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Introduction:

The sugarbeet root maggot (SBRM), Tetanops myopaeformis (Röder), is the most damaging insect pest of sugarbeet in the Red River Valley (RRV). All three larval instars feed on the sugarbeet tap roots. This insect is capable of causing 10 to 100% yield losses if no control measures were undertaken (Cooke et al. 1993). Most of the sugarbeet acreage in Pembina and Walsh counties of North Dakota (ND) annually faces the threat of moderate to high SBRM infestations. Insect resistance to insecticides, resulting from the intensive use of a few organophosphate and carbamate insecticides, is a real threat to sugarbeet production in SBRM-infested areas, and has been highlighted by several sugarbeet researchers in the past (e.g., Meagher and Wagner 1996, Carlson et al. 1997b, Armstrong  et al. 1998, Armstrong et al. 1999b, etc.). More recently, Jonason et al. (2005) and Campbell et al. (2006) have suggested the need for alternative root maggot control options. 

Research over a 15 years period (1990-2005) in the area of biological agents for root maggot control has generated new knowledge regarding their efficacy and shortcomings. The major focus of root maggot biocontrol research has been fungal insect pathogens, such as Metarhizium anisopliae var. anisopliae. Infection from this fungus begins by penetration of the insect integument, or skin. Thus, it acts as a contact insecticide. Thereafter, the fungus develops and completely utilizes internal tissue, which results in the death of its host. Fungal toxins and physiological distress facilitate rapid kill of the host. One strain of M. anisopliae, ATCC 62176, has been demonstrated to be highly pathogenic to root maggot larvae under laboratory conditions in comparison to several other strains of this pathogen (Jonason et al. 2005). Those authors reported the time for killing 50% of test insects (LT50) to be 9-10 days at a concentration of 2.58 x 106 conidia/ml. In four field trials, strain ATCC 62176 also provided good root maggot control when applied as granule or spray formulation (Campbell et al. 2006).  The granule formulation, when applied at rates of 4 x 1012, 8 x 1012, and 1.6 x 1013 conidia/ha, provided linear yield increases of about 171 kg sucrose/ha (Campbell et al. 2006). In those trials, the medium rate of fungus spores (i.e., 8 x 1012 conidia/ha, 22.4 kg formulation/ha), applied by using conventional application equipment (i.e., Noble metering units mounted on standard sugarbeet planter), provided adequate root protection. Based on these studies it was determined that conidial concentration, along with placement technique and timing, are important determinants of mycoinsecticide efficacy. 

Carlson et al. (1997a) were the first to incorporate the use of cover crops in conjunction with chemical insecticides under field conditions. Interest in the use of cover crops as a control tactic against the root maggot has intensified in the past 10 years (1996-2005). Spring-seeded cover crops that have been successfully integrated with chemical insecticides for SBRM control include oat, barley, rye, and wheat (Armstrong et al. 1999a, Boetel et al. 2000-2002, etc). Dregseth et al. (2003) also demonstrated the successful integration of oat combined with terbufos (Counter 15G) to reduce larval feeding injury. The seeding rates they tested were 224 and 383 seeds/m2. Boetel et al. (2001, 2002) demonstrated the efficacy of rye integrated with chlorpyrifos (Lorsban 15G) or terbufos. In the light of existing knowledge, research was initiated in 2002 to assess the efficacy of the biocontrol fungus M. anisopliae strain ATCC 62176 when integrated with oat and rye for control of moderate as well as high SBRM pressure (Majumdar et al. 2003, 2004). 

The specific objective of this study was to assess the impact of oat and rye cover crops integrated with Metarhizium anisopliae strain F52 in RRV sites with moderate and high SBRM infestations. Also central to this work was determination of the optimal deployment methods (i.e., formulation + application technique) and timing of M. anisopliae applications for maximizing root maggot control. The overall goal is to develop a bio-based integrated insect management program to provide sustainable sugarbeet production in the RRV areas affected by the sugarbeet root maggot.

Materials and methods

Field trials were carried out in 2005 near St. Thomas, an area of relatively high root maggot infestations, and Minto, where moderate SBRM pressure was expected. Planting dates were May 23 and May 25 at St. Thomas and Minto, respectively. Treatments (Table 1) and methodology  were identical for both test sites. Twenty treatments were arranged in a split-split-plot design. Main treatments were oat and rye covers; sub-level treatments were three seeding  rates; sub-sub-level treatments were four insecticidal treatments, including an untreated control. 

Table 1.  Treatment list for field study involving cover crops and Metarhizium anisopliae strain F52 for controlling sugarbeet root maggot, St. Thomas and Minto, ND, 2005


Cover crop
Seeding 
Insecticide 
Treatment
 Application



 rate (OBE)*
(chem. / bio.)
rate
timing


OAT
1.5 
Counter 15G 
1.5# MIF**
Planting


OAT
1.5 
Metarhizium F52 
2X MIF
Planting


OAT
1.5 
Metarhizium F52
2X spray
Postemergence


OAT
1.5 
-----
----
----


OAT
3.0 
Counter 15G 
1.5# MIF
Planting


OAT
3.0 
Metarhizium F52
2X MIF
Planting


OAT
3.0 
Metarhizium F52
2X spray
Postemergence


OAT
3.0 
-----
----
----


RYE
1.5 
Counter 15G 
1.5# MIF
Planting


RYE
1.5 
Metarhizium F52
2X MIF
Planting


RYE
1.5 
Metarhizium F52
2X spray
Postemergence


RYE
1.5 
-----
----
----


RYE
3.0 
Counter 15G 
1.5# MIF
Planting


RYE
3.0 
Metarhizium F52
2X MIF
Planting


RYE
3.0 
Metarhizium F52
2X spray
Postemergence


RYE
3.0 
-----
----
----


----
-----
Counter 15G 
1.5# MIF
Planting


----
-----
Metarhizium F52
2X MIF
Planting


----
-----
Metarhizium F52
2X spray
Postemergence


----
-----
CHECK
----
----


*Oat Bushel Equivalents (1 OBE = same seeding density per unit area as 1 bushel of oat seed)             

** Modified In-Furrow

# lb (AI)/ac

2X rate of Metarhizium  = 3.23 x 1012 viable conidia/ac OR 8 x 1012 viable conidia/ha
Sugarbeet planting and the cover crop broadcast procedure described by Majumdar et al. (2003) were followed in 2005 experiment. Oat variety “Newdak” and rye variety “Dacold” were planted at both sites. The variety of sugarbeet used in this experiment was BETA 3820. Cover crop seeding rates were 0 (no cover), 1.5 OBE, and 3.0 oat bushel equivalents (OBE) per acre, where 1 OBE = the same number of seeds in 1 U. S. standard bushel of oat. Thus, the same number of seeds 0, 187, and 374 per square meter, respectively, were used for both oat and rye despite differences in seed size. Cover crops were killed by applying Select® herbicide at 4 fl oz/ac when the average grass shoot length was about 7 inches (17 cm). The cover crops attained this length at about 2 weeks after planting. Two herbicide applications (16 June and 24 June) were done to set back and eventually kill all cover crop plants. 

Strain F52 of M. anisopliae was applied at the 2X rate (3.23 x 1012 viable conidia/ac or 8 x 1012 viable conidia/ha, 22.4 kg product/ha) in the form of a planting-time granules. The same conidial concentration was also applied as an aqueous post-emergence spray. Fungus spores were mass produced and formulated at U. S. Department of Agriculture-Agricultural Research Service, Northern Plains Agricultural Research Laboratory, Sidney, MT. Terbufos (BASF Corporation), applied at 1.68 kg AI/ha (10 lb product/ac) was the chemical standard in these trials. Granular output was controlled by using planter-mounted Noble metering units. All granules were applied modified-in-furrow (MIF). Fungus sprays were applied using a back-pack CO2 sprayer; full cone nozzles (no. D 1-35) were used to deliver liquid formulations in 7-inch (17 cm) bands at both test sites. Spray volume was 187 liters/ha (20 gallons/ac). A spray surfactant (Silwet) was added in spore suspension at 0.1% v:v just prior to application which was 1-4 days ahead of peak fly activity. Peak fly activity occurred from June 22, 2005 through June 26, 2005. 

Damage rating (DR) was carried out on ten beets per plot. Root damage ratings were conducted on August 2 -3 at St. Thomas, and on August 10 & 15 at Minto. Beets were dug, washed, and rated for larval feeding injury as per the criteria of Campbell et al. (2000). Damage rating 0 means no scarring, and 9 indicate over ¾ of the root surface blackened by feeding scars, or the beet is dead. Harvest and root sampling procedures as described by Majumdar et al. (2003) were followed in these trials. Harvest dates for St. Thomas and Minto were September 26 and September 27, respectively. 

All root rating and yield data were initially subjected to analysis of variance (ANOVA) using the general linear models procedure (SAS Institute 1999). If the results of ANOVA indicated a significant effect of treatment on a parameter, the treatment means were then compared using Fisher’s protected least significant difference (LSD) test at a 0.05 level of significance. 

Results 

ST. THOMAS. A summary of the results is provided in Table 2. Insect pressure was very high at this site. Untreated check plots suffered heavy root injury (DR = 6.50), and consequently had the lowest root yield (~ 11 T/ac) and net recoverable sucrose (~ 2778 lb/ac). Damage ratings ranged from 2.92 for oat 1.5 bu + terbufos to 6.50 for the untreated check. Root yields ranged from 10.9 T/ac in the untreated check to 17.3 T/ac in oat 1.5 bu + terbufos plots. Sucrose yields ranged from 2778 lb/ac in the untreated check to 5205 lb/ac in oat 1.5 bu + terbufos plots, respectively. 

Table 2.  Root injury, root yield, and net recoverable sucrose yield in trials of cultural and biological tools for managing sugarbeet root maggot, St. Thomas, ND, 2005 

	
	2005

	Treatment
	     Root 
     injury

(0 to 9 scale)
	    Root 
    yield

   (T/ac)
	Recoverable 

    sucrose
    (lb/ac)

	Untreated check
	6.50 a
	10.9 f
	2778 g

	Metarhizium Granules (G)
	3.90 bcd
	14.5 a-e
	3877 bcdef

	Metarhizium Spray (S)
	4.40 bcd
	12.8 def
	3271 efg

	Terbufos
	4.22 bcd
	16.9 ab
	4697 ab

	Oat 1.5
	3.90 bcd
	15.3 abcd
	4132 bcdef

	Oat 1.5 + Metarhizium G
	3.95 bcd
	14.5 bcde
	3897 bcdef

	Oat 1.5 + Metarhizium S
	3.65 cd
	12.4 ef
	3260 efg

	Oat 1.5 + terbufos
	2.92 d
	17.3 a
	5205 a

	Oat 3.0 
	3.65 cd
	15.3 abcd
	4237 abcde

	Oat 3.0 + Metarhizium G
	3.87 bcd
	16.5 abc
	4392 abcd

	Oat 3.0 + Metarhizium S
	3.62 cd
	14.9 abcde
	3819 bcdef

	Oat 3.0 + terbufos
	3.47 d
	16.6 abc
	4617 abc

	Rye 1.5
	4.20 bcd
	13.2 def
	3592 defg

	Rye 1.5 + Metarhizium G
	5.37 ab
	12.7 def
	3236 efg

	Rye 1.5 + Metarhizium S
	4.35 bcd
	14.0 cde
	3646 cdefg

	Rye 1.5 + terbufos
	3.60 cd
	16.1 abc
	4382 abcd

	Rye 3.0 
	5.02 abc
	12.5 ef
	3188 fg

	Rye 3.0 + Metarhizium G
	3.27 d
	15.3 abcd
	4084 bcdef

	Rye 3.0 + Metarhizium S
	3.20 d
	14.4 bcde
	4153 bcdef

	Rye 3.0 + terbufos
	3.12 d
	15.4 abcd
	4047 bcdef

	Model Pr > F 22,57
	0.0005
	0.0002
	0.0010

	Replication Pr > F 3,57
	0.0009
	0.0068
	0.0350

	Treatment Pr > F 19,57
	0.0047
	0.0005
	0.0018

	LSD (0.05)
	1.52
	2.76
	1027.7


Metarhizium anisopliae strain F52 was applied as granules (modified in-furrow) or spray at rate of 3.23 x 1012 viable conidia/ac.

Oat and rye seeding rates are indicated by numbers in oat bushel equivalents (OBE)/ac. Means were analyzed by the generalized linear models procedure using four replications. Means within a column sharing a letter are not significantly (P = 0.05) different from each other (Fisher’s Protected LSD). 

The best overall treatment at St. Thomas was oat at 1.5 bu + terbufos. The interesting finding is that rye at 3.0 OBE plots with M. anisopliae granules, spray or terbufos had low damage ratings (ranging from 3.1 to 3.3). Root yield and recoverable sucrose yield for those treatments were also significantly different from the untreated check. Stand-alone rye (3 OBE) plots had damage ratings and yield parameters that were not significantly different from the untreated check, thus indicating a strong effect of integrating the cover with the fungus. The same occurred with oat. Terbufos efficacy was enhanced slightly by the cover crops. In general, the oat + terbufos combinations had higher root and sucrose yield than observed with rye + terbufos combinations. However, sugarbeet roots protected by rye + terbufos combinations had lower root damage than observed with oat + terbufos combinations, but yields were inconsistent. Rye plots, at both 1.5 and 3.0 OBE/ac, incurred heavy root maggot feeding injury (DR = 4.2 to 5.0) in the absence of an insecticide application. This was not seen with oat. Stand-alone oat (DR = 3.6 to 3.9) had lower damage rating than plots with only rye. Root injury was generally lower in plots established with a higher seeding rate of ground cover.

MINTO. A summary of research findings from the Minto site is provided in Table 3. Insect pressure at Minto was much lower than St. Thomas. The damage rating, root yield, and recoverable sucrose yield means in the untreated check plots were 4.30, 20.9 T/ac, 6133 lb/ac, respectively. Plots treated with oat at 3bu/ac integrated with a postemergence M. anisopliae spray had the lowest incidence of root scarring (DR = 2.20) at this site, and also produced high root and sucrose yields. High and low seeding rates of oat combined with M. anisopliae granules produced some of the highest root yield (>20 T/ac) and recoverable sucrose (>6500 lb/ac) in this trial. Yields from plots that received terbufos and an oat ground cover generally exceeded those from plots treated with fungus + oat granular treatments. Thus, oat appears to be a good candidate for integration with this biological control agent. Interestingly, M. anisopliae applications as stand-alone treatments resulted in significantly lower root and sucrose yields compared to integrated approaches where a cover crop was also included. Rye cover crops, at 1.5 or 3.0 OBE/ac, did not provide consistent success when integrated with M. anisopliae. Rye + M. anisopliae, in general, produced poor root and sucrose yield levels. Terbufos + rye 3.0 OBE was the only treatment that provided sufficient gain in sucrose production to justify integration at the Minto site.

Table 3.  Root injury, root yield, and net recoverable sucrose yield in test of bio-based sugarbeet root maggot management programs, Minto, ND, 2005 

	
	2005

	Integrations
	     Root 
     injury

(0 to 9 scale)
	    Root 
    yield

   (T/ac)
	Recoverable 

    sucrose
    (lb/ac)

	Untreated check
	4.30 ab
	20.9 abcd
	6133 bcdefg

	Metarhizium Granules (G)
	3.85 abcde
	18.3 cdefg
	5583 cdefg

	Metarhizium Spray (S)
	4.00 abc
	17.0 g
	5262 fg

	Terbufos
	3.00 efgh
	22.9 ab
	7154.0 ab

	Oat 1.5
	3.60 bcdef
	20.9 abcd
	6413 abcde

	Oat 1.5 + Metarhizium G
	3.25 cdefg
	21.3 abc
	6570 abcd

	Oat 1.5 + Metarhizium S
	3.07 cdefgh
	20.3 abcdef
	6333 abcdef

	Oat 1.5 + terbufos
	3.12 cdefgh
	23.2 a
	7281 a

	Oat 3.0 
	2.25 h
	20.7 abcde
	6591 abcd

	Oat 3.0 + Metarhizium G
	2.87 fgh
	20.9 abcd
	6556 abcd

	Oat 3.0 + Metarhizium S
	2.20 h
	20.5 abcdef
	6241 abcdefg

	Oat 3.0 + terbufos
	2.35 gh
	21.6 ab
	6654 abc

	Rye 1.5
	4.62 a
	17.4 fg
	5151 g

	Rye 1.5 + Metarhizium G
	3.37 bcdef
	17.8 defg
	5358 efg

	Rye 1.5 + Metarhizium S
	3.97 abcd
	18.2 cdefg
	5534 defg

	Rye 1.5 + terbufos
	3.05 defgh
	19.8 bcdefg
	6281 abcdef

	Rye 3.0 
	3.82 abcde
	20.5 abcdef
	6339 abcdef

	Rye 3.0 + Metarhizium G
	3.10 cdefgh
	17.5 efg
	5578 cdefg

	Rye 3.0 + Metarhizium S
	3.70 abcdef
	19.8 bcdefg
	6179 abcdefg

	Rye 3.0 + terbufos
	3.37 bcdef
	20.9 abcd
	6444 abcde

	Model Pr > F 22,57
	<0.0001
	0.0119
	0.0124

	Replication Pr > F 3,57
	<0.0001
	0.7670
	0.3746

	Treatment Pr > F 19,57
	<0.0001
	0.0058
	0.0087

	LSD (0.05)
	0.94
	3.26
	1117.9


Metarhizium anisopliae strain F52 was applied as granules (modified in-furrow) or spray at rate of 3.23 x 1012 viable conidia/ac.

Oat and rye seeding rates are indicated by numbers in oat bushel equivalents (OBE)/ac. Means were analyzed by the generalized linear models procedure using four replications. Means within a column sharing a letter are not significantly (P = 0.05) different from each other (Fisher’s Protected LSD). 
Discussion

Sugarbeet root maggot populations were moderate to high at the two test locations used for this experiment, thus indicating a high potential for significant crop losses if control measures are not used in these areas. Cover crops can be integrated with M. anisopliae for reducing root maggot damage and minimizing crop losses under varied insect pressure. Sugarbeet root maggot control was inadequate when the M. anisopliae strain F-52 was applied without a ground cover. Terbufos provided excellent root maggot control at both locations, even in the absence of a cover crop. The granular formulation of M. anisopliae was more effective as a stand-alone treatment than the spray. Perhaps, soil incorporation of granules provides better protection to pathogen spores than simple surface applications (spray treatments). Soil incorporation could also aid spore persistence by making soil moisture available to the fungus. Cover crops could further moderate soil temperature and moisture to benefit  living spores of M. anisopliae.

Oat appears to be a promising cultural method that is compatible with M. anisopliae for root maggot control under moderate insect pressure. Rye + M. anisopliae combinations seemed to work better under high root maggot pressure than corresponding combinations with oat.  Rye 3.0 OBE/ac + M. anisopliae granules provided encouraging results in terms of root injury and root yield. From preliminary laboratory studies (A. Majumdar, unpublished), it appears that both male and female root maggot flies explore the cover crops and sugarbeet seedlings with similar intensity. Modified oviposition behavior and increased restlessness of female flies due to plant volatiles from nonhost cover crops could be some of the reasons for their success in these trials. Dregseth et al. (2003), who observed a greater number of flies in cover cropped plots, also alluded to this as a possible explanation of the disjunction between observed fly numbers and treatment effects on root injury and yield parameters. 

The 2005 production season was somewhat unique since the RRV received a substantial amount of rainfall (3.58 inches in May, 5.15 inches in June, 2.53 inches in July, and 2.05 inches in August at St. Thomas, data source: North Dakota Agricultural Weather Network, NDAWN). Rainfall was also frequent and plentiful at Minto (3.00 inches in May, 6.37 inches in June, 1.40 inches in July, and 4.55 inches in August, data source: NDAWN). Also, soil temperatures remained low in May through June (average of 54 o to 69o F; maximum 75 o F). However, M. anisopliae formulations used in these trials were able to withstand these environmental conditions, evidenced by the significant treatment effects observed in this study. Strain F52 of M.  anisopliae is apparently able to provide significant root maggot control during the critical periods when production losses could be high in the absence of control measures. 

Conclusions

Rye cover integrated with a microbial insecticide reduced root maggot feeding injury under high SBRM pressure. Oat seems more flexible than rye for integration with bio-based SBRM management programs involving the use of M. anisopliae for managing SBRM.  A high seed rate of cover crops seems to integrate better with chemical or biological insecticides under most situations. Fungus granules consistently provided high root protection from SBRM larvae at both test locations. However, these treatments will be reevaluated in 2006 growing season to determine to repeatability of these observed trends. Further research is needed to determine the effectiveness of lower seeding rates (<1.5 bu/ac) of cover crops integrated with a more virulent pathogen strains. The effect of cover crops on insect behavior need to be evaluated in carefully designed laboratory tests. Cost-effectiveness of M. anisopliae and cover crop-based control methods also needs to be refined. Such information could lead to the development of a readily adoptable integrated pest management program for T. myopaeformis for sustainable sugarbeet production in the RRV.  
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