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ABSTRACT 
 

The yield potential in pulse crops is limited by their uncompetitive nature in the presence of 

weeds. Inter-row cultivation, commonly used in wide-row crops has previously demonstrated 

weed control potential in cereal crops. No research has been conducted on crop tolerance to 

inter-row cultivation under weed-free conditions, and studies are limited on the efficacy of inter-

row cultivation in other narrow-row field crops. It was hypothesized that inter-row cultivation 

would manage weeds with minimal crop damage at early stages of crop growth. Two objectives 

were developed; the first, to determine the tolerance of field pea (Pisum sativum L.) and lentil 

(Lens culinaris L.) to inter-row cultivation and the second, to determine the ability of inter-row 

cultivation to manage weeds. To determine this, two replicated field experiments were conducted 

in Saskatchewan, Canada. The first experiment, conducted over four site-years in 2014 and 2015 

examined the tolerance of field pea and lentil to cultivation at different growth stages under 

weed-free conditions. Single cultivation treatments began at the 3.5 node stage, continuing 

weekly for six weeks. Multiple cultivation treatments and an uncultivated control were included. 

The second experiment, conducted at two locations on organic land in 2015 examined the ability 

of inter-row cultivation to manage natural weed populations. Treatments were similar to the first 

experiment, including a weed-free control. In the crop tolerance experiment the mean of four 

site-years demonstrated a 15% yield decline (P<0.05) in lentil when cultivation was delayed 

from the 3.5 node stage to 16 nodes and 31% in field pea when cultivation was delayed to 17 

nodes. In the organic study, weed biomass declined 30% when cultivation was delayed to the 

sixth week. No reduction in weed biomass occurred in lentil. Inter-row cultivation did not 

increase yield (P>0.05) in either crop. This limited response may be attributed to below-average 

rainfall in 2015 and substantial weed presence in the intra-row spaces. Future research should 

examine supplementing inter-row cultivation with mechanical weed control in the intra-row 

spaces. In conclusion, while field pea and lentil exhibited tolerance to inter-row cultivation at 

early crop growth stages, no yield increase was observed. 
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1.0 Introduction 

The inclusion of pulse crops such as field pea (Pisum sativum L.) and lentil (Lens 

culinaris L.) in agricultural systems can increase diversity, reduce requirements for nitrogen 

fertilizer and increase profit margins (Menalled, 2009). These benefits can, in turn, improve the 

sustainability of an agricultural system. Despite agronomic benefits of field pea and lentil, yields 

can be limited as field pea and lentil have reduced competitive ability in the presence of weeds in 

comparison to other field crops (Townley-Smith and Wright, 1994; Ball et al., 1997). Production 

challenges are most notable in organic systems due to limited weed control methods (Van Der 

Weide et al., 2008). Conventional pulse producers also have difficulties controlling weeds due to 

the increased presence of herbicide resistant weeds. Because of this, novel and sustainable weed 

management strategies must be developed (Mortensen et al., 2012). Integrated Weed 

Management (IWM) has been proposed as a solution for a more sustainable weed control system 

in both organic and conventional cropping systems. IWM provides alternatives to sole reliance on 

herbicides by utilizing multiple control methods, thereby reducing selection pressure for 

herbicide resistant weeds (Blackshaw et al., 2008). IWM combines cultural, mechanical, 

chemical and biological weed control tactics (Shaw, 1982; Walker and Buchanan, 1982); 

however, in organic cropping systems chemical weed control cannot be used, thus optimizing the 

remaining control strategies is essential for effective weed management.  

Mechanical weed control is an important aspect of a successful IWM program in organic 

crop production. Inter-row cultivation is a selective method of mechanical weed control (Davies 

and Welsh, 2002) that physically removes weeds from between crop rows after crop emergence 

(Melander et al., 2003). The cultivator undercuts weeds, leaving them on the soil surface to 

desiccate (Terpstra and Kouwenhoven, 1981), resulting in the ability of inter-row cultivation to 

control weeds later in the growing season (Pullen and Cowell, 1997) and manage tap-rooted 

species that are typically difficult to mechanically control (Melander et al., 2003). As a result, 

inter-row cultivation is less dependent than harrowing on timing of implementation (Kolb and 

Gallandt, 2012). Inter-row cultivation is typically used in wide-row crops such as corn and 

soybeans, but has begun to be used in crops typically sown in narrow rows such as cereals 

(Rasmussen, 2004). 
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Research has shown the potential of inter-row cultivation in cereals. In a study conducted 

in spring wheat, there was a 62% reduction in weed density and a 16% increase in yield when 

inter-row cultivation was used after an early post-emergent harrow (Kolb et al., 2012). Similarly, 

weed biomass was reduced 22-56% in spring cereals, although results depend on soil type 

(Lötjönen and Mikkola, 2000). A similar study found a 50% reduction in weed biomass in winter 

wheat, however there was no resulting effect on yield (Melander et al., 2003).  Previous studies 

on inter-row cultivation have not examined crop tolerance and inter-row cultivation 

independently. Crop tolerance cannot be determined in the presence of weeds, as weed presence 

can create confounding effects on biomass production and yield (Leblanc and Cloutier, 2001a; b). 

Examining crop tolerance and weed control separately allows for the determination of the optimal 

timing of implementation where weed control is maximized and crop damage is minimized.  

Despite preliminary research on inter-row cultivation in cereals, no research has been conducted 

on narrow-row pulse crops. This provides an opportunity for research on inter-row cultivation in 

pulse production, potentially resulting in greater profitability and sustainability in organic pulse 

production.  

The focus of this project was to determine the suitability of inter-row cultivation for 

organic pulse production. Two field experiments were designed to address this objective. The 

objective of the first experiment was to determine the tolerance of field pea and lentil to inter-row 

cultivation under weed-free conditions at different growth stages. It was hypothesized that there 

will be no yield loss at early stages of cultivation and yield loss will increase as cultivation is 

delayed or increases in frequency. The objective of the second study was to determine the 

efficacy of inter-row cultivation in controlling weeds in organic field pea and lentil. It was 

hypothesized that inter-row cultivation at early stages of crop growth will have the greatest weed 

control resulting in the highest yields. The results of these studies will assist in the development 

of an in-crop post-emergent mechanical weed control recommendation that can be implemented 

later in the growing season with minimal crop damage when compared to other post-emergent 

mechanical weed control method. This will contribute to the development of sustainable weed 

management practices in field pea and lentil for organic and conventional producers.  
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2.0 Literature Review 
 

2.1 Organic Cropping Systems 

 Organic cropping systems maintain prevalence in the Canadian prairies due to increased 

environmental considerations, lower input costs than conventional production and increasing 

consumer demand. When properly managed, organic crop production has the potential to offer 

sustainable alternatives to conventional farming operations that rely heavily on synthetic 

fertilizers and chemical weed control. The latest statistics show that there were approximately 

4000 organic farms in Canada, comprising a total of 700 000 ha, of which over 80% of this land 

base was located in the Prairie Provinces (Macey, 2010, 2011). 

 While there are a number of benefits associated with organic cropping systems, there are 

also many challenges limiting the adoption, sustainability and production of this system. Due to 

the inability to use synthetic fertilizers and chemical weed management, soil fertility and weed 

control remain as two of the leading production constraints in organic systems (Waldon et al., 

1998; Entz et al., 2001; Bàrberi, 2002; Kirchmann et al., 2007; Chavas et al., 2009; Knight et al., 

2010). 

Weed management strategies have been studied extensively for organic farmers. These 

strategies combine cultural weed control mechanisms which enhance the competitive ability of 

the crop, with mechanical weed control; often tillage operations that physically remove weeds 

from the cropping system (Knight et al., 2010). Although significant advancements have been 

made in organic weed management, further research is required to optimize current strategies and 

to create novel weed control tools to allow for organic production to be profitable and 

sustainable.  

The success of organic weed control has improved as a result of field research, however 

soil fertility remains a challenge for the majority of organic producers (Waldon et al., 1998; 

Bàrberi, 2002; Kirchmann et al., 2007). The objectives of soil fertility management in organic 

production are to balance nutrients, support biological activity and increase soil organic matter. 

Incorporation of livestock manure would assist in the improvement of soil fertility greatly, 

however access to manure is limited for the majority of producers (Knight et al., 2010). As a 

result, producers rely heavily on nitrogen fixing legumes in addition to cover crops and green 
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manures in rotation to return nitrogen and other nutrients back to the soil (Knight et al., 2010). 

Nitrogen fixing legumes such as field pea and lentil, when inoculated with Rhizobia spp. can 

produce enough nitrogen for their own growth in addition to increasing residual nitrogen for the 

following crop. Field pea is estimated to contribute up to 15 kg ha-1 of residual nitrogen for every 

1000 kg of seed produced (Beckie and Brandt, 1997), potentially reducing nitrogen requirements 

in subsequent crop years. In order to maximize the soil fertility benefits of pulse crops, research 

is necessary for weed management in organic pulse production.  

 

2.2 Organic Pulse Production 

Field pea and lentil are two commonly grown pulse crops in Saskatchewan, Canada. 

Canada has an important role in the global pulse market as it is the leading producer and exporter 

of pulse crops worldwide. In 2011, there were 2.2 million ha of pulses grown in Canada. 

Saskatchewan was responsible for 68% of all dry pea and 96% of lentil production (Bekkering, 

2014). There were 24 000 ha of organic field pea and lentil grown in Canada of which almost 

80% were grown in Saskatchewan (Macey, 2010). Aside from market potential, field pea and 

lentil have gained popularity in crop production due their nitrogen fixing properties (Fernandez et 

al., 2012) and have a good economic return and price premiums in organic production. Their high 

export potential, in addition to reduced input requirements allow for a greater economic return, 

making field pea and lentil an excellent crop to include in rotation in both organic and 

conventional cropping systems. 

In spite of the agronomic benefits of field pea and lentil, weed management is a main 

yield limiting factor due to their poor competitive ability. Lentils are short in stature and have 

slow rates of growth and late canopy closure resulting in yield loss during competition with 

weeds (Ball et al., 1997; Kirkland et al., 2000). Studies have demonstrated weed presence in 

lentil has negative effects on lentil height, branching, pod production, biomass and seed yield 

(Rahimzadeh et al., 2013) resulting in yield losses between 25% and 80% (Boerboom and 

Young, 1995; Ball et al., 1997; Paolini et al., 2003; Kayan and Adak, 2006) 

Field pea is similar in competitive ability to lentil and can experience yield losses as high 

as 80% (Boerboom and Young, 1995; Grevsen, 2003) if weed control is not effective (Townley-

Smith and Wright, 1994). Successfully controlling weeds in uncompetitive crops is a notable 
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challenge in organic cropping systems (Van Der Weide et al., 2008) and is becoming a greater 

concern in conventional systems due to increased presence of herbicide resistant weeds 

(Mortensen et al., 2012). As a result of this, and increasing public concern of herbicide use, 

sustainable weed management strategies must be developed (O’Donovan et al., 2007; Harker and 

O’Donovan, 2013). 

 

2.3 Integrated Weed Management 

Integrated Weed Management (IWM) strategies have been developed as an inclusive 

weed control tool to manage weeds in both organic and conventional cropping systems. Societal 

pressures to decrease pesticide use, concerns of agricultural sustainability and decreasing crop 

prices has led to increased research on IWM (O’Donovan et al., 2007; Harker and O’Donovan, 

2013). IWM combines multiple weed control strategies during the cropping season in order to 

reduce the negative effect of weed presence on the crop (O’Donovan et al., 2007; Harker and 

O’Donovan, 2013). In organically managed systems, it is necessary to combine multiple control 

methods to allow for a greater spectrum of weed control. Most often this requires a good balance 

between cultural and mechanical weed control strategies. In conventional systems, IWM utilizes 

chemical weed control in addition to cultural and mechanical weed control tactics (Shaw, 1982; 

Walker and Buchanan, 1982). IWM, as an alternative to strict herbicide use will reduce the 

selection pressures for the development of herbicide resistant weeds (Blackshaw et al., 2008), in 

turn, increasing agricultural sustainability while maintaining sufficient levels of weed control 

(Harker and O’Donovan, 2013). 

 

2.3.1 Integrated Weed Management in Organic Cropping Systems 

Optimizing mechanical and cultural weed control in organic IWM systems is essential for 

effective weed control, therefore maximizing yield. Cultural weed control strategies that increase 

the competitive ability of the crop, in combination with mechanical weed control strategies that 

physically removed weeds, have the potential to allow for sufficient levels of weed control in 

organic cropping systems (Swanton and Weise, 1991; Baird et al., 2009a; Baird et al., 2009b; 

Kolb and Gallandt, 2012). A study conducted at the University of Saskatchewan examined the 

effects of IWM on weed control and yield in organically grown oats (Avena sativa L.). The 
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combination of high seeding rates and post-emergence harrowing reduced weed biomass by 71% 

resulting in a 25% yield increase when compared to standard weed management practices 

(Benaragama and Shirtliffe, 2013). Chemical weed control with synthetic herbicides is not a 

permitted component of an organic IWM system, therefore optimization of cultural and 

mechanical weed control strategies is necessary.  

 

2.3.2 Cultural Weed Control in Organic Pulse Production 

Cultural weed management practices can be characterized as managing a crop or cropping 

system to allow it to be more competitive in the presence of weeds, thus reducing the impacts of 

the weeds present (Bastiaans et al., 2008). This strategy is essential to successfully control weeds 

and is an inexpensive and accessible weed control strategy for farmers (Mohler, 2001). Examples 

of cultural weed control practices in organic systems include crop rotation, timing of weed 

removal (Bond and Grundy, 2001; Knight et al., 2010), seeding density and choice of a 

competitive variety of cultivar (Knight et al., 2010). Through the application of these strategies it 

is possible for the crop to outcompete weeds present. 

 Increasing seeding rate is an effective strategy to increase crop competitive ability (Baird 

et al., 2009a; Baird et al., 2009b; Benaragama and Shirtliffe, 2013). The optimal seeding rate for 

organic lentil and field pea was determined over four site-years near Saskatoon, Saskatchewan, 

Canada. Seeding lentil at a higher than average plant density of 229 plants m-2 reduced weed 

biomass by 59% and maximized the economic return of the crop when compared to the standard 

plant density of 130 plants m-2  (Baird et al., 2009a). Similar results from earlier studies showed 

that even with the use of herbicides, increased lentil plant populations were recommended to 

improve efficacy of weed control. The effect of increasing plant populations was more noticeable 

when herbicide control was inadequate or absent (Ball et al., 1997). A similar study conducted at 

the University of Saskatchewan examined the optimal seeding rate for organic production of field 

pea. Increasing the plant density of field pea to 120 plants m-2 from 88 plants m-2 reduced weed 

biomass up to 68% and maximized economic return (Baird et al., 2009b). 

Strategic timing of seeding is another method of cultural weed control. In organic 

cropping systems, delayed seeding can create a false seedbed and allow for cultivation of early 

emerging weeds before seeding or crop emergence (Rasmussen, 2004). Despite the weed control 
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potentially achieved through delayed seeding, there is also the potential for this to reduce yield. 

Over three seeding dates of field pea (early, middle, late), early seeding dates had a 23% and 71% 

higher yield than the middle and late date respectively, Similar results were observed in lentil 

where early seeding rates had 50% and 12% greater yields than the middle and late dates 

respectively (Fernandez et al., 2012). 

 The use of a competitive cultivar is another method of cultural weed control as it allows 

the crop to be more competitive in the presence of weeds due to genotypic factors that allow the 

crop to be more competitive. While there is limited research on competitive varieties in lentil, 

some research has been conducted in field pea. Certain characteristics of field pea cultivars can 

assist in increasing competition in the presence of weeds, in turn increasing crop yield. These 

traits include long vines (Wall and Townley-Smith, 1996; McDonald, 2003; Baird et al., 2009a; 

Spies et al., 2011), high leaf area index (Wall and Townley-Smith, 1996) and high biomass 

production (Spies et al., 2011). Commercial, field pea varieties can have a variety of leaf types. 

Spies et al. (2011) found that leafed varieties had a greater competitive ability, however had 

reduced yields under weed free conditions. Growing mixtures of varieties can improve 

competitive ability in the presence of weeds. A mixture of 75% semi-leafless pea with leafed pea 

was able to improve suppression of weeds in comparison to semi-leafless peas, while resisting 

lodging (Syrovy et al., 2015). 

 

2.3.3 Mechanical Weed Control 

 Mechanical weed control is the oldest form of weed removal and is crucial to a successful 

IWM system, most notably in organic cropping systems (Mohler, 1996). Through the physical 

removal of weeds, mechanical weed control gives the crop a competitive advantage for limited 

nutrients and space. The most suitable form of mechanical weed control is dependent upon the 

crop type and environmental considerations. The goals of mechanical weed control are short term 

and long term. Short-term goals include the disruption of the weeds life cycle in the current 

growing season (Rasmussen and Ascard, 1996 in Lundkvist, 2009) while long-term goals aim to 

reduce the population of weeds present in the seedbank (Lundkvist, 2009). 
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2.3.3.1 Timing of Mechanical Weed Control 

The choice of a mechanical weed control implement and its timing must be carefully 

decided upon in order to maximize weed control with minimal crop damage (Bond and Grundy, 

2001). Mechanical weed control can be implemented before seeding to prepare the seedbed and 

control early emerging weeds. It may also be implemented pre-emergence, post-emergence and 

post-harvest; all of which will affect the weed community and success of the crop differently. 

Some implements such as the harrow can be used both pre- and post-emergence and are able to 

control weeds in both the inter- and intra-row spaces. However, for post-emergent harrowing 

timing must be carefully considered in order to avoid crop damage (Pullen and Cowell, 1997). 

Some mechanical weed control tools such as the inter-row cultivator are less dependent on timing 

and can control weeds post-emergently later in the growing cycle of the crop with less risk of 

crop damage as they only kill weeds between the crop row (Pullen and Cowell, 1997). 

While pre-emergent weed control is important, a successful post-emergent weed control 

tool is necessary in order to maintain a weed-free environment during the critical period of weed 

control (CPWC). The CPWC is defined as the time frame that it is essential to control weeds in 

order to avoid substantial crop yield losses (Knezevic et al., 2002). In order to control weeds 

during the CPWC using mechanical weed control, optimal mechanical weed control types and 

their timings must be determined. The CPWC for lentil grown in Western Canada has previously 

been determined to start at approximately the five-node stage continuing to the ten-node stage 

(Fedoruk et al., 2011). If weeds are not controlled during this period of time, yield losses were 

evident. The ability to control post-emergent weeds during the CPWC in crops is essential to 

achieving the largest yield potential.    

 

2.3.3.2 Post Emergent Weed Control 

Post-emergent mechanical weed control plays an important role in the success of organic 

agriculture (Shirtliffe and Benaragama, 2014). Pre-emergent weed control can manage the 

majority of small, early emerging weeds, however the management of weeds emerging with the 

crop or shortly thereafter is essential to reduce crop-weed competition. The relative selectivity of 

post-emergent weed control is often low because of the similarity between crop and weeds 

(Rasmussen et al., 2008, 2009; Shirtliffe and Benaragama, 2014). Proper timing of post-emergent 
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mechanical weed control is essential to minimize crop damage and maximize weed control 

benefits. Post-emergent weed control most often includes implements such as harrows, rotary 

hoes and inter-row cultivators (Shirtliffe and Benaragama, 2014) which all vary in their 

selectivity and efficacy of weed removal depending on crop type and environment.  

 

2.3.3.2.1 Harrowing 

 The tine harrow (Figure 2.1) is one of the most commonly used methods of mechanical 

weed control in organic crop production, most notably in cereals (Gilbert et al., 2009; Armengot 

et al., 2013). Harrows are a useful tool to have in production as they can be used both pre- and 

post-emergently in a variety of crop types. As the harrow passes over the crop, it conducts a 

shallow till of the soil surface controlling weeds through the combination of uprooting and soil 

covering (Kurstjens and Perdok, 2000; Kurstjens, 2007; Armengot et al., 2013). 

 

 

Figure 2.1: Spring tine harrows (Photo credit: Shaun Campbell) 
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 One drawback to harrowing is crop damage. Harrowing has a low level of crop-weed 

selectivity (Rasmussen, 1991; Rasmussen et al., 2008; Rueda-Ayala et al., 2011) which may 

results in significant crop damage, outweighing the benefits of weed control if not timed properly 

(Rasmussen, 2004; Rasmussen et al., 2008; Knight et al., 2010). The relative damage caused by 

harrows will largely be dependent on timing, crop type and environmental conditions. There have 

been a number of studies examining the tolerance of crop species to the harrow, all with varying 

results. The tolerance of crops to post-emergent harrowing is dependent on the ability of the crop 

to resist soil covering, in addition to its ability to recover from soil covering (Hansen et al., 2007; 

Rasmussen et al., 2009b). Limited damage from harrows has been observed in organically grown 

cereals (Armengot et al., 2013). With an average of 80% weed control, triticale (Triticosecale) is 

highly tolerant to harrowing, followed by wheat (Triticum aestivum) barley (Hordeum vulgare 

L.) and oat (Avena sativa) (Rasmussen et al., 2009). These results were supported by previous 

studies indicating that wheat, oat and barley exhibited good tolerance to harrowing, with greater 

recovery at earlier crop growth stages (Shirtliffe and Benaragama, 2014) and harrowing once in 

barley and spring wheat until the 2.5 leaf stage caused no significant yield losses (Lafond and 

Kattler, 1992). Other studies have shown that winter wheat can be susceptible to crop yield 

losses, notably at later growth stages (Auškalnis and Auškalnienė, 2009). 

Tolerance to harrowing is not only dependent on crop type, but timing. Although barley 

was previously determined to be tolerant to harrowing (Shirtliffe and Benaragama, 2014), was 

found to be the least tolerant to harrowing when compared to other spring cereals (Gundersen et 

al., 2006). Similar observations on the importance of timing of harrowing operations were 

observed in field pea. Harrowing pre-emergence or at the two-leaf stage had no effect on plant 

populations however, harrowing after this reduced plant populations 35% (Dastgheib, 2004a). In 

order to avoid or minimize crop damage, the harrows may be adjusted to be less aggressive at 

later crop stages (Rasmussen et al., 2010) or by the adjustment of tractor speed (Kolb and 

Gallandt, 2012). Johnson (2001) also improved the selectivity of flex-tine harrowing by reducing 

the aggressiveness when conducting multiple passes in field pea. Crop tolerance to harrowing is 

also believed to be dependent on the competitive ability of the crop variety and the soil nutrient 

levels (Hansen et al., 2007). 
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Despite the low crop-weed selectivity observed by harrowing, it is effective in controlling 

early season weeds and increasing yield potential. Reductions in weed biomass of approximately 

52% to 93% were observed through the use of harrows in organically grown cereals (Dastgheib, 

2004b; Armengot et al., 2013),  and approximately 91% in field pea (Dastgheib, 2004a).  

However Johnson (2001) discovered variability in weed control capabilities of harrows between 

years, dependent on environmental conditions. The relationship between the reduction in biomass 

and corresponding yield benefit has been inconsistent. While harrowing organic wheat at the 

three-leaf stage resulted in a 93% reduction in weed biomass, there was no significant effect on 

yield (Dastgheib, 2004b). Similar results were found in spring oat. Harrowing at the two- to 

three-leaf stage reduced weed density by approximately 62% with no yield benefit (Velykis et al., 

2009). Similarly in field pea, single passes of the harrow did not significantly effect yield 

(Dastgheib, 2004a). Combinations of pre- and post-emergence harrowing or multiple passses of a 

harrow resulted in higher yields than one pass (Kirkland, 1995; Johnson, 2001; Lundkvist, 2009; 

Brandsæter et al., 2012) This was demonstrated in field pea where yield increased 95% with a 

pass of the harrow at pre-emergence and at the two-leaf stage (Dastgheib, 2004a). Three to four 

passes of the harrow reduced weed density by 80% in spring barley (Auškalnis and Auškalnienė, 

2009) and in spring wheat (Kirkland, 1995). While harrowing can be successful on its own, it 

may be optimized when incorporated into an IWM system. Yield increased 13% in organic oat 

from harrowing on its own, however when combined with an increased seeding rate, yield was 

further increased by 25% (Benaragama and Shirtliffe, 2013). Results concerning the tolerance 

and efficacy of harrowing in crops are variable, however it can be concluded that the efficacy of 

harrowing is largely dependent on timing, frequency and stage of the crop and weed at time of 

harrowing (Auškalnis and Auškalnienė, 2009; Velykis et al., 2009). 

 

2.3.3.2.2 Rotary Hoe 

 The rotary hoe (Figure 2.2) is a mechanical weed control implement that can be used both 

pre- and post-emergence (Forcella, 2000; Leblanc and Cloutier, 2001b). This mechanical weed 

control tool has increased in its use due to the ability to operate it at high speeds (Leblanc and 

Cloutier, 2001a). The rotary hoe cultivates directly over the entire field surface including the crop 

row (Leblanc and Cloutier, 2001a) with curved, spiked wheels that can successfully uproot small-
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seeded weeds in the white thread stage (Leblanc and Cloutier, 2001a; Bowman, 2002; Shirtliffe 

and Johnson, 2012). For the rotary hoe to be successful, the crop must be deeper rooted than the 

weeds in order to avoid damage to the crop (Bowman, 2002). The rotary hoe has proven to be 

quite effective on small-seeded weeds, but has limited abilities to control large-seeded weeds 

such as wild oat (Shirtliffe and Johnson, 2012). 

 

 

Figure 2.2: Curved spiked wheels on the rotary hoe allow for uprooting of small weeds (Photo 

credit: Eric Johnson) 

 

 The rotary hoe differs from the tine harrow in the sense that crops are relatively tolerant to 

its use at many growth stages. Similar to studies on other mechanical weed control methods, only 

a few have examined crop tolerance independently of weed control. This is important as the 

presence of weeds will confound the effect of physical damage to the crop (Leblanc and Cloutier, 

2001a). Under weed-free conditions, sweet corn (Zea mays) tolerated the utilization of the rotary 

hoe once, at all growth stages without yield penalty (Leblanc et al., 2006). There was variability 

in the consistency of the tolerance of sweet corn to two passes of the rotary hoe, however damage 

from three and four cultivations using a rotary hoe tended to result in reduced cob numbers and 

delayed maturity at sweet corn harvest (Leblanc et al., 2006). A similar weed-free study was 
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conducted to examine the tolerance of dry edible bean (Phaseolus vulgaris) to the rotary hoe. 

Bean yields were only reduced with four cultivations using the rotary hoe at different growth 

stages. Single passes of the rotary hoe at eight growth stages between pre-emergence and the 

fourth trifoliate leaf stage resulted in no significant decline in crop yield (Leblanc and Cloutier, 

2001a).   The rotary hoe reduced corn populations by an average of 6%; however, this study was 

not under weed-free conditions (Mohler et al., 1997). 

 Tolerance of crops to multiple passes of the rotary hoe is variable. Multiple timings of 

two, three and four rotary hoe operations were used on a combination of growth stages in 

soybean (Glycine max). Increasing the frequency of cultivation decreased soybean population 

numbers however did not negatively affect yield, and in some cases yield increased (Leblanc and 

Cloutier, 2001b).  Two passes of the rotary hoe in field pea only slightly decreased yield 

(Shirtliffe and Johnson, 2012), while more than one pass in soybean using the rotary hoe resulted 

in yield losses above the benefit of weed control (Place et al., 2009). However, it is important to 

note that the study by Place et al. (2009) were not conducted under weed-free conditions, 

therefore the tolerance results may have been confounded by the weed control effect of the rotary 

hoe.  

Rotary hoeing can be effective at managing weeds, however its effect on yield has been 

variable. More than one rotary hoe pass increased weed control but decreased yield in soybean 

(Place et al., 2009). In dry beans (Phaseolus vulgaris), rotary hoeing reduced weed density 57-

61% (Amador-Ramirez et al., 2001). However, the relation of weed density reduction and yield 

was variable. In one year of study where intial weed densities were lower, there was no yield 

response between any treatments, however in the second year of study with higher weed 

densities, despite significant reduction in weed biomass, rotary hoe treatments were 94% lower 

yielding than the handweeded control (Amador-Ramirez et al., 2001). Similar results were found 

in pinto bean (Phaseolus vulgaris). Despite an average of 89% weed control, there was no 

significant yield benefits (Vangessel et al., 1995). In kidney bean at one site of study, weeds were 

five times greater in weedy controls compared to mechanically weeded treatments. Although seed 

yield did not decrease proportionally to this, yields of the rotary hoed treatments were 

comparable to herbicide plots (Burnside et al., 1993).  
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Although yield increases from rotary hoeing were not evident in some studies, yield 

increases have been found in kidney bean. Yield increased 28% with one pass of the rotary hoe, 

however there was no further yield increase with greater frequency of rotary hoeing  (Johnson et 

al., 1998). Yield benefits from multiple passes of the rotary hoe have been observed in other 

studies. In the first year of study, Shirtliffe and Johnson (2012) observed a reduction in weed 

biomass up to 75% when field pea was rotary hoed at all three growth stages studied. In the 

second year of study, they found the best rotary hoe treatments reduced weed biomass 40% 

(Shirtliffe and Johnson, 2012). Rotary hoeing at early crop emergence increased yields 80% from 

the untreated control, and this increased an additional 20% when a second rotary hoe pass was 

conducted at the three-node stage (Shirtliffe and Johnson, 2012). Overall, the study found 

significant yield benefit from single and double passes of the rotary hoe. Yield benefits are 

evident from the utilization of the rotary hoe, however there is variation between years. In two 

out of three years of study rotary hoeing reduced weed density between 39% and 74% in corn 

(Mohler et al., 1997). Despite this variation, utilizing a rotary hoe has shown a significant degree 

of success in controlling newly emerged weeds during the growing season with minimal crop 

damage.  

 

2.3.3.2.3 Inter-Row Cultivation 

Inter-row cultivation is a tillage technique applied after crop emergence that removes 

weeds from in between crop rows (Melander et al., 2003). Inter-row cultivation has been 

commonly used in row crops such as sugar beets (Beta vulgaris) (Rueda-Ayala et al., 2010) that 

are commonly seeded in wide-row spacings greater than 40 cm. However, inter-row cultivation  

is being developed for field crops seeded in rows less than 40 cm such as cereals (Kolb and 

Gallandt, 2012). As the cultivator moves through the crop, the weeds are undercut by triangular 

shaped sweeps (Figure 2.3) and then buried or left on the soil surface to desiccate (Terpstra and 

Kouwenhoven, 1981). Inter-row cultivation is thought to be a selective method of mechanical 

weed control (Davies and Welsh, 2002) resulting in efficient weed removal with minimal crop 

damage. Inter-row cultivation has the potential to allow for the crop to be relatively weed free 

during the CPWC (Swanton and Weise, 1991) due to its selectivity. This allows the inter-row 

cultivator to be used later in the crops growth cycle without substantial crop damage. It is crucial 
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for the crops CPWC to be known in order to time the use of inter-row cultivation properly 

(Davies and Welsh, 2002) to maximize yield potential. 

 

A)                                                                              B)      

 

 

 

 

 

 

Figure 2.3 A) The inter-row cultivator removes post-emergent weeds B) “A-shaped” hoes 

undercut weeds and leave them on the soil surface to desiccate  

  

Inter-row cultivation is less dependent on timing (Reddiex et al., 2001) in comparison to 

other post-emergent weed control strategies. While chemical weed control and other forms of 

mechanical weed control may not be able to be carried out due to weather conditions or missed 

time frames, inter-row cultivation can be utilized at later growth stages with minimal crop 

damage. In contrast to rotary hoeing and harrowing, inter-row cultivation is most effective when 

weeds are 10-15 cm tall (Gonsulus, 1990).  Terpstra and Kouwenhoven (1981) examined the 

effect of inter-row cultivation on weeds in field and lab conditions and found that 57% of the 

weeds were controlled through soil incorporation, and 33% as a result of desiccation on the soil 

surface. In total, approximately 90% of the weeds were controlled (Terpstra and Kouwenhoven, 

1981). Despite only being able to control weeds in between crop rows, this allows the crop to 

gain a competitive advantage over the remaining weeds (Melander et al., 2003).  

Inter-row cultivation is a common method of mechanical weed control in organic crops in 

Europe despite its limited use in field crops in North America. In Denmark, inter-row cultivation 
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is commonly used in row crop systems in both conventional and organic production and in some 

cases is used in place of chemical weed control in winter canola (Melander et al., 2005). 

Although, greater row spacing is required for inter-row cultivation compared to other mechanical 

weed control implements, there has been inconclusive evidence on whether this has a significant 

impact on yield (Lötjönen and Mikkola, 2000; Rasmussen, 2004; Melander et al., 2005). 

While there has been little research examining the suitability of inter-row cultivation in 

pulse crops in North America, there have been a number of studies examining the effectiveness 

of inter-row cultivation in other crops. In a typical wide-row crop such as sugar beet, 78% of 

weeds were controlled 78% with camera steering on the inter-row cultivator, increasing to 84% 

with precision hoeing (Kunz et al., 2015). However, in corn; also a wide-row crop, inter-row 

cultivation only reduced 33% of weeds (Stepanovic et al., 2015).  Similar results were found in 

green gram (Vigna radiata), 86% of weeds were controlled as a result of inter-row cultivation 

(Waghmare et al., 2013) and in field bean (Phaseolus vulgaris) with weed biomass reductions up 

to 74%, increasing yield 45% (Reddiex et al., 2001).  

The success of inter-row cultivation as a weed control technique in wide row crops has 

resulted in research on its implementation in crops that typically have more narrow rows.  In a 

study on spring wheat, the crop was seeded in wider rows to allow for inter-row cultivation. This 

combination was able to reduce weed density by 62% and increase yield 16% when compared to 

regional organic practices (Kolb et al., 2012). Efficacy of inter-row cultivation may be variable 

depending on soil and environmental conditions. In a study examining inter-row cultivation in 

spring cereals, weed biomass was reduced 45-56% in a silty clay soil, however in a mull soil 

weed biomass was only controlled 22-45%. Despite the reduction in weed biomass, on average at 

18 cm rows, yield only increased 3-7% as a result of inter-row cultivation (Lötjönen and 

Mikkola, 2000). 

Much of the success of inter-row cultivation is due to its ability to control tap-rooted and 

larger weed species. Inter-row cultivation was able to control seeded canola by 77-99%  in 

addition to the 65-99% control of the natural weed popualtion (Pullen and Cowell, 1997). 

Melander et al. (2003) studied inter-row cultivation and fertilizer placement and found that inter-

row cultivation was able to reduce biomass of tap-rooted weeds by 50% to 90% dependent on 
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fertilizer placement and timing of cultivation. Overall, weed biomass was reduced 60% to 70% 

(Melander et al., 2003). 

 Combining inter-row cultivation with other forms of mechanical or chemical weed 

control provdes an opportunity to improve control of weeds in the inter- and intra-row spaces. 

Adding ridging tools to the cultivator improved weed control by 10-20% (Johansson 1998 in 

Melander et al., 2003), and harrowing in addition to inter-row cultivation increased weed control 

30% (Melander et al., 2001). Supplementing herbicides with inter-row cultivation provides the 

opportunity to lessen reliance on herbcide applications in conventional cropping systems 

reducing pressures on the development of herbicide resistant weeds.  Studies examining the 

combination of inter-row cultivation with band spraying in sugar beet found that inter-row 

cultivation combined with band spraying controlled weeds 87% and was able to reduce herbicide 

application by 50-75% (Kunz et al., 2015). Similar results were found in maize, sunflower and 

soybean with 99% control of weeds through the combination of intra-row herbicides and inter-

row cultivation (Pannacci and Tei, 2014). 

 While inter-row cultivation has the potential to be successful, maintaining accuracy over 

space and time can be challenging, especially if conducted manually (Tillett and Hague, 2006). 

Research is currently being conducted to increase the efficiency and accuracy of inter-row 

cultivation in narrow-row crops. The Silsoe Research Institute in Bedfordshire, UK has 

developed a vision guided inter-row cultivator that accurately cultivates in between crop rows 

with minimal crop damage, allowing for greater speeds (Connolly, 2003). Similar research in 

Sweden examining vision-based row-following systems developed a system that was able to 

accurately control the inter-row cultivator with a standard deviation of 2.7 cm (Astrand and 

Baerveldt, 2005) and an additional study by Tillet and Hague (2006) was able to achieve a 

deviation of 0.1 cm at speeds up to 10 km h-1. Advancements such as these will allow for 

accurate high speed inter-row cultivation, decreasing damage to the crop and increasing 

efficiency of this mechanical weed control operation.  
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3.0 Tolerance of Field Pea (Pisum Sativum L.) and Lentil (Lens Culinaris L.) to Inter-

Row Cultivation Under Weed-Free Conditions. 
 

3.1 Introduction  

In addition to their ability to fix nitrogen, pulse crops in rotation can return nutrients back 

to the soil reducing reliance on synthetic nitrogen fertilizer (Menalled, 2009), and improving the 

sustainability of farming operations. Despite this, pulse crops, notably field pea and lentil, have 

little competitive ability against weeds, causing yield losses from weeds in both organic and 

conventional production. Poor competitive ability of field pea and lentil, in addition to increased 

instances of herbicide resistant weeds, require the creation of innovative and sustainable weed 

control methods (Mortensen et al., 2012). Mechanical weed control strategies are an essential 

component of Integrated Weed Management (IWM) in organic cropping systems, as they 

physically remove weeds from the crop. Although there are a number of established successful 

mechanical weed control tools, the timing of the weeding operation must be accurately 

determined in order to avoid substantial crop damage while controlling weeds (Forcella, 2000; 

Rasmussen, 2004; Rasmussen et al., 2009b; Rueda-Ayala et al., 2010). When developing 

recommendations for new mechanical weed control tools, the period in which there is maximum 

weed control potential and minimal crop damage must be determined (Kurstjens and Perdok, 

2000; Bond and Grundy, 2001) in order to make this a sustainable alternative to herbicidal weed 

control.  

 Common mechanical weed control tools such as the tine-harrow and rotary hoe are useful 

to incorporate in an IWM system as they can be used both pre- and post-emergence. These 

implements are able to control weeds in the inter- and intra-row spaces, but this also poses a risk 

of crop damage if not timed properly (Rueda-Ayala et al., 2010, 2011). Delayed application of 

these mechanical weed control tools can cause significant crop damage and therefore yield loss. 

Harrowing in peas past the three-leaf stage has previously been determined to reduce plant 

density by 35% (Dastgheib, 2004a). Crops are typically more tolerant to delayed use of the rotary 

hoe (Leblanc and Cloutier, 2001a; b; Leblanc et al., 2006) than tine harrows. Field pea has been 

demonstrated to be tolerant of single passes of the rotary hoe until the nine-node stage. For 

example, field pea yield declined linearly with increased passes of the rotary hoe independent of 
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crop stage, however this decline was determined to be negligible (Shirtliffe and Johnson, 2012). 

The rotary hoe is mostly effective on weeds that are just emerging, during a period known as the 

white thread stage (Bowman, 2002; Shirtliffe and Johnson, 2012). However, this restricts its 

ability to control larger weeds (Shirtliffe and Johnson, 2012). 

The critical period for weed control (CPWC) in lentil has been determined to be between 

the five- and ten-node stage (Fedoruk et al., 2011) and approximately one to two weeks after crop 

emergence in field pea (Harker et al., 2001). Removing weeds during the CPWC requires a 

mechanical weed control tool that will not cause substantial crop damage at later stages of crop 

growth, in addition to having the ability to control larger weeds. The inter-row cultivator (Figure 

3.1) has potential to meet these criteria. Inter-row cultivation has been used in wide-row crops 

such as sugar beets (Beta vulgaris) (Wiltshire et al., 2003; Rueda-Ayala et al., 2010), corn and 

soybeans (Hanna et al., 1996). However its use is beginning to be studied in crops typically sown 

in narrow rows such as cereals (Kolb et al., 2010, 2012; Kolb and Gallandt, 2012). Inter-row 

cultivation controls weeds post-emergence (Melander et al., 2003), having a high level of crop-

weed selectivity (Davies and Welsh, 2002) allowing it to control weeds during the CPWC 

(Swanton and Weise, 1991; Pullen and Cowell, 1997). As the cultivator moves in between the 

crop rows, weeds are undercut by the “A-shaped” sweeps and then buried or left on the soil 

surface to desiccate (Terpstra and Kouwenhoven, 1981). In contrast to rotary hoeing and 

harrowing, inter-row cultivation is most effective when weeds are 10-15 cm tall (Gonsulus, 1990) 

therefore less dependent on timing. Initial research on inter-row cultivation has indicated its 

potential in cereal crops (Kolb et al., 2010, 2012; Kolb and Gallandt, 2012), however no research 

has been conducted in narrow-row pulse crops.  
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A)                                                                         B)  

 

 

 

 

 

 

 

Figure 3.1 A) The inter-row cultivator removes post-emergent weeds B) “A-shaped” hoes 

undercut weeds and leave them on the soil surface to desiccate  

 

Crop tolerance and weed control must be studied independently of each other as weed 

presence and control may confound the effect of the physical damage to the crop (Leblanc and 

Cloutier, 2001a; b). This methodology is important in order to determine the point in which the 

benefit from inter-row cultivation is maximized; where crop damage is minimal and optimal 

levels of weed control are achieved. Through this, mechanisms of crop damage may be able to be 

determined and potentially avoided. To our knowledge, no previous research has been conducted 

on the tolerance of narrow-row crops to inter-row cultivation. The narrow rows pose a risk for 

increased physical contact of the cultivator hoes with the crop, potentially causing significant 

crop damage and yield reductions, although studies on this remain inconclusive (Lötjönen and 

Mikkola, 2000; Jensen et al., 2004; Melander et al., 2005). Developing an effective inter-row 

cultivation recommendation requires more information on the tolerance of the crop at varying 

crop growth stages independently of weed control. The objective of this study was to determine 

the tolerance of field pea and lentil to inter-row cultivation under weed-free conditions at 

different growth stages. It was hypothesized that there would be no yield loss at early stages of 

cultivation and yield loss would increase as cultivation is delayed or increases in frequency.  
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3.2 Materials and Methods 

3.2.1 Site Description and Growing Conditions 

 Field experiments were conducted on conventionally managed land in 2014 at the Kernen 

Crop Research Farm (KCRF) near Saskatoon, Saskatchewan (52º09’N 106º31’W) and at a 

producer’s land near Vonda, Saskatchewan (52º18’N 106 º 03’W). In 2015 the experiment was 

located at the KCRF (52º09’N 106º31’W) and at a producer’s land near Osler, Saskatchewan (52 

º24’N 106 º35’W). All sites were seeded to wheat the previous year. KCRF is located in the Dark 

Brown soil zone, while the other sites are located in the Black Soil zone. All sites had a loam to 

clay loam soil texture. 

 

3.2.2 Experimental Design and Management 

 The experiment was conducted using a randomized complete block design with four 

replicates. Treatments examined inter-row cultivation at six single cultivation timings occurring 

weekly in addition to multiple cultivation treatments of twice early, twice late, three times early 

and three times late. An uncultivated control was included in the treatment structure (Table 3.1). 

Weekly cultivation began at the above ground four-node stage for both field pea and lentil, as the 

beginning of the CPWC in lentil was previously determined to be at the five-node stage (Fedoruk 

et al., 2011). Field pea was assumed to be similar for this study. Inter-row cultivation was 

conducted using a hydraulically powered steerable German Schmotzer inter-row cultivator 

(Schmotzer Agrartechnic, Bad Windsheim, Germany). The hoe width on the cultivator was 12 

cm and the hoes were spaced 30 cm apart. Cultivation speed was approximately 5 km hr-1 and 

hoes were set approximately 5 cm deep depending on crop residue and soil type.  
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Table 3.1: Treatment structure and timings for tolerance trials in field pea and lentil at all site 

years in 2014 and 2015.  

Treatment Week 1 Week 2  Week 3 Week 4 Week 5 Week 6 

Single i i i i i i 

Twice early i   ii   

Twice late  i    ii 

Three times early i  ii  iii  

Three times late  i  ii  iii 

Uncultivated control             

 i denotes single cultivation treatment, or first cultivation timing in the multiple cultivation treatments 

ii denotes second cultivation timing in multiple cultivation treatments 

iii denotes third cultivation timing in multiple cultivation treatments 

 

 

 The field pea variety CDC Dakota and lentil variety CDC Impala were seeded into wheat 

stubble in May (Table 3.2). Suggested plant populations for organic production of 120 plants m-2 

for field pea (Baird et al., 2009b) and 240 plants m-2 for lentil (Baird et al., 2009a) were used in 

order to have plant populations representative of organic production. Seeding rates were 

determined based upon the targeted plant population, the percent germination and a predicted 

90% emergence rate. Seeding was conducted using a plot seeder in 2.2 x 6 m plots that had 6 

rows with 30 cm row spacing. In 2015, plots were lengthened to 8 m and following the final 

cultivation timing, 1 m was mowed off of the end of each plot to a total length of 6 m. This 

negated any damage caused from entering and exiting the plots with the inter-row cultivator. 

Both field pea and lentil were seeded with EstablishTM1 granular rhizobial inoculant (Rhizobium 

leguminosarum) at 4.4 kg ha-1 and 75.4 kg ha-1 of 11-52-0 based on soil fertility 

recommendations from spring soil tests. Inoculant and fertilizer was placed with the seed. Weeds 

were controlled pre-emergence and post-emergence using Odyssey® (imazamox + imazapethyr) 

at a rate of 30 g a.i. ha-1 and Poast® (sethoxydim) at 211 g a.i. ha-1 in order to observe the 

tolerance of cultivation without confounding effects from weeds present. When herbicidal weed 

control was not adequate, hand-weeding occurred in order to maintain weed-free plots. Priaxor® 

(fluxapyroxad + pyraclostrobin) was applied as a fungicide in 2015 at a rate of 222.5 g a.i. ha-1.  

                                                           
1 EstablishTM is a registered trademark of Loveland Products Canada Inc.  
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Table 3.2: Field operations for field pea and lentil tolerance trials carried out at the KCRF and 

Vonda, Saskatchewan in 2014 and at the KCRF and Osler, Saskatchewan in 2015. 

 Lentil Field Pea 

 2014 2015 2014 2015 

 KCRF Vonda KCRF Osler KCRF Vonda KCRF Osler 

Seeding May 12 May 17 May 5 May 9 May 12 May 17 May 5 May 9 

Cult. Wk. 1 June 2 June 8 May 27 June 1 June 2 June 8 May 27 June 1 

Cult. Wk. 2 June 9 - June 3 June 8 June 9 - June 3 June 8 

Cult. Wk. 3 - June 25 June 10 June 15 - June 25 June 10 June 15 

Cult. Wk. 4 June 25 July 3 June 17 June 22 June 25 July 3 June 17 June 22 

Cult. Wk. 5 July 2 July 9 June 23 June 30 July 2 - June 23 June 30 

Cult. Wk. 6 July 8 July 16 June 30 July 6 - - June 30 July 6 

Biomass Aug 7 Aug 11 July 31 July 30 Aug 15 Aug 11 July 22 July 22 

Harvest Sept 5 Sept 5 Aug 12 Aug 18 Aug 26 Sept 5 Aug 12 Aug 18 

- denotes no cultivation occurred as a result of rain or canopy closure 

KCRF denotes Kernen Crop Research Farm 

 

3.2.3 Data Collection 

 Field pea and lentil emergence was assessed between three and four weeks after seeding. 

The crop was counted in two 0.25 m2 quadrats at the front and back of each plot. In 2015 some 

site locations had spatially variable emergence due to drought. In this case, two 1.0 m2 quadrats 

were used in order to obtain accurate representation of the plant population. At the time of 

cultivation plant growth stage was documented based on above-ground node stage. 

 Above-ground crop biomass was sampled from two 0.25 m2 quadrats at the front and 

back of each plot after pod filling but before natural crop desiccation at approximately the 80 

BBCH stage (Lancashire et al., 1991). Field pea at KCRF in 2014 was an exception to this as it 

was affected by leaf rust and ascochyta leaf blight resulting in early unexpected senescence. This 

resulted in an increased percentage in ripe pods at the time of biomass sampling. Biomass 

samples were oven dried at approximately 70ºC in paper bags for 48 hours and then weighed. 

Dry biomass weights were used for analysis. At harvest, the four center rows of crop were 

harvested using a small-plot combine (harvested area=7.2 m2). After removing dockage, seeds 

were weighed and yield determined.  
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3.2.4 Statistical Analysis 

 A combined analysis of data from four site-years was performed as there were no 

significant interaction between treatment and site (P>0.05). Analysis of variance (ANOVA) 

using the MIXED procedure in SAS version 9.4 (SAS Institute, 2012) was used. The cultivation 

node stage for single treatments was treated as a continuous fixed effect, while multiple 

cultivation treatments were analyzed separately as a categorical fixed effect. Site-year, replicate 

and node stage by site-year interaction were assigned as random effects. For single cultivation 

timings, regression analysis was conducted to investigate the relationship between timing of 

cultivation and crop yield and crop biomass. The significance of regression was set at P<0.05. 

Multiple cultivation treatments were analyzed by comparing differences of least squares means 

(LSMEANS). Significance of treatment effect was set at P<0.05. Data were tested for 

homogeneity of variances prior to analysis. If variance was determined to not be homogeneous, 

log10 or square root transformations were used depending on model fit. Yield for single 

cultivation timings, multiple cultivation timings and cultivation frequency in field pea were log10 

transformed. In lentil only yield for single cultivation timings were log10 transformed. All data 

were back-transformed for presentation.  

 

3.3 Results and Discussion 

3.3.1 Environmental Conditions 

 The first year of study in 2014 was exceptionally wet with total rainfall between May 1st 

and August 31st totalling 264 mm (KCRF) with approximately 103 mm occurring in June (Table 

3.3). This resulted in difficulties accessing the field to conduct early cultivation treatment timings 

(Table 3.2). In 2015, there was 206 mm of total precipitation between May 1st and August 31st 

(Table 3.3). Despite this total value appearing similar to the normal precipitation (Table 3.3), 

over half of this total occurred in two rainfall events (Figure 3.2). The first large precipitation 

event occurred on July 29th totalling 69 mm and the second on August 7th totalling 54 mm. 

Substantially lower than normal rainfall occurred in May and June (Table 3.3; Figure 3.2), 

hindering emergence and crop establishment. When precipitation was examined on the basis of 

week, the variability in precipitation between the two years under study is especially evident 

(Figure 3.2). 2014 experienced substantial and consistent weekly early season precipitation, while 
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rainfall in 2015 was more sporadic, severely limited early in the season with large rainfall events 

later in the growing season (Figure 3.2).  

 

Table 3. 3 : Rainfall and mean monthly temperatures at Kernen Crop Research Farm for the 

2014 and 2015 growing season (Historical average is 1981-2010 climate normal for Saskatoon 

Diefenbaker airport, Environment Canada). 

       

  Mean Temperature (oC) Monthly Precipitation (mm) 

  2014 2015 

Historical 

Avg 2014 2015 

Historical 

Avg 

May 9.6 10.1 11.2 73.0 10.4 40.2 

June 14.4 17.1 15.8 103.2 20.6 65.8 

July 18.0 19.3 18.5 65.6 94.4 60.3 

August 18.3 17.3 17.6 22.2 80.6 42.6 

Average 15.1 16.0 15.8 66.0 51.5 52.2 

TOTAL       264.0 206.0 208.9 
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Figure 3.2: Average weekly temperature and total weekly precipitation from May 1st until 

August 31st at the Kernen Crop Research Farm Weather Station in 2014 and 2015. 

 

3.3.2 Lentil and Field Pea Emergence 

 Mean pre-cultivation lentil population density averaged over all site-years ranged from 

91% to 102% of the target plant population of 240 plants m-2 and field pea population density 

ranged from 87% to 100% of the targeted plant population of 120 plants m-2. Neither crop 

densities were significantly different between treatments (data not shown) therefore was not 

taken into consideration during analysis. 
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3.3.3 Lentil and Field Pea Biomass 

 Lentil biomass was not significantly different between treatments (P>0.05) regardless of 

cultivation frequency or timing (Table 3.4). Visually, single cultivation treatments in lentil 

appeared similar at the time of biomass (Appendix 1). 

Table 3.4: ANOVA for lentil yield and crop biomass as affected by linear regression of single 

cultivation timings, multiple cultivation timings and linear regression of cultivation frequency as 

assessed at KCRF and Vonda in 2014 and at KCRF and Osler in 2015. 

Source df 

Yield 

P value 

Biomass 

P value 

 
   

Single Timing    

single timing 13 0.0142 0.5949 

rep(siteyear) 15 0.0761 0.1104 

singletiming*siteyear 55 NA NA 

siteyear 3 0.1255 0.1291 

 
   

Multiple Timing    

timing 4 0.006 0.2923 

rep(siteyear) 15 0.1506 0.0458 

timing*siteyear 19 0.189 0.1297 

siteyear 3 0.1248 0.1775 

 
   

Frequency    

frequency 3 0.0318 0.2725 

rep(siteyear) 15 0.0405 0.047 

frequency*siteyear 15 0.2086 0.1673 

siteyear  3 0.1207 0.1512 

NA – denotes no output due to low variance, not significant 

 

Field pea biomass was similar to lentil with no significant difference in biomass between 

single or multiple cultivation treatments (Table 3.5). However, when treatments were grouped 
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based on the frequency of cultivation, field pea biomass significantly declined (P=0.0169) with 

increasing cultivation frequency (Table 3.5; Figure 3.3). For every single increase in the 

frequency of cultivation, field pea biomass was reduced by approximately 169 kg ha-1 (Figure 

3.3). Field pea biomass declined 2.6%, 5.3% and 7.9% from the uncultivated control when 

cultivated once, twice and three times respectively. Field pea biomass most likely declined with 

increasing frequency of cultivation as it was observed to grow into the inter-row spaces, while 

lentil grew within its row for the majority of cultivation events. This resulted in field pea being in 

more physical contact with the cultivator in comparison to lentil especially at the delayed and 

multiple stages of cultivation, causing increased disturbance and yellowing in the crop canopy 

compared to early stages of cultivation (Appendix 2). 
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Table 3.5: ANOVA for field pea yield and crop biomass as affected by linear regression of single 

cultivation timings, multiple cultivation timings and linear regression of cultivation frequency as 

assessed at KCRF and Vonda in 2014 and at KCRF and Osler in 2015. 

Source df 

Yield 

P value 

Biomass 

P value 

    

Single Timing    

single timing 13 0.0086 0.8549 

rep(siteyear) 15 0.0983 0.0293 

singletiming*siteyear 55 0.3817 NA 

siteyear 3 0.1362 NA 

    

Multiple Timing    

timing 4 0.0001 0.287 

rep(siteyear) 15 0.1823 0.4329 

timing*siteyear 19 NA NA 

siteyear 3 0.1581 NA 

    

Frequency    

frequency 3 <0.0001 0.0169 

rep(siteyear) 15 0.0976 0.0952 

frequency*siteyear 15 NA NA 

siteyear  3 0.1219 NA 

NA – denotes no output due to low variance, not significant 
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Figure 3.3: Association of cultivation frequency and field pea biomass averaged over four site-

years at the KCRF and Vonda in 2014 and KCRF and Osler in 2015. Error bars represent the 

standard error of the least squares mean. 

 

 Despite no biomass reduction in single or multiple cultivation events, a decline in field 

pea biomass was observed when grouped by frequency, due to each frequency containing an 

average of all cultivation timings. Previous studies have also found minimal effects of inter-row 

cultivation on crop biomass production (Šimon and Škrdleta, 1983; Johnson, 2001), but these 

studies were not conducted under weed-free conditions. At late cultivation timings, field pea was 

observed to grow into the inter-row spaces and consequently, the tendrils caught around 

cultivator hoes as it passed through the plots, causing more disturbance in the pea canopy than 

was observed in lentil (Appendix 2). It was observed that treatments with later single stages of 

cultivation appeared to have more damage in the plant canopy due to cultivation in comparison to 

earlier treatments, however were able to recover and very little differences were observed 

between single cultivation treatments at the time of biomass (Appendix 2). 
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3.3.4 Lentil and Field Pea Yield 

 Lentil and field pea exhibited similar trends in yield in relation to cultivation timing. Field 

pea and lentil yield declined linearly with delayed cultivation timing. Lentil yield declined by 

15.4% from the earliest stage of cultivation at 3.5 nodes to the latest stage of cultivation at 16 

nodes (P=0.0141; Figure 3.4). The CPWC of lentil begins at approximately the five-node stage, 

continuing to the ten-node stage (Fedoruk et al., 2011). The five-node to ten-node stage were 

earlier in cultivation treatments and during this time, yield losses were minimal (Figure 3.4). 

 

 

Figure 3.4: The relationship between the node stage at cultivation and lentil yield averaged over 

four site-years at the KCRF and Vonda in 2014 and at the KCRF and Osler in 2015. Data were 

log10 transformed, means are back transformed for presentation. Error bars represent the standard 

errors of the least squares mean. 

 

 Similar trends were observed in field pea, although greater losses in yield were observed 

when cultivation was delayed (Figure 3.5). There was a 31.3% loss in field pea yield when 

cultivation was delayed from 3.5 nodes to 17 nodes (P=0.0086; Figure 3.5). Similar to biomass, 

the greater reduction in yield due to delayed cultivation may have been due to the physiology of 

field pea, as its canopy closed earlier than lentil. This resulted in the crop coming in more 
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physical contact with the cultivator itself. Despite reductions in lentil yield as single cultivation 

events were delayed, very little indication of crop damage was observed in the crop canopy at the 

end of the growing season (Appendix 1).  

The CPWC for field pea begins one to two weeks after emergence (Harker et al., 2001) 

and comparable to lentil, this period would occur earlier in the treatment timings where minimal 

yield losses occurred (Figure 3.5). Both field pea and lentil exhibited tolerance to early single 

cultivation timings, but delayed cultivation could significantly decrease crop yield. Although 

later emerging weeds may not have affected crop development and yield, they may affect ease of 

harvest and contribute to the weed seed bank. If minimal damage will occur to the crop, weeds 

should be controlled.  

 

 

Figure 3.5 The relationship between the node stage at cultivation and field pea yield averaged 

over four site-years at the KCRF and Vonda in 2014 and at the KCRF and Osler in 2015. Data 

were log10 transformed, means are back transformed for presentation. Error bars represent the 

standard errors of the least squares mean. 

 

 Yield losses were observed in field pea and lentil with later stages of inter-row 

cultivation; however, these node stages of cultivation are considerably later than the majority of 
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stages studied in other post-emergent mechanical weed control experiments. Harrowing in field 

pea past the two-leaf stage has previously exhibited reductions in plant populations of up to 35% 

(Dastgheib, 2004a).  It is important to note however, that the study by Dastgheib (2004a) was not 

conducted under weed-free conditions, so the results found may have been confounded by weed 

presence or weed removal. Under weed-free conditions field pea has exhibited good tolerance to 

rotary hoeing up to the nine-node stage, as no yield losses were observed (Shirtliffe and Johnson, 

2012). Under single cultivation timings, inter-row cultivation only resulted in substantial yield 

losses in field pea and lentil as cultivation was increasingly delayed. Tolerance of field pea and 

lentil to single cultivation timings may be greater than harrows, however could be comparable to 

rotary hoe. 

Cultivating more than once during the growing season may be necessary to control late or 

secondary cohorts of weeds. Therefore, the tolerance of field pea and lentil to two and three 

passes of the cultivator at early and late stages of growth were examined. Yield loss as a result of 

multiple cultivation timings was observed in both field pea and lentil but, there were differences 

in their trends. Lentil was more tolerant to cultivating twice than three times during the growing 

season regardless of timing (Figure 3.6). Yield declined approximately 15% when cultivated 

twice, which was further reduced to a 36% yield reduction when cultivation occurred three times 

late in the growing season.  
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Figure 3.6: The effect of early and late multiple cultivation frequencies on lentil yield averaged 

over four site-years at the KCRF and Vonda in 2014 and at the KCRF and Osler in 2015. 

Different letters represent a significant difference between treatment means at P<0.05. 

 

 Tolerance to multiple cultivation timings in field pea was less dependent on the number of 

passes and relied more on the stage at which cultivation occurred during the growing season. 

Cultivating twice early and three times early resulted in yield losses between 14% and 19% 

respectively, when compared to the uncultivated control (Figure 3.7). Late cultivation of twice 

and three times increased yield losses to approximately 31% compared with the uncultivated 

control. The greater yield losses observed in field pea when compared to lentil indicates that field 

pea may be more sensitive to delayed cultivation. This was supported visually as the crop canopy 

appeared to have more disturbance with multiple cultivation events in field pea compared to lentil 

(Appendix 1; Appendix 2). Plots were not rolled due to excess moisture in 2014 and inadequate 

moisture in 2015. Multiple cultivation events may have resulted in increased ridging of soil 

beside the crop row, potentially resulting in yield losses at harvest. These yield losses would have 

occurred due to difficulties accessing all of the seed if it was below the ridged areas. This ridging 

effect was also observed in previous studies examining inter-row cultivation in field pea 

(Johnson, 2001). Future research should examine soil rolling to push down soil ridges and allow 

for operation of the harvest cutter bar closer to the ground.  
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Figure 3.7: The effect of early and late multiple cultivation frequencies on field pea yield 

averaged over four site-years at the KCRF and Vonda in 2014 and at the KCRF and Osler in 

2015. Data were log10 transformed, means were back transformed for presentation. Different 

letters represent significant differences between treatment means at P<0.05 

 

 While field pea and lentil exhibited similar yield losses as a result of multiple cultivation 

timings, lentil yield was more dependent on frequency of cultivation; while field pea was more 

affected by timing. Multiple cultivation events pose a risk of yield loss in both field pea and lentil 

and are, therefore are only justifiable if a secondary cohort of weeds is greater than the threshold 

levels during the CPWC, or if they will impede harvest. 

 When individual cultivation timings were grouped on the basis of frequency, lentil and 

field pea yield declined linearly with increasing frequency of cultivation (Table 3.5, 3.5; Figure 

3.8, 3.9). Lentil yield significantly declined (P=0.0318) 8.7%, 17.4% and 26.1% when cultivated 

once, twice, and three times, respectively (Figure 3.8). 
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Figure 3.8: The effect of increasing cultivation frequency on lentil yield averaged over four site-

years at the KCRF and Vonda in 2014 and the KCRF and Osler in 2015. Error bars represent the 

standard errors of the least squares mean. 

 

 Field pea yield declined significantly (P<0.0001) with increasing frequency of cultivation 

(Figure 3.9). Field pea yield declined 9.1%, 17.3% and 24.8% when cultivated once, twice and 

three times, respectively (Figure 3.9).  
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Figure 3.9: The effect of increasing cultivation frequency on field pea yield averaged over four 

site-years at the KCRF and Vonda in 2014 and the KCRF and Osler in 2015. Data were log10 

transformed, means are back transformed for presentation. Error bars represent the standard 

errors of the least squares mean. 

 

  Despite yield losses occurring in field pea and lentil with delayed and increased frequency 

of cultivation, crop biomass was not significantly different and there were few visual differences. 

This may suggest that yield loss as a result of crop damage caused by inter-row cultivation may 

be a below-ground mechanism, potentially due to root pruning. While root pruning may have 

been the cause, previous studies on root pruning in maize indicate a reduction in above-ground 

crop biomass as a result. In 10 out of 13 maize trials, there was no significant effect on crop 

biomass due to cultivation. However, one study observed a decrease in biomass when cultivated 

but could not be attributed to known factors such as weather (Van Der Werf et al., 1991). When 

examined further, they found an association between root xylem exudates and above-ground 

biomass, suggesting reductions in crop biomass may be partially attributed to below-ground 

damage to the root system (Van Der Werf and Tollenaar, 1993). While this may contradict 

potential reasons for no reduction in biomass despite a yield reduction in this study, the inter-row 

cultivator in their trial was an inter-row rotovator and different from the A-shaped sweeps used in 

this study. Further research should examine below ground mechanisms of crop damage such as 
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root pruning, and its effect on seed production. Another possibility is that yield loss occurred at 

harvest time due to soil ridging caused by the inter-row cultivator. This would be especially 

evident in treatments that had multiple cultivation frequencies. Ridging caused by inter-row 

cultivation was also observed by Johnson (2001). Future research should examine mechanisms to 

reduce ridging prior to harvest in order to avoid potential yield losses. 

 Technology on inter-row cultivation is continuing to advance. The inter-row cultivator 

used in this study had 30 cm row spacing and was steerable by human vision guidance. Inter-row 

cultivators are currently being developed to operate with less than 20 cm row spacing and are 

precision guided allowing for higher accuracy (Connolly, 2003; Ǻstrand and Baerveldt, 2005; 

Tillett and Hague, 2006).  Greater precision will benefit organic production in two ways. Narrow 

row spacing allows for improved cultural weed control as narrow row spacing increases the 

competitive ability of the crop in the presence of weeds. Narrow row spacing also reduces empty 

space for weeds to establish. Secondly, a higher accuracy due to precision guidance will 

potentially allow for cultivation to be delayed further without yield loss. This will allow for 

control of secondary cohorts of weeds, and provide opportunities to control weeds that were not 

killed through herbicide application.  

 

3.4 Conclusions 

 Field pea and lentil exhibited reduced yield losses to single cultivation timings at earlier 

stages of cultivation and with fewer passes of the cultivator. Minimal yield losses were observed 

in field pea and lentil during the earlier stages of the CPWC, although yield declined as 

cultivation was delayed. These results supported our hypothesis. Contrary to what was expected 

lentil and field pea biomass remained unchanged despite the yield decline. Crop damage causing 

yield loss may be occurring due to root pruning or below-ground crop damage which may have 

affected seed production. Minimal yield losses of field pea and lentil to inter-row cultivation at 

the early stages of crop growth demonstrate its potential for use in both organic and conventional 

production systems. Despite yield losses with delayed and multiple cultivation timings, current 

technological developments may reduce crop damage through improved accuracy, further 

increasing the utility of the inter-row cultivator.  

 



39 
 

4.0 Inter-Row Cultivation for Weed Control in Organic Field Pea (Pisum sativum L.) 

and Lentil (Lens culinaris L.)  

 

4.1 Introduction 

 The nitrogen fixing attributes of grain legumes such as field pea (Pisum sativum L.) and 

lentil (Lens culinaris L.) make them favourable crops to include in production systems. Nitrogen 

fixing capabilities of these crops are particularly beneficial in organic production systems, where 

synthetic nitrogen amendments are not permitted. Despite their contributions to soil fertility, 

production can be limited by substantial yield losses that occur when weed control is not 

adequate (Boerboom and Young, 1995; Ball et al., 1997; Grevsen, 2003; Paolini et al., 2003). 

Due to their limited competitive ability in the presence of weeds (Ball et al., 1997; Kirkland et 

al., 2000), the success of field pea and lentil in organic production systems relies heavily upon 

mechanical weed control. However, mechanical weed control may also be used in conjunction 

with herbicides in conventional production (Nazarko et al., 2005). The harrow and rotary hoe are 

two of the most common implements for in-crop mechanical weed control (Gilbert et al., 2009; 

Armengot et al., 2013). While these tools have proven to be successful in controlling small-

seeded and early-emerging weeds (Leblanc and Cloutier, 2001a; Bowman, 2002; Shirtliffe and 

Johnson, 2012), they have limited ability to control large or late emerging weeds (Shirtliffe and 

Johnson, 2012).  

 Inter-row cultivation is a method of in-crop mechanical weed control that is believed to 

be more selective than harrowing or rotary hoeing (Davies and Welsh, 2002). Traditionally used 

in crops sown in wide-rows such as sugar beet (Beta vulgaris) (Wiltshire et al., 2003; Rueda-

Ayala et al., 2010), inter-row cultivation is being developed for narrow-row crops such as cereals 

(Kolb et al., 2010; 2012). Inter-row cultivation is less dependent on timing in comparison to 

rotary hoeing and harrowing as the hoes move in between the crop row having little contact with 

the crop itself. The cultivator undercuts the weeds and leaves them on the soil surface to 

desiccate (Terpstra and Kouwenhoven, 1981).  



40 
 

Although inter-row cultivation is rarely used in narrow row crops in North America, it is 

used extensively in organic production in Europe. In Denmark, chemical weed control has in 

some cases been substituted for inter-row cultivation in winter canola (Brassica napus L.) 

(Melander et al., 2005). Inter-row cultivation has demonstrated success in a number of crops, 

providing 86% weed control in green gram (Vigna radiata) and soybean (Glycine max) 

(Waghmare et al., 2013), 74% in field beans (Phaseolus vulgaris) (Reddiex et al., 2001) and up 

to 99% control of tap-rooted weed species (Pullen and Cowell, 1997). Despite research 

demonstrating the potential for inter-row cultivation in cereals (Kolb et al., 2010, 2012; Kolb and 

Gallandt, 2012), little research has been conducted on its efficacy in cool-season pulse crops. 

Johnson (2001) found inter-row cultivation was able to reduce wild oat density to levels 

comparable to herbicide in field pea, however control was variable between years (Johnson, 

2001).  

The objective of this study was to determine the ability of inter-row cultivation to control 

weeds in organically managed field pea and lentil at varying crop growth stages. It was 

hypothesized that inter-row cultivation at early stages of crop growth would have the greatest 

weed control resulting in the highest yields. Weed control and as a result, yield would decline as 

cultivation is delayed.  

4.2 Materials and Methods 

4.2.1 Site Description and Growing Conditions 

Field experiments were conducted on organically managed land in 2014 at the Goodale 

Research Station near Saskatoon, Saskatchewan (52º03’N 106º29’W) and at a producer’s land 

near Vonda, Saskatchewan (53º32’N 106º06’W). In 2015, sites were located at the Goodale 

Research Station (52º03’N 106º29’W) and at a producer’s land near Warman, Saskatchewan 

(52º20’N 106º 32’W). Goodale is located in the moist Dark Brown soil zone with a loamy soil 

texture, whereas Warman and Vonda are located in the Black soil zone having a loam to clay 

loam soil texture. Pre-seeding tillage was conducted at both sites. Field pea was seeded as the 

experimental crop in 2014 and in 2015, both field pea and lentil were studied. The previous crop 

was wheat for all locations with the exception of the Warman location in 2015 where the 
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previous crop was a green manure consisting of rye (Secale cereale), peas (Pisum sativum) and 

vetch (Vicia spp.). 

4.2.2 Experimental Design and Management 

The experimental design was a randomized complete block with four replicates. 

Treatments examined inter-row cultivation at six single cultivation timings occurring weekly, 

and two multiple cultivation timings early and late in the growing season. A weedy control and a 

weed-free (hand-weeded) control were included in the treatment structure (Table 4.1).  The 

weedy control was not cultivated and natural weed populations established. The hand-weeded 

control was maintained weed-free until just prior to when the hand-weeding process was judged 

to be causing damage to the plots. Cultivation was conducted using a hydraulically powered 

steerable inter-row cultivator. The hoe width on the cultivator was 12 cm and hoes were spaced 

30 cm apart. Cultivation speed was approximately 5 km hr-1 and hoes were set approximately 5 

cm deep depending on crop residue and soil type. Cultivation began at the four above-ground 

node stage for both crops as the critical period of weed control (CPWC) in lentil was previously 

determined to be the five-node stage (Fedoruk et al., 2011) and field pea was assumed to be 

similar for this study.  

 

Table 4.1: Cultivation treatments for weed control experiments in field pea and lentil at Goodale 

and Warman in 2015 

 Week Cultivated 

Treatments 1 2 3 4 5 6 

Single i i i i i i 

Twice early i   ii   

Twice late  i    ii 

Hand-Weeded       

Weedy       

i denotes single cultivation timing 

ii denotes the second cultivation timing for multiple cultivation treatments 
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 The variety CDC Dakota was sown for field pea and CDC Impala for lentil. Suggested 

plant populations for organic production of 120 plants m-2 were used for field pea (Baird et al., 

2009b) and 240 plants m-2 for lentil (Baird et al., 2009a). Seeding rates were based on target 

plant populations, percent germinations and predicted 90% emergence rate. Seeding was 

conducted in May of each year (Table 4.2) using a plot seeder with hoe openers in 2.2 m x 8 m 

plots containing six rows. EstablishTM2 rhizobial granular inoculant (Rhizobium leguminosarum) 

was placed with the seed at a rate of 4.4 kg ha-1. 

 The crop was sown with 30 cm row spacing to allow for the use of the inter-row 

cultivator. Following the final cultivation timing, 1 m was mowed off of the end of each plot to a 

total length of 6 m in order to negate any damage caused from entering and exiting the plots with 

the inter-row cultivator.  

4.2.3 Data Collection 

 Field pea and lentil emergence was assessed between three and four weeks after seeding. 

Both crop and weeds were counted in 0.25 m2 quadrats placed approximately 30 cm in from the 

front and back edge of each plot. If emergence was spatially heterogeneous 1.0 m2 quadrats were 

used to obtain accurate plant populations. All counts were converted to plants m-2 for analysis. 

Biomass of both the crop and weeds were taken after pod filling, but before natural plant 

senescence at approximately the 80 BBCH stage (Lancashire et al., 1991). Samples were oven 

dried at approximately 70ºC for 48 hours and then weighed. The inside four rows of the entire 

plot were harvested in August (Table 4.2) using a small plot combine (harvested area= 7.2 m2) 

and yield measurements were taken in order to compare treatments.  

 

 

 

 

 

                                                           
2 EstablishTM is a registered trademark of Loveland Products Canada Inc. 
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Table 4. 2: Field operations for lentil and field pea weed control trials in Goodale and Warman 

in 2015. Weeks indicate cultivation timing. 

  2015 

 Field Pea Lentil 

  Goodale Warman Goodale Warman 

Seeding May 19 May 14 May 19 May 14 

Cult. Wk. 1 June 2 June 1 June 2 May 29 

Cult. Wk. 2 June 8 June 8 June 8 June 8 

Cult. Wk. 3 June 17 June 14 June 15 June 15 

Cult. Wk. 4 June 22 June 22 June 22 June 22 

Cult. Wk. 5 June 30 June 30 June 30 June 30 

Cult. Wk. 6 July 6 July 6 July 6 July 6 

Biomass Aug 4 July 30 Aug 10 July 30 

Harvest Aug 18 Aug 14 Aug 28 Aug 14 

 

4.2.4 Statistical Analysis 

 Analysis of variance (ANOVA) using the MIXED procedure in SAS version 9.4 (SAS 

Institute, 2012) was used to analyze the data. Data were combined from two site-years for 

analysis, as there was no significant interaction between treatment and site. The single 

cultivation timings were treated as a continuous fixed effect while multiple cultivation treatments 

were analyzed separately as a categorical fixed effect. Site, replicate and treatment by site 

interaction were assigned as random effects. Treatments were analyzed by week of cultivation, 

as there was little variability in lentil and field pea node stage between the sites at time of 

cultivation. Data were tested for homogeneity of variances prior to analysis. If variance was 

determined to not be homogeneous, log or square root transformations were used depending on 

model fit. Transformed data were back transformed for presentation. Significance of treatment 

effect was set at P<0.05. For single continuous cultivation timings, regression analysis was 

conducted to investigate the effect of inter-row cultivation on crop yield, crop biomass and weed 

biomass over time. If a regression was not significant, single cultivation treatments were 
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analyzed using differences of least squares means (LSMEANS). Multiple cultivation treatments 

were analyzed by comparing differences of LSMEANS.  

4.3 Results and Discussion 

4.3.1 Environmental Conditions 

 Experiments in 2014 had no final data collection or analysis as there was excess moisture 

early in the growing season (Table 3.3; Figure 3.2) causing root rot and crop failure at both 

locations. The climate of 2015 was limited by drought conditions, most notably in May and June 

(Table 3.3; Figure 3.2) resulting in low crop emergence and establishment. In 2015, spatially 

heterogeneous Canada thistle presence at Goodale restricted crop growth, resulting in some plots 

being terminated as the focus of this study was on annual weed control.  

 

4.3.2 Weed Control in Field Pea and Lentil using Inter-Row Cultivation 

4.3.2.1 Crop and Weed Emergence 

 Lentil emergence ranged from 76% to 95% of the targeted plant populations of 240 plants 

m-2 while field pea ranged from 78% to 94% of the targeted plant population of 120 plants m-2. 

Before cultivation weed plant population densities in lentil were a mean of 103 plants m-2 with 

approximately 84% being grassy weeds and 16% being broadleaf weeds (data not shown). Weed 

plant populations were greater in field pea with a mean of 245 plants m-2, however field pea plots 

had similar species structure as lentil with 89% of the weed species being grasses and 11% being 

broadleaf weeds (data not shown). Green foxtail (Setaria viridis) and Canada thistle (Cirsium 

arvense) were highly prevalent at Goodale, while quackgrass (Agropyron repens), barnyard grass 

(Echinochloa crusgalli), wild oat (Avena fatua) and stinkweed (Thlapsi arvense) were common 

weeds at the Warman location (Table A3.1). Crop and weed plant population densities were not 

significantly different between treatments (P>0.05; data not shown) prior to the initiation of 

treatments, suggesting uniform emergence among treatments. Although plant populations were 

slightly lower than the targeted plant densities, this was to be expected due to below average 
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rainfall during May (Table 3.3, Figure 3.2) potentially leading to lower than expected emergence 

and crop establishment.  

 

4.3.2.2 Biomass 

 Lentil and weed biomass showed no significant differences and no linear trends between 

single or multiple cultivation timings in comparison to weedy or weed-free controls (Table 4.3). 

Reductions in weed populations were observed visually in the inter-row spaces but not in the 

intra-row spaces (Figure 4.2). This suggests weeds remaining in the crop row contributed 

substantially to overall weed biomass. This may have been particularly true due to reduced crop 

establishment in 2015, allowing weeds to establish in areas of heterogeneous emergence. In 

addition, dry suboptimal growing conditions resulted in no canopy closure due to a short lentil 

canopy. The lack of a closed crop canopy would have hindered the ability of lentil to compete 

with weeds in the crop row and, where the inter-row cultivator was not able to control weeds. 

Previous studies have found that weed density is typically greater in the crop row than in the 

inter-row spaces (Tardif-Paradis et al., 2015) therefore, the presence of weeds in the intra-row 

spaces may have limited weed control benefit of inter-row cultivation in 2015. 
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Table 4.3: ANOVA for lentil yield, crop biomass and weed biomass as affected by single 

cultivation timings, linear regression of cultivation timings and multiple cultivation timings at 

two sites, Goodale and Warman in 2015. 

Source 
           df 

Yield 

P value 

Crop Biomass 

P value 

Weed Biomass 

P value 
     

Single Timings     

timing 7 0.564 0.7296 0.8855 

rep(site) 3 0.1356 0.1544 0.1824 

timing*site 15 0.1362 0.3895 NA 

site 1 0.2499 0.2438 0.3894 

Linear Regression     

timing 5 0.5638 0.812 0.8224 

rep(site) 3 0.1069 NA 0.1612 

timing*site 11 0.2791 NA NA 

site 1 NA 0.3195 NA 

Multiple timings     

timing 3 0.6259 0.5834 0.3176 

rep(site) 3 0.4212 0.3348 0.3732 

timing*site 7 NA 0.468  NA 

site 1 0.2973 0.2994 0.3008 

NA – denotes no output due to low variance, not significant 

 

Weed biomass was reduced in field pea as cultivation was delayed (Table 4.4; Figure 4.1; 

P=0.0585), however there were no differences in field pea crop biomass between any of the 

treatments (Table 4.4). Weed biomass declined 34.9% from the beginning to the end of 

cultivation treatments, but did not differ from the uncultivated control when cultivated twice 

during the growing season (Table 4.4). 
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Table 4.4: ANOVA for field pea yield, crop biomass and weed biomass as affected by single 

cultivation timings, linear regression of cultivation timings and multiple cultivation timings at 

Goodale and Warman in 2015. 

  
  Yield Crop Biomass Weed Biomass 

Source df P value P value P value 

Single Timings     

timing 7 0.0162 0.8736 0.3321 

rep(site) 3 0.0972 0.0657 0.4508 

timing*site 15 NA 0.1024 0.4296 

site 1 0.3021 0.2703 0.2409 

Linear Regression     

timing 5 0.7455 0.4732 0.0585 

rep(site) 3 0.1193 0.0733 0.2567 

timing*site 11 0.3644 0.3096 NA 

site 1 0.3762 0.3187 0.2422 

Multiple timings     

timing 3 0.0119 0.8948 0.3249 

rep(site) 3 0.1695 0.0707 0.3555 

timing*site 7 NA 0.1572 0.4959 

site 1 NA 0.2896 0.2427 

NA – denotes no output due to low variance, not significant 
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Figure 4.1: The effect of single cultivation timing on dry weight weed biomass in organic field 

pea at Goodale and Warman in 2015. Data were log10 transformed. Means are back transformed 

for presentation. 

 

 Weed biomass declined with delayed cultivation in field pea and not in lentil potentially 

due to greater field crop biomass resulting in a closed crop canopy. As a result, field pea may 

have been able to better suppress weeds in the crop row as it is naturally more competitive than 

lentil. The reduction in weed biomass in field pea that was not observed in lentil may be 

attributable to the greater initial weed densities in field pea trials.  Previous studies have shown 

that inter-row cultivation may be more effective in controlling weeds when initial densities are 

abundant (Lötjönen and Mikkola, 2000). The greater reduction in weed biomass as cultivation 

was delayed does not support our hypothesis that inter-row cultivation would reduce weed 

biomass at the earlier stages of cultivation. In 2015 there was delayed weed emergence following 

seeding due to dry conditions (data not shown), resulting in small weeds at the first cultivation 

timing. The optimal plant height for effective weed removal using inter-row cultivation has been 

suggested to be 10-15cm (Gonsulus, 1990), explaining the increased reduction in weed biomass 

with delayed cultivation.  
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 The morphological plasticity of weeds (Holt, 1987) may have resulted in the weeds that 

remained after cultivation growing larger and thereby contributing proportionally more to the 

total weed biomass. Kolb et al. (2010) found that plants remaining after cultivation grew larger, 

increasing weed biomass. This effect may have been accentuated by the wide row spacing that is 

required to use the inter-row cultivator (Johnson, 2001). This may explain the non-significant 

reductions in weed biomass in lentil despite visual observations of weed control (Figure 4.3). 

While weed biomass was relatively high in all treatments at the end of the season, this would be 

expected as delayed rain following all cultivation events occurred on July 29th. A secondary 

cohort of emerged weeds was observed, which had the remainder of the season to establish 

without additional weed control. A late emerging cohort of weeds in addition to weeds remaining 

after cultivation growing quite large would contribute to the high weed biomass in all treatments.
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A)   B)     C)  

Figure 4. 2: The effect of inter-row cultivation on weed control in field pea A) before cultivation, B) immediately after cultivation and 

C) one week following cultivation. 
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4.3.2.3 Yield 

 Lentil had no significant yield response (P>0.05) to inter-row cultivation at any stage or 

frequency of cultivation (Table 4.3) which did not support our hypothesis. Lentil plants had 

relatively short inter-nodes as a result of drought conditions. This resulted in low crop biomass 

and potentially a reduced ability to tolerate weed presence. The yield of the weed-free treatment 

was not greater than the weedy or any cultivated treatments suggesting competition from weeds 

did not affect lentil yield, possibly due to dry growing conditions. Thus, it is likely that moisture 

limited crop yield and any positive effects of weed suppression by cultivation were offset by 

evaporation from the tillage. 

 Field pea yield differed among some single cultivation treatments (P=0.0162; Table 4.4). 

The yield of the weedy control was not significantly different from any cultivation treatments 

(Figure 4.3). However, the yield of the weed-free treatment was 36% greater than the 

uncultivated weedy control (Figure 4.3), suggesting weeds were competing for limited resources. 

The greater yield in the hand-weeded treatments may have occurred in field pea and not lentil 

due to the larger initial weed densities in field pea trials. Therefore, it may have been more 

critical to control weeds earlier in the growing season in field pea, especially under drought 

conditions.  

 There was a trend for yield to increase from the first week of cultivation to the fourth 

week of cultivation, although not significantly (P>0.05;Figure 4.3). Lower yields were observed 

in the fifth and sixth week of cultivation despite reduction in weed biomass, potentially due to 

crop damage from mechanical weed control. Despite the reduction in weed biomass at later 

stages of cultivation, there was no yield benefit. Similar results have been observed in organic 

spring barley. Inter-row cultivation controlled weeds, however there was no improvement in 

yield when compared to a standard pre- and post-emergence harrowing strategy (Kolb et al., 

2010). Similarly in winter wheat, despite a 50% reduction in weed biomass as a result of inter-

row cultivation, there was no consistent effect on yield (Melander et al., 2003). 
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Figure 4. 3: The effect of single cultivation timings on mean organic field pea yield averaged 

over two sites at Goodale and Warman, Saskatchewan in 2015. Different letters indicate 

significant difference at P<0.05. 

 

The results of this study demonstrate the importance of managing weeds within the crop 

row. High densities of intra-row weeds (Figure 4.4) may have limited the potential for inter-row 

cultivation to increase yield. Weed densities in the intra-row spaces have previously been found 

to be greater than in the inter-row spaces (Tardif-Paradis et al., 2015), and the ability of inter-row 

cultivation to manage weeds in this space is limited (Vanhala, 2006). In maize, weed density 

following inter-row cultivation was the greatest in the intra-row spaces (Abdin et al., 2000).  

Reductions in weed biomass and increases in yield have been observed when inter-row 

cultivation was combined with harrowing (Rasmussen et al., 2004; Kolb et al., 2012). Combining 

additional mechanical weed control techniques to manage weeds in the intra-row spaces may be 

necessary for adequate weed control and increased crop yield. Combining inter-row cultivation 

with flame weeding in the crop row has also been successful in managing weeds. A visual weed 

control rating of 90% was achieved in maize when the intra-row spaces were flamed and 

cultivation occurred twice. Inter-row cultivation alone only reduced weeds 33% (Stepanovic et 

al., 2015) which was similar to what was observed in the last cultivation timing in field pea in 

this study.
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                 A)                                       B)   

Figure 4.4: A) Field pea before inter-row cultivation B) Weeds controlled in the inter-row spaces however weeds remain in the intra-

row spaces. Warman, 2015



   

53 

 

 

Cultivating twice in field pea did not improve yield when compared to the uncultivated 

control. The yield of the weed-free treatment remained the highest at 1597 kg ha-1 (P=0.0119; 

Table 4.4; Figure 4.5). Cultivating twice early resulted in field pea having a greater yield than 

twice late, however this was not significant (P>0.05).  

 

 

Figure 4. 5: The effect of multiple cultivation timings on mean organic field pea yield averaged 

over two sites at Goodale and Warman, Saskatchewan in 2015. Different letters indicate 

significant difference at P<0.05. 

 

 Cultivating more than once did not increase yield in either field pea or lentil in this study, 

although previous studies have contradicted this. In corn, a wide row crop, cultivating three 

times resulted in similar yields to the herbicide treatment (Johnson et al., 2010). Seeding a 

competitive chickpea cultivar and cultivating twice in the growing season reduced weed biomass 

and increased yield (Radicetti et al., 2012). Two cultivations were found to be the most effective 

treatment in a study on winter wheat, reducing total weed biomass by 36% (Melander et al., 

2003). Despite the efficacy of multiple cultivation events observed in previous studies, 
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increasing the frequency of cultivation in the year of study may have caused additional stress to 

the crop under the drought conditions.  

 Inter-row cultivation may have had a greater effect on the improvement of yield if row 

spacing was narrower. When spring cereals were seeded at 18 cm row spacing, weed control due 

to inter-row cultivation was improved 23% and there was a 3-7% yield increase associated with 

this (Lötjönen and Mikkola, 2000). When this row spacing was increased to 25 cm, there was no 

significant increase in yield and weed biomass increased by 17% (Lötjönen and Mikkola, 2000). 

The row spacing in this study was 30cm, therefore may have resulted in reduced competitive 

ability of the crop stand, hindering the benefit of inter-row cultivation. Precision technology such 

as GPS and imaging systems may allow for narrow row spacing on inter-row cultivation and the 

accuracy of inter-row cultivation to become greater (Connolly, 2003; Wiltshire et al., 2003; 

Astrand and Baerveldt, 2005; Tillett and Hague, 2006). Greater speed and accuracy will increase 

the efficacy and efficiency of inter-row cultivation while improving crop-weed competition.  

 Multiple years and locations of study are required to accurately determine the efficacy of 

mechanical weed control. Variability in experimental results between years has previously been 

documented. Inter-row cultivation to control Sonchus arvensis increased yields and adequate 

weed control in one year, with limited success in the following year (Vanhala, 2006). As there 

was only one year of study in the present trial, further research should be conducted to allow for 

significant conclusions to be made on the efficacy of inter-row cultivation in organic pulse 

production.  

 

4.4 Conclusions 

 Inter-row cultivation resulted in no yield benefit in 2015 in either crop, however weed 

biomass decreased with later cultivation timings in field pea. These findings did not support our 

hypothesis that early inter-row cultivation would result in greater weed control, as weed control 

was improved only with delayed cultivation. Secondly, the findings did not support our 

hypothesis that inter-row cultivation would improve yield, as there were no yield increases in 

field pea and lentil in any of the cultivation treatments. The weed-free control in field pea had the 

greatest yield among all of the treatments, suggesting the importance of maintaining low weed 
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biomass early in the growing season. Initial research results indicate that inter-row cultivation 

does not sufficiently control weeds on its own. However, with the adverse environmental 

conditions observed in 2014 and 2015, no strong conclusions can be made from these results. 

Further study is recommended on inter-row cultivation on its own. It would also be 

recommended that studies examine the use of inter-row cultivation in combination with other 

mechanical weed control tools that have the ability to control intra-row weeds early in the 

growing season.  
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5.0 General Discussion and Conclusions 

 The focus of this study was to determine the suitability of inter-row cultivation for 

organic pulse production. To determine this, two studies were developed; the first, examining the 

tolerance of field pea and lentil to inter-row cultivation under weed-free conditions, and the 

second; examining the weed control capabilities of inter-row cultivation under organic weed 

management. It was hypothesized that field pea and lentil would exhibit greater tolerance to 

inter-row cultivation at early stages of crop growth, and inter-row cultivation would be more 

efficacious in weed control and increasing yield at early stages of crop growth.  

 

5.1 Tolerance of Field Pea and Lentil to Inter-Row Cultivation 

 This study, conducted over four site-years tested the ability of field pea and lentil to 

withstand yield losses as a result of single and multiple timings of inter-row cultivation at 

different growth stages. It was hypothesized that field pea and lentil would be more tolerant to 

inter-row cultivation at the earliest stages of cultivation, having minimal yield losses relative to 

uncultivated treatments. Yield was hypothesized to decline with delayed cultivation and 

increased frequency of cultivation. The results of this study supported our hypothesis. The 

earliest timing of cultivation had minimal yield loss in comparison to the later cultivation timings 

in both field pea and lentil. Yield loss occurred with multiple cultivation timings in both field pea 

and lentil. This suggests that there would be minimal risk to loss in yield potential if producers 

were to adopt inter-row cultivation as a form of in-crop mechanical weed control.  

 As this trial was designed to examine crop tolerance, plots were managed under weed-

free conditions achieved by herbicidal weed control. This was to avoid any confounding effects 

of weeds present on the results of the study (Leblanc and Cloutier, 2001a; b). Separating the two 

factors is necessary to develop an in-crop mechanical weed control method; crop tolerance and 

weed control, was found to be beneficial in this study. Under weedy conditions, crop density or 

crop biomass are indicators of crop tolerance and this can be confounded by the presence of 

weeds or weed control. In this study, it was found that there was no significant loss in 

aboveground crop biomass, even at the latest stages of cultivation where yield losses were as 

high as 33%. This supports the recommendation of Leblanc and Cloutier (2001a; b) to measure 
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crop tolerance to mechanical weed control under weed-free conditions in order to gain a full 

understanding of crop damage. It is however, important to note that certain weeds that may twine 

on to the crop, such as cleavers may increase crop damage if removed by inter-row cultivation. 

The potential of this occurring does not outweigh the benefits of measuring crop tolerance in a 

weed free environment, but should be taken into consideration in weed control experiments.  

Yield loss was observed without any reduction in biomass, and several factors may have 

contributed to this outcome. Crop density following cultivation was not measured in this study, 

but reduced crop density may have potentially explained yield losses. At the later stages of 

cultivation, it was observed that plants were being caught around cultivator hoes and physically 

removed. Crop biomass was measured at crop maturity, and if crop density was reduced 

following cultivation the crop may have been able to compensate for open space, increasing the 

canopy biomass. This may provide insight into the yield loss observed despite no apparent 

reduction in crop biomass as the crop may have put more resources into biomass compensation 

rather than seed production. In addition to this, the undercutting nature of inter-row cultivation 

may have caused belowground damage to the rooting systems. While having no effect on above-

ground crop biomass, this may have caused stress in the plant resulting in reduced nitrogen 

fixation or shortened flowering time reducing final yield. This is a factor of crop damage that 

could be observed further in future research. Finally, inter-row cultivation caused some soil 

ridging, and may have caused difficulties at harvest. Further research should examine rolling, or 

some methodology to flatten ridges caused by inter-row cultivation in order to avoid impeding 

harvesting the crop. Rolling may cause further physical damage however, if used later in the 

growing season to flatten ridges. Study would be required in order to determine the optimal 

timing of rolling as it is typically used following seeding before the crop has emerged or at early 

stages of crop growth. Studies on these factors may provide insight into yield losses observed 

despite no reduction in aboveground crop biomass.  

 Field pea and lentil had higher tolerance to inter-row cultivation at earlier stages of crop 

growth, while yield declined at the latest stages of cultivation. The critical period of weed control 

(CPWC) in lentil has previously been determined to be between the five to ten-node stages 

(Fedoruk et al., 2011) and was assumed to be similar for field pea in this study. During this 

period of time, there was minimal yield loss due to crop damage in both field pea and lentil. This 
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suggests that inter-row cultivation would have potential to be used as an in-crop mechanical 

weed control method that would be able to control weeds later in the CPWC. Harrowing has 

resulted in crop damage if implemented later in the CPWC. Harrowing in field pea past the two-

leaf stage resulted in 35% reductions in plant density (Dastgheib, 2004a). This indicates that 

inter-row cultivation is a better option to manage weeds during the CPWC as it can be 

implemented later in the growing season with minimal crop damage.  

 Multiple cultivation timings throughout the growing season have the potential to improve 

weed control (Melander et al., 2003). However, it was found that field pea and lentil exhibited 

little crop tolerance to inter-row cultivation when implemented multiple times throughout the 

growing season. Yield declined in both crops when cultivated two and three times during the 

growing season, regardless of whether this was early or late. Alternative mechanical weed 

control methods such as rotary hoeing have demonstrated less crop damage to field pea when 

used multiple times throughout the growing season (Shirtliffe and Johnson, 2012). Therefore, the 

rotary hoe or tine harrow may be a better implement to use if multiple weed control events are 

needed throughout the growing season. It is important to note, however, that the rotary hoe or 

tine harrow may have limited abilities to control weeds later in the crops growth cycle as they are 

predominantly effective on small weeds around time of emergence. Therefore, if multiple passes 

of a mechanical weed control implement are necessary, it may be beneficial to utilize an early 

season pass of the harrow or rotary hoe, which have the ability to control inter- and intra-row 

weeds, and then follow with a pass of the inter-row cultivator later in the growing season to 

control larger remaining weeds in the inter-row spaces. This combination of strategies may be 

able to minimize crop damage from multiple passes of mechanical weed control implements 

during the growing season.  

 Weed-free conditions were maintained during the crop tolerance trial, in addition to 

conventional fertility recommendations in order to provide optimal growing conditions for the 

crop. Inter-row cultivation was able to be conducted under conventional conditions, in crop 

stubble with minimal damage to the crop. The presence of the previous years crop residue could 

increase the chance of yield losses due to burial of the crop, especially at early growth stages. 

However, this was not the case. Minimal crop damage caused by inter-row cultivation on crop 

stubble indicates the potential for inter-row cultivation to be used by conventional producers that 
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practice minimal till, or would like to maintain residue in the field. Future research should 

examine the weed control capabilities of inter-row cultivation under greater residue conditions. 

Inter-row cultivation in conventional production may provide the opportunity for reduced 

herbicide application through the use of precision agriculture by banding herbicides on the crop 

row, or provide opportunities to control herbicide resistant weeds.  

 

5.2 Inter-Row Cultivation for Weed Control 

 The study examined the ability of inter-row cultivation to control weeds and improve 

yields under organically managed conditions. It was hypothesized that inter-row cultivation 

would have the greatest weed control and yield improvement earlier in the growing season, with 

reduced ability to control weeds, resulting in lower yields as cultivation was delayed. The results 

of this study did not support this hypothesis as inter-row cultivation under weedy conditions 

resulted in no appreciable yield increase when compared to the uncultivated control treatment in 

either crop.  Yield also did not increase with multiple cultivation timings.  

 Although there was no yield benefit from inter-row cultivation, a reduction in weed 

biomass in field pea was observed with delayed timing of cultivation events. Early season 

drought conditions were observed during 2015, which may have affected the results observed.. 

The crop had heterogeneous and slow emergence early in the growing season which allowed the 

weeds present to establish as the crop lacked in competitive ability. In addition to this, regardless 

of observed weed control in the inter-row spaces, delayed crop growth and canopy closure 

reduced the ability of the crop to out compete with remaining weeds for light and space. This 

allowed the weeds remaining after inter-row cultivation to compete with the crop for limiting 

resources. In a year where moisture conditions would be more optimal, the crop may have had 

the opportunity to fill into the inter-row spaces competing with newly emerging weeds. In 

addition to this, the crop would have had more rapid growth and canopy closure better competing 

with weeds in the intra-row spaces. As a result of sub-optimal moisture conditions in 2015 and 

no data collection in 2014 due to crop failure, the results presented should be considered 

preliminary and further research should be conducted on the weed control potential of inter-row 

cultivation under more optimal environmental conditions. 
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 Inter-row cultivation demonstrated little success in controlling weeds and improving 

yields in this study. While there has been variability in results, previous studies have contradicted 

the outcome of the present study. In a study by Johnson (2001) inter-row cultivation reduced 

wild oat fresh weight comparable to the herbicide treatment, however in the remaining years of 

study wild mustard and wild oat fresh weight was not reduced despite reductions in plant 

densities (Johnson, 2001). It was hypothesized that plants were able to compensate for their low 

densities by increasing in size (Johnson, 2001). The results found by Johnson (2001) could 

explain the limited reductions in weed biomass in the present study. Weed densities prior to, and 

following cultivation were not counted. However, despite observed weed control in the inter-row 

spaces weed biomass was not reduced. This could support Johnsons (2001) suggestion that 

remaining weeds were able to compensate for reduced surrounding plant densities thereby 

growing larger, resulting in no change in overall weed biomass.  

 Inter-row cultivation in the present study was examined to determine its potential to be a 

successful alternative or superior mechanical weed control method to rotary hoeing or harrowing 

as it has previously been suggested to have greater crop weed selectivity and increased ability to 

control weeds later in the growing season. Based upon the results of this study, inter-row 

cultivation did not have great success in significantly reducing weed biomass or increasing yield. 

Rotary hoeing and harrowing have proven to have greater ability to control weeds and improve 

yields. Harrowing has previously resulted in a 91% reduction in weed biomass in field pea, 

despite no yield benefit (Dastgheib, 2004a). Rotary hoeing has also been successful at 

controlling weds and improving yield. Weed density was reduced 20% when rotary hoeing was 

conducted following crop emergence, and was reduced an additional 20% at each later growth 

stage (Shirtliffe and Johnson 2012). Overall, field pea grain yields were 87% of the yield 

achieved in the herbicide treatment (Shirtliffe and Johnson, 2012). Despite the ability of rotary 

hoeing and harrowing to better manage weeds when compared to inter-row cultivation, the year 

under study experienced suboptimal moisture conditions, and weed presence may have not been 

the most yield limiting factor.  

 The efficacy of inter-row cultivation may have been improved if combined with early 

season mechanical weed control that had the ability to control weeds in the intra-row spaces. 

This requirement may have been accentuated in 2015, where early season moisture was severely 
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limiting and any weed presence would have competed significantly with the crop for moisture. 

Hand-weeded treatments were maintained weed-free once initial weed and crop populations 

were obtained. This treatment had the highest yield in comparison to all treatment timings. This 

would support the suggestion that under moisture limiting conditions, the period in which the 

crop must have reduced weed numbers may have begun earlier and continued later in to the 

growing season.  

Early season weed control may have provided the crop with the competitive advantage by 

reducing initial cohorts of weeds. This was discussed by Kolb et al., (2012) who suggested that 

the efficacy of inter-row cultivation may be improved if combined with pre- or post-emergent 

mechanical weed control tools that have the ability to control weeds in the intra-row spaces. 

Johnson (2001) discovered that the majority of weeds unable to be controlled by inter-row 

cultivation were present next to and within the crop row. From this, he concluded that inter-row 

cultivation, while able to control late cohorts of weeds, should be used in conjunction with early 

season non-selective pre- or post-emergent mechanical weed control (Johnson, 2001). Some 

studies have examined this. Harrowing in addition to inter-row cultivation improved weed 

control by 30% compared to inter-row cultivation alone (Melander et al., 2001 in Melander et al., 

2005). Similarly, inter-row cultivation immediately followed by harrowing at the same speed and 

in the same direction in winter wheat reduced weed biomass 63%, increasing to 69% if 

conducted  early and late in the growing season (Melander et al., 2013). Rotary hoeing prior to 

inter-row cultivation has resulted in more than 65% reduction in weed populations present in 

white bean (Hooker et al., 1998). Burnside et al., (1998) found that in kidney beans two rotary 

hoeing’s followed by two inter-row cultivations was able to reduce weed populations 92%, and 

final yield was similar to the yield achieved in herbicide treatments (Burnside et al., 1993). 

Similarly, flame weeding on the crop row in addition to inter-row cultivation in maize resulted in 

88-94% weed control, while cultivating alone was only able to manage 33% of weeds 

(Stepanovic et al., 2015). These studies suggest the importance of controlling the early season 

weeds in the intra-row spaces in order to ensure the success of inter-row cultivation. Future 

research should examine the efficacy of inter-row cultivation combined with early season 

mechanical weed control.  
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5.3 Overall Implications 

 In order to determine the efficacy of inter-row cultivation, the trial was divided into two 

central experiments. The first, was to determine the tolerance of field pea and lentil to inter-row 

cultivation which was considered to be the agronomic cost. The second experiment, to determine 

the relative weed control and yield benefit of inter-row cultivation, considered as the agronomic 

benefit. By separating these two trials, it was thought that the point in which the agronomic 

benefit exceeded the agronomic cost of inter-row cultivation would be the optimal point of 

implementation. Yield was not negatively impacted by inter-row cultivation at early treatment 

timings. While no significant yield benefit were observed in either crop, field pea yield tended to 

increase from the first week of cultivation to the fourth week of cultivation. This would have 

been approximately towards the end of the CPWC of field pea. Therefore, it is potentially during 

this time period that yield was maximized under weedy and weed-free conditions, however this 

should be confirmed by future studies under more optimal moisture conditions.  

Inter-row cultivation is not only beneficial for use in organic production but may prove to 

be useful in conventional production as well. As yield was not negatively affected by inter-row 

cultivation under weed-free conditions, it may have utility as a mechanical weed control method 

in an IWM strategy for conventional producers. This will help to reduce reliance on synthetic 

herbicides, and potentially reduce likelihood of further development of herbicide resistant weeds. 

Previous studies have shown that the combination of inter-row cultivation with banding 

herbicides in the intra-row spaces improves weed control, reduces herbicide loading to the 

environment and increases economic return. Implements are currently being developed using 

automated vision guidance in order to achieve this, and have achieved similar yields to full 

herbicide with a 50% reduction in total herbicide application (Perez-Ruiz et al., 2013). Kunz et al 

(2015) found that combining band spraying and inter-row cultivation in sugar beet resulted in 

87% weed control and a reduction in herbicide of 50-75% (Kunz et al., 2015). Similarly, 

combinations of herbicides on the intra-row spaces combined with inter-row hoeing was able to 

achieve 99% weed control in maize, sunflower and soybean. It should be noted however, that 

inter-row hoeing in this study was conducted with an inter-row rotary hoe (Pannacci and Tei, 

2014). The flexibility in weed control tools achieved with an IWM system has the ability to 

provide the greatest efficacy in weed control and the ability to receive the greatest economic 

return without selecting for herbicide resistance. IWM systems in conventional production 
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should fully incorporate chemical, cultural and mechanical weed control strategies in order to 

increase the sustainability of crop production. 

 

5.4 Future Research 

Inter-row cultivation resulted in limited yield reductions at the earlier stages of crop 

growth under weed-free conditions. Despite this, there was no improvement in yield observed 

under organic management. The year of study had suboptimal moisture conditions therefore 

there was additional stress impacting the crop. This study should be conducted under 

circumstances that were not drought conditions in order to gain meaningful insight into this in-

crop mechanical weed control tool. As technology in precision agriculture is continuing to 

advance, there may be potential to reduce row spacing with increased accuracy of vision-based 

cultivators. Future research should examine the ability of this technology to control weeds in 

narrow row spacing in addition to crop tolerance. This technology may increase the efficacy of 

inter-row cultivation improving its use in narrow row crops. 

Future research should examine the percentage of weeds remaining in the crop row as 

opposed to the inter-row spaces. This will provide insight in to the potential necessity of 

additional mechanical weed control that is able to control weeds in the intra-row spaces. The 

efficacy of combinations of inter-row cultivation and additional in-crop mechanical weed control 

implements such as the harrow or rotary hoe on weed control and yield increase should be 

examined. Combinations of these implements may be able to adequately control weeds early in 

the growing season in addition to managing later emerging weeds. Inter-row cultivation may also 

provide useful in conventional operations where weeds were not completely controlled or in 

cases of herbicide resistance. This could provide the ability to control weeds remaining after 

herbicide application, or to be used in conjunction with reduce herbicide rates precision applied 

on the intra-row spaces.  
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5.5 Final Conclusions 

 The outcome of this thesis indicates that while inter-row cultivation results in minimal 

yield penalty as a result of crop damage, its ability to control weeds and improve yields on its 

own under organic conditions may be limited. This may have been exaggerated under the spring 

drought conditions observed in 2015. The limited crop damage observed in the weed-free 

tolerance trials indicates the potential for inter-row cultivation to be used successfully in 

conventional production in addition to or with a reduction in herbicide application. Further 

research should be conducted on the efficacy of inter-row cultivation in organic pulse production 

in addition to the combination of inter-row cultivation with other in-crop mechanical weed 

control strategies.
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Appendices 
 

Appendix 1: Lentil tolerance to inter-row cultivation, photos taken one week after last cultivation event at KCRF in 2015 

 

A)                                                                      B)                                                                             C) 

     
A1.1: A) Non-cultivated control B) lentil cultivated week 1 and C) lentil cultivated week 2 at KCRF in 2015 
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     A)                                                               B)                                                              C) 

             
    A1.2: Lentils cultivated at A) week 3 B) week 4 and C) week 5 at KCRF in 2015 
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A)                                                                       B)                                                                       C) 

               
A1.3: Lentil cultivated on A) Week 6 B) 2x early and C) 2x late at KCRF in 2015 
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A)                                                                        B) 

      
A1.4: Lentil cultivated A) 3x early and B) 3x late at KCRF in 2015.                                            
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Appendix 2: Field pea tolerance to inter-row cultivation, photos taken one week after last cultivation timing at KCRF in 2015 

 

 

A)                                                                     B)                                                                    C) 

     
 

Figure A2.1: Field pea A) non-cultivated control, B) cultivated on week 1 and C) cultivated on week 2 at KCRF in 2015. 
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A)                                                               B)                                                                         C) 

     
 

Figure A2.2: Field pea cultivated on A) week 3 B) week 4 and C) week 5 at KCRF in 2015. 

 

 



   

 

7
1

 

 

 

 

A)                                                                     B)                                                                 C) 

      
 

Figure A2.3: Field pea cultivated A) week 6 B) 2x early and C) 2x late at KCRF in 2015 
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A)                                                                      B) 

    

Figure A2.4: Field pea cultivated A) 3x early and B) 3x late at KCRF in 2015.  
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Appendix 3: Mean weed species at crop emergence at Goodale and Warman in 2015 

 

Table A3.1: Mean weed species density (plants m-2) in field pea and lentil assessed at Goodale 

and Warman in 2015. 

     

  Lentil Field Pea 

Species Goodale Warman Goodale Warman 

Lambsquarters 2 2 2 2 

Quackgrass NA 23 NA 15 

Foxtail 89 2 370 3 

Stinkweed NA 5 NA 35 

Smartweed NA 4 NA 5 

Buckwheat 1 7 1 5 

Barnyard grass NA 45 NA 15 

Wild oat NA 14 NA 73 

Thistle 5 NA 1 1 

Redroot pigweed NA NA 1 NA 

Volunteer flax NA NA 4 NA 

Flixweed NA NA NA 1 

Wild mustard NA NA NA 1 

Rye NA 2 NA NA 

NA indicates absent or very low density   
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