. It is possible that the length of time these cores were in water could 

have affected pore structure. Measurements were still taken from these samples, bearing in mind 

the fact that water had not freely filled the core; this could also have caused air pockets to form. In 

year two, cores were saturated in batches and if they did not reach saturation after three weeks 

the measurements were taken anyways. The exceedingly low Ksat values may indicate a 

compacted soil layer in the 5-10 cm depth, as they did not saturate and were largely impermeable 

to downward flow. 
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With vertical root-pulling measurements, previous studies had reported in kilograms instead 

of force measurements. The same units were used in this experiment, following convention. 

However, more appropriate units of measurement (i.e. Newtons) would be preferable for future 

studies to measure force instead of simply weight. 

 

5.5. Methodology Improvements. 

Clear conclusions cannot be drawn as to the benefit of a service crop polyculture to crop 

water supply and corn yield. First, as suggested by the literature review, an ideal service crop 

polyculture would consist of a cereal, a legume, and a plant with an aggressive taproot; the 

present study had two cereals, a legume that made little biomass contribution to the mixture, and a 

sunflower plant with anecdotal information suggesting it has an aggressive taproot. Second, this 

polyculture expressed itself differently in the two experimental years, preventing consistent 

evaluation across years. Third, due to limitations, the present study was not able to test for optimal 

seeding rates to correct for this inconsistent expression, as the literature review recommended. 

Fourth, the negative impact of cereal rye on corn—possibly reducing root growth—confounds the 

study of the link between service crops, crop water supply, and corn yield.  

Consistent with the recommendations in the literature review, further studies exploring the 

service crop–crop water supply–crop yield link should first establish the capacity of the species in 

the polyculture to perform the functions they are being included for (ex. mulch cover, biodrilling). 

Sunflower may be a viable candidate as a taproot plant, but this needs to be more formally 

evaluated, and ideally alongside other studied plants with aggressive taproots such as Daikon 

radishes (Burr-Hersey et al. 2017; Chen and Weil 2011; Williams and Weil 2004). If cereal rye is to 

be included in future polycultures, different cultivars—even other winter cereals like triticale—

should be evaluated for resistance to Pythium spp. in order to prevent a disease complex from 
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forming and hindering corn production. Optimal polyculture seeding rates and proportions also 

need to be established. 

Improvements can also be made to the system used to study drought impacts on corn. 

Troughs were used because of some perceived advantages to other water exclusion systems. 

Those that cover the canopy intercept radiation and as such interfere with photosynthesis; working 

with corn, these also need to be built over eight feet tall and robust enough to withstand the winds 

of heavy storms. By having a trough underneath the corn canopy, both of these challenges are 

avoided while others are introduced. The vapour-barrier plastic covering the troughs may create an 

insulated microclimate underneath where temperatures are more moderate and evaporative water 

loss is reduced. The troughs could be raised later in the season once the corn canopy is higher, 

but evaporative water loss is already reduced once corn canopies and so the significance of this is 

less. The troughs could also be removed when rain is not in the forecast, but this takes people, 

time, and risks damaging the plants in the process. An improved design would allow the trough to 

roll on tracks attached to an aluminum frame that is fixed to the ground for the season (Figure 5.1). 

The troughs could then be rolled out underneath the canopy when rain is not in the forecast; only 

one person would be needed for this and a fixed track would prevent damaging the plants. 
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Figure 5.1. Alternative drought trough design with fixed base and trough that can slide in and out 
of the plot on tracks.  
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6. CONCLUSIONS AND FUTURE RESEARCH 

 This study sought to determine the effects of service crop monocultures and polycultures 

on service crop mulch production, soil physical properties, soil water and temperature, and corn 

production under drought, ambient, and irrigated conditions. Results from the present study do not 

support the hypothesis that the service crop polyculture would improve crop water supply relative 

to a monoculture or no–service crop. While both service crops left behind more mulch and 

provided better ground cover around the time of corn planting than no–service crop, the 

monoculture and polyculture were indistinguishable by these measures. The service crops did not 

produce any differences in Van Genuchten water-retention curve parameters, or saturated 

hydraulic conductivity; and while there were differences in soil water content and soil temperature 

between the treatments, these differences were not consistent and so are difficult to explain.  

 On the other hand, service crops did produce significant differences in vertical root-pulling 

measurements as well as corn population and yield. First, the service crop polyculture increased 

the vertical root-pulling weight of corn plants relative to no–service crop. And while this may 

indicate increased corn root growth, it may also be that the service crop roots reinforced soil 

cohesion thereby increasing the pulling weight in this treatment. Secondly, the cereal rye 

monoculture reduced corn population and corn yield. The population reduction occurred 

irrespective of the amount of remaining service crop mulch, and the corn yield reduction also 

occurred at the individual plant-level—that is, yield loss was not simply due to the population 

reduction. Population and yield reductions in corn planted less than ten days following cereal rye 

termination have been reported before, and while the present study cannot confirm the cause, in 

the present case it is most likely disease-related.  

Two novel discoveries were made by the present study as it pertains to service crop 

polycultures. First, when cereal rye was planted in a service crop polyculture, and when cereal rye 

and at least two of the other species within that polyculture were present in similar biomass 
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amounts, no corn population reductions or yield losses occurred in one year of this two-year study. 

Thus, diversity may have mitigated whatever the detriment of cereal rye was to corn. Secondly, the 

polyculture also resulted in the greatest vertical root-pulling weight. Vertical root-pulling has not 

been used before to measure service crop impacts on soil physical properties, but it may be 

another viable method for investigating changes in soil cohesion brought on by service crop roots, 

and possibly even reduced soil erosive potential.  

Several opportunities exist for future research. First, it is necessary to optimize species 

representation within service crop polycultures before comparing their ecosystem services with 

monocultures. Seeding rate recommendations are available for most species grown in 

monoculture as service crops, but optimal seeding rates for species within a polyculture are 

needed to substantiate the claim that the polyculture is performing at its intended best. Following 

this, more research is warranted to investigate crop water supply using the three-species, grass–

root crop–legume polyculture proposed in the Literature Review. Ideally this would be conducted 

alongside the three species grown in their respective monocultures to further investigate biomass 

productivity in polycultures compared to monocultures (which the present study could not do) and 

to measure differences in service provisioning. Finally, future research could also measure vertical 

root-pulling alongside other soil strength and stability indicators to evaluate its usefulness for 

measuring the erosive potential of soils under service crops, as well as tillage and crop rotation. 
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APPENDIX 

A.1. Variance analyses  

Table A.1. Variance analysis of service crop biomass over 2016-2017, and 2017-2018 

Covariance 
parameter Estimate Standard Error   

Block(Year) 0.001308 0.005046   

Block*SC*ST (Y) 00.02462002069 0.01581   

Residual (VC) 0.2449 0.02046   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 6.042 38.13 0.0008 

Service crop (SC) 2 66.22 70.56 <.0001 

Y*SC 2 66.22 42.96 <.0001 

Sampling time (ST) 3 66.22 37.13 <.0001 

Y*ST 3 66.22 65.80 <.0001 

SC*ST 6 66.21 43.73 <.0001 

Y*SC*ST 6 66.21 49.94 <.0001 
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Table A.2. Variance analysis of fall service crop height prior to S1 harvest 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block(Year) 0.01361 0.01130   

Block*SC(Y) 0.007521 0.006359   

Homogeneity   141.84 <.0001 

Residual (VC)     

2016, NSC 1.11x10-12 .   

2016, 1sp 0.01255 0.002674   

2016, 4sp 0.02273  0.004818   

2017, NSC 0.3739 0.08996   

2017, 1sp 0.05104  0.01077   

2017, 4sp 0.09869  0.02229   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 5.911 80.62 0.0001 

Service crop (SC) 2 12  39.10 <.0001 

Y*SC 1 6.554 42.47 0.0004 
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Table A.3. Variance analysis of species representation within the 4sp polyculture in 2016 and 2017 

 Cereal Rye Crimson Clover Millet 

Covariance 
parameter Est se  Est se 

 
Est se 

 

Block 0.003558 0.007211  0 .  0 .  

Block*Year 0.001964 0.008519  0.000013 0.000018  0.03966 0.008361  

Residual  0.04784 0.01128  0.000094 0.000022  0 .  

             

Source Num df Den df F value Pr > F Num df Den df F value Pr > F Num df Den df F value Pr > F 

Year 2 6 23.40 0.0015 2 6 2.12 0.2015 2 6 16.44 0.0037 

 

 Sunflower    

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0.00715 0.009139   

Block*Year 0 .   

Homogeneity   10.57 0.0051 

Residual, 2016 0.1138 0.04193   

Residual, 2017a 0.01808 0.006900   

Residual, 2017b 0.06509 0.02555   

     

Source Numerator df Denominator df F value Pr > F 

Year 2 6 3.12 0.1176 
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Table A.4. Variance analysis of service crop rye regrowth prior to planting in 2018  

Covariance 
parameter Estimate Standard Error   

Block 0 .   

Block*Service crop 600.49 383.29   

Residual 250.61 72.3440   

     

Source Numerator df Denominator df F value Pr > F 

Service crop 1 6 0.36 0.5711 

 

 

Table A.5. Variance analysis of service crop mulch ground cover from S2-4 

Covariance parameter Estimate Standard Error   

Block(Year) 0.002630 0.004132   

Block*SC*ST(Y) 0.000886 0.002397   

CS [Block*SC(Y)] 0.01048 0.005173   

Residual 0.02975 0.003136   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 16.54 0.03 0.8763 

Service crop (SC) 2 15.09 7.60 0.0052 

Y*SC 2 16.54 0.54 0.5909 

Sampling time (ST) 2 27.02 34.29 0.0001 

Y*ST 1 27.02 3.99 0.0560 

SC*ST 4 27.02 1.01 0.4177 

Y*SC*ST 2 27.02 4.03 0.0294 
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Table A.6. Variance analysis of service crop mulch height from S2-4  

Covariance parameter Estimate Standard Error   

Block(Year) 0.01119 0.02512   

Block*SC*ST(Y) 0.06617 0.04256   

CS [Block*SC(Y)] 0.01656 0.04071   

Residual 0.2991 0.03160   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 6.441 107.78 <.0001 

Service crop (SC) 2 9.874 0.27 0.7704 

Y*SC 2 13.31 3.42 0.0635 

Sampling time (ST) 2 22.79 61.51 <.0001 

Y*ST 1 22.86 14.31 0.0010 

SC*ST 4 22.79 0.49 0.7420 

Y*SC*ST 2 22.86 0.32 0.7269 
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Table A.7. Variance analysis of service crop mulch area index from S2-4 

Covariance parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block(Year) 0.06420 0.05239   

Block*SC*ST(Y) 0 .   

CS [Block*SC(Y)] 0.04436 0.03052   

Residual 0.3614 0.03220   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 6 21.55 0.0035 

Service crop (SC) 2 12 3.13 0.0804 

Y*SC 2 12 1.94 0.1858 

Sampling date (ST) 2 252 46.12 <.0001 

Y*ST 2 252 25.01 <.0001 

SC*ST 4 252 4.88 0.0008 

Y*SC*ST 4 252 1.61 0.1731 
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Table A.8. Variance analysis of service crop mulch Am from S2-4 

Covariance 
parameter Estimate Standard Error   

Block(Y) 0.01956 0.01498   

Block*SC*ST(Y) 0.02507 0.01223   

CS [Block*SC(Y)] 0.001184 0.008385   

Residual 0.1013 0.009850   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 6.005 61.33 0.0002 

Service crop (SC) 2 11.93 4.18 0.0421 

Sampling time (ST) 2 36.04 0.54 0.5899 

Y*SC 2 11.93 4.08 0.0447 

Y*ST 2 36.04 17.29 <.0001 

SC*ST 4 36.04 1.20 0.3262 

Y*SC*ST 4 36.04 0.76 0.5581 
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Table A.9. Variance analysis of Van Genuchten curve parameters 

 α n θs 

Covariance parameter Est  se  Est  se  Est  se  

Block(Year) -0.2415  0.2076  0.000085 0.000312 0.000136 0.00016 

Block*Service(Year) 0.9251  0.5322  0.000872 0.000468 0.000254 0.000155 

Residual 1.4793  0.2465  0.001028 0.000174 0.000491 0.000082 

             

Source Num df Den df F value Pr > F Num df Den df F value Pr > F Num df Den df F value Pr > F 

Year (Y) 1 6 5.99 0.0499 2 12 0.11 0.9008 1 6 11.31 0.0152 

Service crop (SC) 2 12 0.52 0.6062 1 6 5.18 0.0632 2 12 1.85 0.1994 

Y*SC 2 12 0.03 0.9659 2 12 0.31 0.7417 2 12 1.7 0.2232 

 

Table A.10. Variance analysis of saturated hydraulic conductivity 

Covariance 
parameter Estimate Standard Error   

Block(Year) -0.07731 0.9307   

Block*SC(Y) -0.4912 1.8413   

Residual 18.3723 3.0621   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 6 1.70 0.2400 

Service crop (SC) 2 12 1.25 0.3217 

Y*SC 2 12 0.05 0.9545 
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Table A.11. Variance analysis of VWC in AM at -5 cm in 2017 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0.000484 0.000415 - - 

Homogeneity   18.21 0.0001 

Event     

Block*service, NSC 0.001420 0.000397   

Block*service, 1sp 0.002045 0.000649   

Block*service, 4sp 0.000143 0.000055   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 36.39 13.92 <.0001 

Event (E) 9 45.02 10.97 <.0001 

SC*E 18 42.32 0.45 0.9658 

 

 

Table A.12. Variance analysis of VWC in AM at -20 cm in 2017 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0.000233 0.000228 – – 

Homogeneity   10.37 0.0056 

Event     

Block*service, NSC 0.000439 0.000134   

Block*service, 1sp 0.001723 0.000542   

Block*service, 4sp 0.002196 0.000805   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 32.9 0.68 0.5148 

Event (E) 9 42.37 12.58 <.0001 

SC*E 18 38.61 0.25 0.9986 
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Table A.13. Variance analysis of ΔSWS in AM at -5 cm in 2017 

Covariance 
parameter Estimate Standard Error   

Block 0.000286 0.000361   

Event     

Var(1) 0.04096 0.02135   

Var(2) 0.06716 0.03910   

Var(3) 0.02740 0.01976   

Var(4) 0.000457 0.000387   

Var(5) 0.07549 0.03706   

Var(6) 0.01448 0.006272   

Var(7) 0.07283 0.03316   

Var(8) 0.05045 0.02574   

Var(9) 0.001394 0.000832   

arh(1) -0.3747 0.1402   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 29.83 1.00 0.3800 

Event (E) 8 14.97 19.25 <.0001 

SC*E 16 17.33 1.12 0.4095 
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Table A.14. Variance analysis of ΔSWS in AM at -20 cm in 2017 

Covariance 
parameter Estimate Standard Error   

Block 0 .   

Event     

Var(1) 0.02883 0.1489   

Var(2) 0.4799 0.2624   

Var(3) 0.1631 0.09424   

Var(4) 0.008991 0.004641   

Var(5) 0.1918 0.07842   

Var(6) 0.03151 0.01200   

Var(7) 0.3745 0.1514   

Var(8) 0.4480 0.2658   

Var(9) 0.03441 0.02285   

arh(1) -0.5233 0.1201   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 34.16 0.72 0.4919 

Event (E) 8 15.93 19.04 <.0001 

SC*E 16 18.79 0.48 0.9306 
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Table A.15. Variance analysis of WP in AM in 2017 

Covariance 
parameter Estimate Standard Error   

Block 7264.06 .   

Event     

Var(1) 436.63 .   

Var(2) 318.26 137.10   

Var(3) 12241 .   

Var(4) 33362 .   

Var(5) 52819 .   

Var(6) 33404 .   

Var(7) 53262 .   

Var(8) 6211.53 .   

Var(9) 11398 .   

Var(10) 16454 .   

arh(1) 0.8701 0.02306   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 78 0.45 0.6388 

Event (E) 9 70.45 7.64 <.0001 

SC*E 18 71.68 1.00 0.4681 

 

Table A.16. Variance analysis of temperature in AM in 2017 

Covariance 
parameter Estimate Standard Error   

Block 0.05388 0.0709   

ar(1) 0.8039 0.07908   

Residual 0.2016 0.07677   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 4.993 0.77 0.5054 

Event (E) 9 64.1 338.40 <.0001 

SC*E 18 62.58 0.67 0.8227 
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Table A.17. Variance analysis of VWC in DR at -5 cm in 2017 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0.000014 0.000016 – – 

Homogeneity   32.51 <.0001 

Event     

Block*service, NSC 0.000050 0.000017   

Block*service, 1sp 0.000949 0.000261   

Block*service, 4sp 0.001806 0.000597   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 30.1 1.58 0.2232 

Event (E) 9 32.64 7.68 <.0001 

SC*E 18 32.78 0.29 0.9962 

 

 

Table A.18. Variance analysis of VWC in DR at -20 cm in 2017 

Covariance 
parameter Estimate Standard Error   

Block 0 .   

Residual (vc) 0.001723 0.000285   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 73 0.67 0.5133 

Event (E) 9 73 7.70 <.0001 

SC*E 18 73 0.21 0.9998 

 

  



 

127 
 

Table A.19. Variance analysis of VWC in DR at -50 cm in 2017 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0.003179 0.002658 – – 

Homogeneity   46.89 <.0001 

Event     

Block*service, NSC 0.000912 0.000285   

Block*service, 1sp 0.009358 0.002585   

Block*service, 4sp 0.000075 0.000028   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 36.18 90.35 <.0001 

Event (E) 9 32.95 11.34 <.0001 

SC*E 18 44.32 0.19 0.9998 

 

 

Table A.20. Variance analysis of ΔSWS in DR at -5 cm in 2017 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0 . – – 

Homogeneity   32.94 <.0001 

Event     

Block*service, NSC 0.003315 0.000902   

Block*service, 1sp 0.03816 0.01079   

Block*service, 4sp 0.02540 0.008467   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 31.72 1.04 0.3668 

Event (E) 8 46.46 7.53 <.0001 

SC*E 16 36.39 1.07 0.4128 
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Table A.21. Variance analysis of ΔSWS in DR at -20 cm in 2017 

Covariance 
parameter Estimate Standard Error   

Block 0 .   

Event     

Var(1) 0.1930 0.1011   

Var(2) 0.1293 0.08732   

Var(3) 0.2834 0.2007   

Var(4) 0.006056 0.003317   

Var(5) 0.01197 0.005849   

Var(6) 0.006083 0.002821   

Var(7) 0.04242 0.01866   

Var(8) 0.05684 0.02742   

Var(9) 0.03781 0.02407   

arh(1) -0.3366 0.1471   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 18.26 0.60 0.5610 

Event (E) 8 14.86 11.80 <.0001 

SC*E 16 16.91 1.33 0.2844 
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Table A.22. Variance analysis of ΔSWS in DR at -50 cm in 2017 

Covariance 
parameter Estimate Standard Error   

Block 0.000726 0.001369   

Event     

Var(1) 0.04504 0.02401   

Var(2) 0.4393 0.2500   

Var(3) 1.2720 0.7014   

Var(4) 0.3247 0.1553   

Var(5) 0.1166 0.05162   

Var(6) 0.01898 0.008511   

Var(7) 0.002989 0.001610   

Var(8) 0.01188 0.006278   

Var(9) 0.01388 0.007543   

arh(1) 0.3133 0.1296   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 10.65 0.02 0.9818 

Event (E) 8 18.35 19.12 <.0001 

SC*E 16 21.62 1.31 0.2773 
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Table A.23. Variance analysis of WP in DR in 2017 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 32,147 .   

Homogeneity   26.63 <.0001 

Event     

Block*service, NSC 124,515 .   

ar(1) 0.9501 0.01365   

Block*service, 1sp 6,289.42 .   

ar(1) 0.7333 0.06272   

Block*service, 4sp 12,573 .   

ar(1) 0.9570 0.01444   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 80 1.01 0.3706 

Event (E) 9 48.1 10.00 <.0001 

SC*E 18 61.21 1.43 0.1507 
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Table A.24. Variance analysis of temperature in DR in 2017 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0.08638 0.09697   

Homogeneity   52.11 <.0001 

Event     

Block*service, NSC 0.05754 0.01553   

Block*service, 1sp 0.7630 0.2086   

Block*service, 4sp 0.02065 0.007825   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 49.63 24.85 <.0001 

Event (E) 9 32.9 201.77 <.0001 

SC*E 18 55.07 0.86 0.6295 

 

 

Table A.25. Variance analysis of VWC at -5 cm in Irrigated in 2017 

Covariance 
parameter Estimate Standard Error   

Block 0.002374 0.001975   

Residual (vc) 0.001657 0.000211   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 123.2 0.46 0.6330 

Event (E) 16 123 6.39 <.0001 

SC*E 32 123 0.39 0.9987 
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Table A.26. Variance analysis of VWC at -20 in Irrigated in 2017 

Covariance 
parameter Estimate Standard Error   

Block 0.000894 0.000846   

cs 0.000222 0.000170   

Residual  0.000662 0.000085   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 4.835 1.28 0.3571 

Event (E) 16 121.1 11.14 <.0001 

SC*E 32 121.1 0.53 0.9808 
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Table A.27. Variance analysis of ΔSWS in IR at -5 cm in 2017. 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0 .   

Homogeneity   29.79 <.0001 

Event     

Block*service, NSC 0.2430 0.05101   

ar(1) -0.1824 0.1387   

Block*service, 1sp 0.2908 0.06961   

ar(1) -0.2822 0.1670   

Block*service, 4sp 0.04455 0.01259   

ar(1) -0.3723 0.1625   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 33.01 0.50 0.6132 

Event (E) 15 81.57 8.91 <.0001 

SC*E 30 74.72 1.37 0.1369 

 

 

Table A.28. Variance analysis of ΔSWS in IR at -20 cm in 2017. 

Covariance 
parameter Estimate Standard Error   

Block 0 .   

ar(1) -0.2453 0.08970   

Residual  0.1247 0.01701   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 58.07 0.05 0.9507 

Event (E) 15 100.5 22.75 <.0001 

SC*E 30 97.65 1.50 0.0700 
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Table A.29. Variance analysis of WP in IR in 2017. 

Covariance 
parameter Estimate Standard Error   

Block 6496.37 6153.22   

ar(1) 0.7522 0.06101   

Residual  5596.02 1364.36   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 10.76 0.82 0.4653 

Event (E) 16 110 4.16 <.0001 

SC*E 32 105.9 1.03 0.4328 

 

 

Table A.30. Variance analysis of T in IR in 2017. 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0.08476 0.07243   

Homogeneity   15.13 0.0044 

Event     

Block*service, NSC 0.03207 0.009111   

ar(1) 0.3787 0.1864   

Block*service, 1sp 0.2453 0.1220   

ar(1) 0.8536 0.07723   

Block*service, 4sp 0.08222 0.04309   

ar(1) 0.8171 0.09760   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 3.698 2.74 0.1860 

Event (E) 16 92.4 297.63 <.0001 

SC*E 32 82.8 0.74 0.8327 
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Table A.31. Variance analysis of VWC in AM at -5cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.000710 0.000609   

Residual (vc) 0.000630 0.000136   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 43.84 4.45 0.0173 

Event (E) 7 43.1 8.83 <.0001 

SC*E 14 43.08 0.55 0.8860 

 

 

 

Table A.32. Variance analysis of VWC in AM at -20cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.001972 0.001686   

Residual (vc) 0.000570 0.000135   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 36.5 4.06 0.0255 

Event (E) 7 35.91 5.69 0.0002 

SC*E 14 35.9 0.38 0.9731 
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Table A.33. Variance analysis of ΔSWS in AM at -5cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0 .   

Event     

Var(1) 0.1400 0.08427   

Var(2) 0.03802 0.02009   

Var(3) 0.008809 0.004872   

Var(4) 0.09676 0.04813   

Var(5) 0.07103 0.03476   

Var(6) 0.01266 0.007415   

Var(7) 0.009379 0.006878   

arh(1) -0.5459 0.1375   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 10.04 0.25 0.7830 

Event (E) 6 10.85 8.79 0.0012 

SC*E 12 11.89 0.67 0.7519 
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Table A.34. Variance analysis of ΔSWS in AM at -20cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.003351 0.004284   

Event     

Var(1) 0.002809 0.002494   

Var(2) 0.01119 0.008629   

Var(3) 0.009388 0.007835   

Var(4) 0.1305 0.08349   

Var(5) 0.1292 0.08051   

Var(6) 0.01270 0.01096   

Var(7) 0.02228 0.01617   

arh(1) -0.1618 0.2346   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 7.149 0.57 0.5882 

Event (E) 6 6.322 18.81 0.0009 

SC*E 12 6.119 2.96 0.0938 
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Table A.35. Variance analysis of WP in AM at in 2018 

Covariance 
parameter Estimate Standard Error   

Block 18844 24949   

ar(1) 0.8419 0.07137   

Residual 50867 21314   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 6.331 1.04 0.4069 

Event (E) 7 48.86 29.92 <.0001 

SC*E 14 47.94 0.61 0.8434 
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Table A.36. Variance analysis of T in AM at in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.05533 0.05545   

ar(1) 0.7030 0.09994   

Residual  0.07469 0.02367   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 8.004 8.74 0.0097 

Event (E) 7 48.37 744.57 <.0001 

SC*E 14 47.35 1.13 0.3574 

 

 

Table A.37. Variance analysis of VWC in DR at -5cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.00107 0.00091   

Residual (vc) 0.00056 0.00011   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 49.23 15.92 <.0001 

Event (E) 7 48.99 0.83 0.5678 

SC*E 14 48.97 0.17 0.9996 
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Table A.38. Variance analysis of VWC in DR at -20cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.00084 0.0007   

Residual (vc) 0.00048 0.000091   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 56.19 0.63 0.5382 

Event (E) 7 56.03 1.49 0.1886 

SC*E 14 56.02 0.85 0.6145 

 

 

Table A.39. Variance analysis of VWC in DR at -50cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.00212 0.00178   

Residual (vc) 0.00105 0.00019   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 58.15 10.59 0.0001 

Event (E) 7 58.01 0.08 0.9992 

SC*E 14 58 0.09 1.000 
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Table A.40. Variance analysis of ΔSWS in DR at -5cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0 .   

Event     

Var(1) 0.00366 0.00264   

Var(2) 0.00819 0.00443   

Var(3) 0.00127 0.00073   

Var(4) 0.00964 0.00546   

Var(5) 0.00472 0.00225   

Var(6) 0.00052 0.00027   

Var(7) 0.00041 0.00022   

arh(1) -0.4816 0.1506   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 13.44 1.16 0.3442 

Event (E) 6 11.54 24.09 <.0001 

SC*E 11 13.07 2.11 0.1003 
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Table A.41. Variance analysis of ΔSWS in DR at -20cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.00087 0.00111   

Event     

Var(1) 0.04856 0.0383   

Var(2) 0.1614 0.08276   

Var(3) 0.09777 0.04561   

Var(4) 0.3888 0.1714   

Var(5) 0.09282 0.03967   

Var(6) 0.00419 0.00242   

Var(7) 0.00282 0.00172   

arh(1) -0.4094 0.1323   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 16.66 0.66 0.5281 

Event (E) 6 12.71 4.6 0.0106 

SC*E 12 14.31 0.94 0.5405 
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Table A.42. Variance analysis of ΔSWS in DR at -50cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.00108 0.00195   

Event     

Var(1) 0.1234 0.07877   

Var(2) 0.04156 0.02449   

Var(3) 0.0117 0.00616   

Var(4) 0.1135 0.05825   

Var(5) 0.02839 0.01513   

Var(6) 0.00436 0.00283   

Var(7) 0.03436 0.01755   

arh(1) 0.09456 0.1676   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 13.89 0.15 0.8636 

Event (E) 6 13.83 10.26 0.0002 

SC*E 12 15.91 0.44 0.9233 

 

 

Table A.43. Variance analysis of WP in DR in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0 .   

cs 140,869 68,844   

Residual  36,244 6,732.18   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 8.975 0.74 0.5054 

Event (E) 7 58 7.13 <.0001 

SC*E 14 58 2.56 0.0063 
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Table A.44. Variance analysis of T in DR in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.03105 0.04494   

ar(1) 0.8784 0.0546   

Residual  0.09614 0.04068   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 6.658 1.2 0.3576 

Event (E) 7 56.13 1046.69 <.0001 

SC*E 14 55.51 0.81 0.6558 

 

 

Table A.45. Variance analysis of VWC in IR at -5cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.00142 0.00119   

Residual (vc) 0.00088 0.00014   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 78.2 30.24 <.0001 

Event (E) 11 78 4.72 <.0001 

SC*E 22 77.97 1.42 0.1324 
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Table A.46. Variance analysis of VWC in IR at -20cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.00028 0.00026   

Residual (vc) 0.00093 0.00016   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 67.74 14.78 <.0001 

Event (E) 11 66.21 8.61 <.0001 

SC*E 22 66.12 0.51 0.9581 

 

 

Table A.47. Variance analysis of ΔSWS in IR at -5cm in 2018 

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block 0 .   

Homogeneity   20.12 0.0005 

Event     

Block*service, NSC 0.173 0.05371   

ar(1) -0.2985 0.2801   

Block*service, 1sp 0.1231 0.04563   

ar(1) -0.5986 0.1391   

Block*service, 4sp 0.02415 0.00765   

ar(1) -0.197 0.2036   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 21.28 0.26 0.7721 

Event (E) 10 42.35 6.27 <.0001 

SC*E 20 38.31 0.49 0.9556 
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Table A.48. Variance analysis of ΔSWS in IR at -20cm in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0 .   

ar(1) -0.2699 0.1216   

Residual  0.1765 0.03294   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 35.71 0.39 0.6778 

Event (E) 10 52.36 12.73 <.0001 

SC*E 20 50.49 0.52 0.9468 
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Table A.49. Variance analysis of WP in IR in 2018 

Covariance 
parameter Estimate Standard Error   

Block 15915 .   

Event     

Var(1) 4242.64 .   

Var(2) 2926.11 .   

Var(3) 3274 .   

Var(4) 13,178 .   

Var(5) 10,735 .   

Var(6) 27,324 .   

Var(7) 136,780 .   

Var(8) 80,623 .   

Var(9) 111,552 .   

Var(10) 2,200.23 .   

Var(11) 10,053 .   

Var(12) 27,614 .   

Var(13) 2,754.96 .   

csh 0.3473 0.07777   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 95 0.12 0.8897 

Event (E) 12 95 20.63 <.0001 

SC*E 24 95 0.66 0.8795 
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Table A.50. Variance analysis of T in IR in 2018 

Covariance 
parameter Estimate Standard Error   

Block 0.07026 0.06488   

ar(1) 0.6745 0.08208   

Residual  0.08164 0.02019   

     

Source Numerator df Denominator df F value Pr > F 

Service crop (SC) 2 10.98 11 0.0024 

Event (E) 11 74.46 905.91 <.0001 

SC*E 22 72.06 0.93 0.5581 

 

 

Table A.51. Variance analysis of corn population  

Covariance 
parameter Estimate Standard Error   

Block(Year) 0.1619 0.7984   

Block*SC(Y) 1.3605 1.3125   

Residual 5.0145 1.0456   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 6.288 46.21 0.0004 

Service crop (SC) 2 11.83 4.18 0.0423 

Y*SC 2 11.83 2.84 0.0984 
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Table A.52. Variance analysis of corn grain yield  

Covariance 
parameter Estimate Standard Error   

Block(Year) 0 .   

Block*SC(Y) 0.1170 0.07938   

Residual 0.3082 0.07476   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 17 2.45 0.1357 

Service crop (SC) 2 17 11.78 0.0006 

Y*SC 2 17 5.66 0.0131 

Water (WA) 2 34 37.00 <.0001 

Y*WA 2 34 1.08 0.3511 

SC*WA 4 34 0.85 0.5021 

Y*SC*WA 4 34 1.58 0.2029 
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Table A.53. Variance analysis of grain yield regressed by cereal rye biomass (PROC REG) 

Source df Sum of Squares Mean Square F value Pr > F 

Model 1 41.55539 41.55539 15.73 0.0007 

Error 21 55.47559 2.64169   

Corrected Total 22 97.03098    

      

Variable df Estimate se t-Value Pr > |t| 

Intercept 1 16.69604 0.51238 32.59 <.0001 

Slope 1 -0.67156 0.16932 -3.97 0.0007 

 

 

Table A.54. Variance analysis of corn yield per plant  

Covariance 
parameter Estimate Standard Error   

Block(Year) 0.000031 0.000076   

Block*SC(Y) 0.000151 0.000105   

Residual 0.000276 0.000067   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 5.968 29.04 0.0017 

Service crop (SC) 2 11.46 5.75 0.0186 

Y*SC 2 11.46 1.70 0.2253 

Water (WA) 2 34 50.59 <.0001 

Y*WA 2 34 1.07 0.3535 

SC*WA 4 34 1.94 0.1271 

Y*SC*WA 4 34 3.40 0.0192 
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Table A.55. Variance analysis of corn stover  

Covariance 
parameter Estimate Standard Error Chi-quare Pr  >Chisq 

Block(Year) 0 .   

Block*Service(Year) 0.06305 0.04347   

Residual   7.06 0.0293 

NSC 0.1626 0.06473   

1sp 0.4030 0.1510   

4sp 0.08700 0.03819   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 19.71 74.56 <.0001 

Service crop (SC) 2 16.5 3.25 0.0648 

Water (WA) 2 29.49 24.36 <.0001 

Y*SC 2 16.5 2.03 0.1631 

Y*WA 2 29.49 0.59 0.5617 

SC*WA 4 25.21 0.79 0.5423 

Y*SC*WA 4 25.21 1.21 0.3314 
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Table A.56. Variance analysis of corn harvest index 

Covariance 
parameter Estimate Standard Error   

Block(Year) 0.000068 0.000053   

Block*Service(Year) -0.00009 0.000045   

Residual 0.000451 0.000109   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 6.021 89.71 < .0001 

Service crop (SC) 2 11.2 30.44 <.0001 

Y*SC 2 11.2 28.08 <.0001 

Water (WA) 2 34 6.10 0.0054 

Y*WA 2 34 2.97 0.0650 

SC*WA 4 34 2.30 0.0788 

Y*SC*WA 4 34 0.88 0.4848 
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Table A.57. Variance analysis of Δyield 

Covariance 
parameter Estimate Standard Error   

Block(Year) 0.3225 0.263   

Block*SC(Y) 0.05714 0.1478   

Residual 0.5041 0.152   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 6.161 4.8 0.0698 

Service crop (SC) 1 5.517 3.76 0.1048 

Y*SC 1 5.517 3.99 0.0968 

Water (WA) 2 22 1.22 0.3156 

Y*WA 2 22 0.06 0.9435 

SC*WA 2 22 0.64 0.5351 

Y*SC*WA 2 22 2.27 0.1266 
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Table A.58. Variance analysis of vertical root-pulling  

Covariance 
parameter Estimate Standard Error   

Block(Year) 179.38 201.54   

Block*Service(Year) 350.67 195.91   

Residual 966.74 95.8394   

     

Source Numerator df Denominator df F value Pr > F 

Year (Y) 1 6 1.35 0.2894 

Service crop (SC) 2 11 7.26 0.0098 

Y*SC 2 11 0.74 0.4999 

Covariables     

Stem diameter 1 205 105.61 <.0001 

Volumetric water 
content 

1 205 10.02 0.0018 
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