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This thesis is an investigation of the ecobiology and integrated pest management
(IPM) of the carrot rust fly (Psila rosae) (CRF) in the Holland Marsh, Ontario. The Holland
Marsh is a major carrot producing area in North America. Carrot rust fly is a serious pest
of carrots. An IPM program for CRF is used within the Holland Marsh. Published CRF
rearing procedures were found to be inadequately detailed. Improvements to the procedure
were identified. Various insecticides, including seed treatments, in-furrow, and postemergent, were evaluated for their effectiveness to control CRF. No conclusions could be
made on their effectiveness due to low pest pressure. The natural enemy species
composition in the Holland Marsh was determined and known CRF and carrot weevil
natural enemies were identified. The IPM program used in the Holland Marsh was not
found to be detrimental to the natural enemy species richness or abundance.
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Chapter 1
Literature Review
1.1

Introduction
The carrot (Daucus carota (Linnaeus, 1753)) is a member of the Apiaceae family

and is harvested worldwide for the edible taproot. Carrot is one of the ten most
economically important vegetable crops in the world (Simon et al., 2008). Total carrot
production in Canada between 2010 and 2015 averaged 370,256 metric tonnes. Over that
period, 53% of the carrot production occurred in Ontario alone. The farm gate values for
carrots in 2015 in Ontario and Canada were $41 and $107 mill, respectively (Statistics
Canada). The Holland Marsh is located approximately 50 km north of Toronto, Ontario.
Starting in 1925, marshland was drained to create 2,800 hectares of some of the most
fertile soil in the country (Holland Marsh Growers’ Association, 2013). This area is
intensively cultivated, most with carrot and onion production, but also includes 60 other
crops such as celery, leafy greens, and Asian vegetables. The soil in the area is
approximately 65- 80% organic matter with a pH of 5.0 – 7.2. (Pers comm. M.R.
McDonald1). In Ontario, growers have reported the carrot rust fly (CRF) (Psila rosae
(Fabricius, 1794)) as the primary insect pest of carrots (Agriculture and Agri-Food
Canada, 2009).
Carrot rust fly is one of the most serious pests of carrots and other apiaceous
crops in North America, Europe and New Zealand (Collier & Finch, 1996; Ramert &
Ekbom, 1996; Sivasubramaniam, 1996). Native to Europe and introduced to North
America in 1885, it is now widespread and found nearly everywhere carrots are grown
(Whitcomb, 1938). It has been present in the Holland Marsh area (Simcoe County and
King, Ontario) since 1936 (Stevenson, 1983). Originally, organochlorines were used to
control CRF, but in the 1950’s resistance to this insecticide group developed (Wright &
Croaker, 1968). Currently, foliar applications of organophosphorous and pyrethroid
insecticides are used to control this pest (Stevenson, 1983; Ontario Ministry of
Agriculture and Food, 2014). Integrated pest management (IPM) programs are in place in
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most of the major carrot growing areas globally, but these programs are still primarily
focused on chemical controls.
1.2

Biology and Behaviour
Carrot rust fly is an oligophagous insect; however, its host range is almost

exclusively restricted to the Apiaceae (Hardman et al., 1990). Ellis et al. (1992) recorded
121 species within the Apiaceae that are suitable CRF hosts. It is suggested that CRF can
complete its larval development in the roots of non-Apiaceae plants, but it is unlikely that
these species would be selected for oviposition or preferred by CRF larvae (Hardman &
Ellis, 1982).
Larval stages of CRF cause damage to their host by entering the tap root and
feeding on cortex tissue, creating visible mines just below the surface. Crop losses are
primarily from reduction in marketable yield rather than to the harvested yield. Up to 20
larvae have been found in a single carrot, yet a single mine renders the entire carrot
unmarketable (Burn, 1984; Muehleisen et al., 2003). Mines often appear darker and
rusty, giving rise to the name “rust fly”, as a result of the frass from the larvae (Capinera,
2001). Red or yellow foliage is often the first above ground sign of a CRF infestation, but
this discolouration does not always occur (Poole, 2009). Damage is generally worse in
the edge rows of a carrot field as CRF are weak fliers and cannot venture far from the
hedgerows in which they live (Petherbridge et al., 1942). The damage from the 1st
generation is most often at the apex of the root, while 2nd generation damage can occur
over the entire root (Jones, 1979). The mines created by CRF (Figure 1.1) are narrower
than those made by carrot weevil (Listronotus oregonensis (Le Conte, 1857))
(Coleoptera: Curculionidae), which are typically found on the top third of the carrot
(Stevenson, 1981a) (Figure 1.2). Carrot rust fly damage is highly variable based on
location and year. Crop losses can reach 30-60% in the UK (Dufault and Coaker, 1987)
while damage up to 100% has been reported in Quebec (Boivin, pers comm2).
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Figure 1.1: Mines created by carrot rust fly (Psila rosae) larvae in carrots. (Photo credit: M.R.
McDonald)

Figure 1.2: Damage created by carrot weevil (Listronotus oregonensis) larvae in carrot roots.
(Photo credit: S. Mahr).

1.3

Life Cycle and Development
The CRF is a multivoltine pest with two to four generations annually depending

on locality and environmental conditions. In Eastern Canada, there are two complete
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generations with an incomplete third generation found in Ontario some years (Stevenson,
1983; Boivin, 1987). However, in Western Canada, a third generation occurs annually
(Judd & Vernon, 1985). Up to four generations can occur annually in New Zealand, but
for the greatest part of its range, including the United Kingdom and Northern Europe, the
CRF produces two complete generations with an incomplete third generation (O’Donnell,
1990; Sivasubramaniam, 1995). Therefore, it is evident that the development of the CRF
is temperature dependent, as is normal for insect species which complete part of their life
cycle below ground (Brown & Gange, 1990; Villani & Wright, 1990).
The first emerging adults in the spring are often referred to as the 1st generation,
with subsequent generations referred to as 2nd generation and so on. Stevenson (1983)
determined that in the Holland Marsh, 1st generation CRF will begin to emerge at 220
DD3°C (soil temperature at 5cm below ground), with the heat units accumulating as of
April 1. These heat units have usually accumulated by early to mid-May in the Holland
Marsh. Furthermore, the 2nd generation adults will begin to emerge 971 DD3°C (soil
temperature) after the 1st emergence. This occurs in early August in the Holland Marsh.
Insufficient data was available to determine the DD requirements for the 3rd generation
adults to emerge in Ontario, but emergence will usually occur in mid-October in the
Holland Marsh (Figure 1.3). However, in British Columbia it was reported that 994
DD3°C (soil temperature) after the 2nd generation were required (Judd & Vernon, 1985).
Carrot rust fly development from egg to adult requires approximately 60 days at 20°C in
a laboratory setting (Stevenson, 1981b and McLeod et al., 1985 - both Canada; and
Collier and Finch, 1996 - United Kingdom). Very similar results were found among the
three studies, as only the development time for the larval and pupal stage differed. Yet,
the egg to adult development requirements were similar among the three studies (Collier
and Finch, 1996). Therefore, it is likely that the differences were from the different
methodologies used to determine when pupation occurred (Collier and Finch (1996). This
suggests that there are no differences in development between Canadian and UK CRF
populations. All three studies suggest that each life stage of CRF has a unique
development temperature threshold. However, slight discrepancies were reported
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between the observed developmental thresholds. Stevenson (1981b) reported: 4.1°C
(egg), 3.0°C (larval), and 2.0°C (pupal) while McLeod et al. (1985) reported: 4.5°C
(egg), 2.0°C (larval), and 1.5°C (pupal).

Figure 1.3: Life cycle diagram of carrot rust fly (Psila rosae) in the Holland Marsh, Ontario.

Carrot rust fly has three instars before pupating and overwinters in a carrot as a
late stage instar or in the soil as a pupa which develop from eggs laid by the 2nd
generation adults. However, it is possible that some of the 2nd generation pupae may
complete their development and emerge as adults in the fall, while the remaining
population overwinters in the soil (Stevenson & Barszcz, 1989). There is no evidence that
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the 3rd generation adults will survive to oviposit, and most crops have been harvested by
this time. CRF can enter a non-facultative diapause depending on the temperature during
the prepupal stage (Stevenson & Barszcz, 1991). In laboratory trials, 15°C was found to
induce diapause in 40% of the population, while 13°C resulted in nearly 100% of the
population entering diapause (Stevenson & Barszcz, 1991). Diapause may cause a slight
delay in emergence in the spring in Canada (McLeod et al., 1985), but this delay is more
pronounced in the UK where diapause is more intense and requires more time to
complete (Collier and Finch, 1996). Larvae that do not enter diapause will continue to
feed through the winter (Burn & Coaker, 1981; Stevenson & Barszcz, 1994).
1.3.1

Egg:
Eggs are 0.6-0.7mm in length with a diameter of 0.15mm. There are longitudinal

striations that run the length of the egg. Eggs appear white, but would actually be
translucent if not for the striations (Ashby & Wright, 1946). Stevenson (1981b) reported
102 DD4.1°C for egg development, while Mcleod et al. (1985) reported 94 DD4.5°C. Collier
and Finch (1996) reported a period between oviposition and eclosion of 28±0.8 days at
9°C and 5±0.4 days at 24°C.
1.3.2

Larva:
The three CRF instars are slightly different in colour: the first instar is clear or

translucent, the second instar is a creamy-white, and third instar is a yellowish colour,
caused by lipid deposits that form within the body (Ashby and Wright, 1946; Dufault &
Coaker, 1987). Jones (1977) provided a detailed description of morphometric
measurements which can be used to properly differentiate the three instars. Larvae are
thin and rounded with a tapered appearance (Figure 1.4). All three larval instars have 13
segments: one preoral, three thoracic, and nine abdominal. The 1st instar larvae have a
spiracular horn on the posterior segment that is believed to be used to escape from the
egg, as well as aid in movement through soil (Figure 1.6). The proportional size of the
horn changes as the larvae moults, becoming insignificantly small by the 3rd instar. The
ventral side of the abdominal segments 1-7, as well as the dorsal side of segments 1-3,
have toothed projections used for locomotion, along with their oral hooks (Ashby &
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Wright, 1946). Larvae use CO2 released by the roots to orient themselves to a feeding site
after eclosion (Stadler, 1971). The 1st instar larvae feed exclusively on side roots as do
most 2nd instar. However, Jones (1977) observed that approximately 20% of 2nd instar
feed on the main tap root. The lack of cast skin inside the mines suggests that moulting
occurs only while the larvae are in the soil (Ashby & Wright, 1946).

Figure 1.4: A 3rd instar carrot rust fly (Psila rosae) larva mining the root of a carrot. (Photo credit:
R. Collier).

Figure 1.5: A morphological drawing of the posterior end of a first instar larva carrot rust fly
(Psila rosae) showing the spiracular horn (sp. h. in the image) and the spiracular aperture (sp. a.
in the image) (Ashby & Wright, 1946).

The optimum temperature for CRF development changes by instar, starting at
18°C and decreasing to 15°C by the 3rd instar larva (Jones, 1979). Temperatures >20°C
decrease the rate of development, temperatures between 30-40°C affect movement, and
Figure 1.6:
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temperatures >40°C are lethal to larvae (Stevenson, 1981b; Jones, 1979). In laboratory
trials Stevenson (1981b) reported that larval development from eclosion until the
prepupal stage required 642 DD2°C (air) while McLeod et al. (1985) found that 625 DD2°C
(air) were needed. Development time under laboratory settings took 145 days at 9°C and
31 days at 21.5°C (Collier & Finch, 1996). Larvae prefer a RH of 70-100% and
increasingly avoid dry conditions as development progresses (Jones, 1979).
Abiotic factors play an important role in the development and survival of larvae
and therefore, soil type may influence development; larvae prefer moist areas and
actively avoid low moisture (Jones, 1979). Lepage et al. (2012) studied the effects of
abiotic stressors on the cabbage maggot (Delia radicum Linnaeus) (CM). Survival of CM
eggs and larvae was found to be dependent on both soil temperature and soil moisture.
Soil temperature in the top 5 cm can be much higher than the air temperature in soils with
high organic content (muck soil) since it has a dark colour (LePage et al., 2012). This
effect is increased when the soil is not shaded by the foliage, as is typical in the spring. It
is unknown how this affects the development of 1st generation larva, but it is possible that
it is related to the longer period between the 1st and 2nd generation peak emergence and
the 2nd and 3rd generation peak emergence (Bourgeois, Pers comm3).
1.3.3

Pupa:
Metamorphosis begins in the prepupal stage, when the cuticle of the 3rd instar

larvae hardens and forms a puparium approximately 5mm in length (Whitcomb, 1929).
Once CRF reaches the pupal stage, the puparium is yellow or golden brown, with the
anterior end sharply cut off to a point. The puparium also has a lid for the adult
emergence, made from the dorsal area of the meso- and metathoracic and first abdominal
segment.
In laboratory trials Stevenson (1981b) reported a development time of 107 DD3°C
(air), while McLeod et al. (1985) reported 374 DD1.47°C (air). Collier and Finch (1996)
also examined pupa development and recorded development times of 84 days at 9°C to
3
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24 days at 21.5°C. Stevenson (1981b) observed a delay in development and reduced
emergence when flies were reared at temperatures above 20°C. McClanahan & Niemczyk
(1963) and Van’t Sant (1961) reported that the CRF will enter aestivation, an intentional
decrease in metabolic activity, during unfavourably warm condition (> 21°C). However,
Collier and Finch (1996) suggest that aestivation occurs at temperatures >28°C. While a
majority of the emergence occurred later for CRF reared at 23°C than for CRF reared at
19°C, a significant amount of adult emergence did occur earlier. This was not true when
emergence for CRF reared at 28°C was compared to 19°C.
1.3.4

Adult:
Adults are typically 6 to 8 mm long with a wing span of 12mm, and have a shiny

black thorax and abdomen. They have a reddish-brown head, pale yellow legs, and
iridescent wings (Figure 1.7). The abdomen and thorax are also thinly coated by yellow
hairs. P. rosae can easily be distinguished from Psila nigricornis Meigen by a yellow
third antennal segment on P. rosae (Collins, 1944). However, occasionally, P. rosae will
have an entirely black third antennal segment. Therefore, the only way to confidently
distinguish the two pests is through the examination of the male genitalia (Collins, 1944).
Female CRF have an elongated abdomen forming the retractile ovipositor (Hennig,
1958). The female genitalia in the Psila is short and soft, and little specialized as it is not
suitable for piercing (Steyskal, 1987).
The average life span for a female CRF under laboratory conditions varies
between 44±13 days at 11.5°C and 11±4 days at 24°C. Males have a relatively short life
span, living for 28±11 to 9±5 days at 11.5°C and 24°C, respectively (Collier and Finch,
1996).
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Figure 1.7: An adult carrot rust fly (Psila rosae). (Photo credit: S.A. Marshall).

After emergence, many insects require a pre-oviposition time, which is
temperature dependent, to mature their eggs. The pre-oviposition time for CRF is
between 28 ±3 to 4±1 days at 9°C and 24°C (air), respectively. Adults reach sexual
maturity (i.e. oviposition begins) after 55±2DD4°C (air) (Collier and Finch, 1996). Adult
CRF generally live in bushes and weeds when they are present near crop fields as they
prefer cool, moist, and calm conditions. Female CRF oviposit at the base of a suitable
host plant during cool, windless evenings (Wakerley, 1963). Host selection for
oviposition is based on a combination of visual and chemical cues (Degen & Stadler,
1998).
1.4

Distribution and Pest Status
CRF is native to Europe, but is now found most places carrots are grown

(Whitcomb, 1938). Specifically, it is found across Europe, from 68°N in Norway to 38°N
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in Spain (Ellis & Hardman, 1992). Carrot rust fly was first detected in Ottawa, Canada in
1885, it is now found in the main carrot growing areas between 50°N and 40°N in North
America (Dufault and Coaker, 1987). It was first detected in New Zealand in 1933
(Muggeridge, 1933). CRF is also found in Georgia, Japan, Mongolia, Turkey, India,
Chile, and South Africa (CABI Crop Protection Compendium, 2014).
Identifying the pest status of the CRF is a difficult task as trap counts do not
always correlate to crop damage in the field (Stevenson & Barszcz, 1997). CRF
abundance can vary significantly from year to year and field to field, further complicating
the issue (Petherbridge et al., 1942; Judd et al., 1985). Economic damage does not occur
every year, yet many countries have developed monitoring programs. Monitoring
programs have been identified in the following areas: Ontario, Canada (Stevenson,
1981c); Switzerland (Freuler and Fischer, 1982); Denmark (Esbjerg et al., 1983);
Washington, USA (Getzin and Archer, 1983); Poland (Legutowska, 1984); British
Columbia, Canada (Judd et al., 1985); The Netherlands (Den Ouden & Theunissen,
1988); and the UK (Collier et al., 1990).
1.5

Integrated Pest Management
Integrated pest management is defined by the Food and Agriculture Organization

of the United Nations (2014) as:
“Integrated Pest Management (IPM) means the careful consideration of
all available pest control techniques and subsequent integration of
appropriate measures that discourage the development of pest populations
and keep pesticides and other interventions to levels that are economically
justified and reduce or minimize risks to human health and the
environment. IPM emphasizes the growth of a healthy crop with the least
possible disruption to agro-ecosystems and encourages natural pest
control mechanisms.”
This definition is often chosen to represent IPM as it considers the importance of a
healthy crop as the first step to proper pest management, presenting a more holistic view
of the issue. There are four main components of an IPM program as outlined by Dreistadt
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(2012): 1) the identification of pests; 2) field monitoring of pests and natural enemies; 3)
development of action thresholds; and 4) application of appropriate control methods.
Cultural, physical, and biological control strategies are used first and chemical controls
are utilized only when the action threshold has been reached (Horne & Page, 2008). The
development of action thresholds has been attributed to the economic injury level concept
created by Stern et al. (1959). This concept combines three elements: 1) economic
damage; 2) economic injury level (EIL); and 3) economic (action) thresholds. Economic
damage is the level of damage which justifies the cost of control. EIL is the lowest pest
density that will result in economic damage. Finally, action thresholds are simply pest
densities at which control should be initiated to prevent the pest from reaching the EIL
(Figure 1.8). Variables such as established EILs, population growth rates, pest/host
phenology, and management effect lag are used to determine action thresholds (Pedigo,
2006). Therefore, by acting on established action thresholds, growers are able to keep
pest densities at a level below that which would result in economic damage. The IPM
program in the Holland Marsh, Ontario was established by Madder & McEwen (1982).

Figure 1.8: The relationship between economic thresholds (ET) and economic injury level (EIL)
and when to initiate management activity (Pedigo, 2006).

Reduced risk insecticides provide many benefits to both humans and the
environment, and therefore are desirable as part of an IPM program. Reduced risk
insecticides were described in the U.S. by the Environmental Protection Agency (EPA)
(1996) through the Federal Insecticide, Fungicide, and Rodenticide Act, and a very
similar definition was adopted by the Pest Management Regulatory Agency (PMRA)
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(2002) in Canada through the PMRA Regulatory Directive DIR 2002-02: Initiative for
Reduced-Risk Pesticides. Reduced risk insecticides must accomplish one or more of the
following criteria initially established by the EPA and subsequently, the PMRA: reduce
the risks of pesticides to human health; reduce the risk of pesticides to non-target
organisms; reduce the potential for contamination of ground water, surface water or other
valued environmental resources, and; broaden the adoption of integrated pest
management strategies, or make such strategies more available or effective.
1.5.1

Monitoring and Thresholds
Monitoring programs for CRF have been developed to determine when action

thresholds have been reached. Sticky traps are commonly used to monitor for adult CRF.
Brunel et al. (1969) reported that an orange-yellow colour similar to “buttercup yellow”
(RHS colour chart yellow-orange group 15B or #ffb61f) was the most attractive colour to
adult CRF. Trapping efficiency has been positively correlated with the reflection of
green-yellow light (550-570 nm) and negatively correlated with the reflection of violetgreen light (390-550 nm) (Collier & Finch, 1990). Single sided traps placed at an upward
angle of 45° doubled the trapping efficiency while decreasing the catch of unwanted
dipterans by 90% (Finch & Collier, 1989). However, recent results from trials at the
Muck Crop Research Station in the Holland Marsh have been unable to find similar
results (Van Dyk & McDonald, 2014). Traps are placed inside the field along the border
rows of the fields (~2 m from the edge) and approximately 50-100 m apart (Vernon et al.,
1994). Judd et al., (1985) found that more flies were caught when traps were placed 10
cm above the carrot canopy.
In the Holland Marsh, traps inspection occurs every 3-4 days from spring until
late August and every 7 days after that. Vernon et al. (1994) revisited the IPM program in
British Columbia established by Judd et al. (1985) and determined that with alterations to
trap placement it is possible to extend the length between trap inspection from every 3-4
days to 7 or 10 days without significantly underestimating the CRF population size. It
was also found that any deviation from the standard trap size (11x14 cm) would affect the
trapping efficiency, and a new action threshold would be needed.
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Action thresholds seem to vary by location, but essentially all rely on the same
variables. Carrot rust fly is monitored using sticky traps, placed along field edges and
monitored on a set interval (i.e., 3-4 days in the Holland Marsh). After each interval, all
the traps for each field are monitored. The number of CRF caught are counted and
averaged over the number of traps for that field and the number of days since the last
count. This number is commonly reported as flies per trap per day (FTD). In Ontario, the
action threshold is 0.1 FTD for fresh market carrots and 0.2 FTD for carrots meant for
processing (Chaput, 1996). Judd et al. (1985) suggested a threshold of 0.25 FTD for
British Columbia. When Vernon et al. (1994) revisited this program, changes were made
to the monitoring program but the threshold remained the same. Finally, Esbjerg et al.
(1983) suggests a threshold of 0.3 to 1 FTD depending on the location in Denmark.
1.5.2

Forecasting models
Forecasting specific events such as first emergence, 10%, peak, and 90%

emergences can augment monitoring for CRF. Vernon et al. (1994) determined that
forecasting peak flight periods can accurately indicate when monitoring for CRF should
be increased, and when it can be decreased to save time. The CRF forecasting model is
based on CRF phenology and weather data for a specific location. CRF phenology has
been described by various authors without much variation (Stevenson, 1983, Judd and
Vernon, 1985, Boivin, 1987, Collier & Finch, 1996, and Hooper et al., 2002).
1.5.3

Genetic Control
The mechanism of host-plant resistance in carrots for CRF is not well known

(Simlat et al., 2013). Wild carrots, such as Daucus capillifolius (Gilli.) and Daucus
broteri (Ten.), do exhibit some resistance to CRF and have been used as parents in
breeding lines (Degen et al., 1999b; Simlat et al., 2013). Despite a number of screening
programs (Ellis and Hardman, 1981; Ellis et al., 1984, 1993; Michalik & Wiech, 2000)
no commercial carrot cultivars have been identified as resistant to CRF (McDonald &
Vander Kooi, 2007; McDonald & Vander Kooi, 2008).
Twenty carrot cultivars, most of which are of the Nantes variety (e.g., cv. Sytan),
are considered to be partially resistant to CRF attack as a result of both antibiosis (plant
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characteristics that are detrimental to pest development) and antixenosis (plant
characteristic that result in non-preference by the pest) (Ellis, 1999; Degen et al., 1999c).
It is thought that secondary metabolites such as terpenoids and phenolics play a
role in the antibiosis. Chlorogenic acid, the most prominent phenolic in carrot roots, is
also essential for cuticle development in insects (Ellis, 1999). Cole (1985) argued that
any damage or stress (e.g., cold damage) to a carrot root could elicit an elevated level of
chlorogenic acid. When chlorogenic acid was present in greater concentrations, carrot
roots were found to be more attractive to CRF larvae (Simlat et al., 2013). Yet, further
investigations by Cole et al. (1987) were unable to determine any discrete relationship
between chlorogenic acid concentrations and larval damage. It is also possible that the
carotatoxin complex present in carrot roots also induces antibiosis as it has been shown to
decrease CRF larval growth, development and survival (Maki et al., 1989).
Antixenosis is likely caused by phyto-chemicals on the foliage. In laboratory
studies, CRF adults preferred the foliage of the susceptible cv. Danver to that of the
partially resistant cv. Sytan. (Guerin & Stadler, 1984). Stadler et al. (1990) reported that
hot water extract from carrot foliage produced an inhibitory effect on oviposition.
Conversely, trans-methylisoeugenol is an oviposition stimulant found on carrot foliage;
yet Visser and Ponti (1984) were unable to correlate its concentration with CRF
resistance. Maki and Ryan (1989) suggest it is antixenosis exhibited by larvae as a result
of root chemicals that is the largest contributor to the partial resistance in carrot cultivars.
Guerin and Ryan (1984) identified five root chemicals (i.e., α-ionone, β-ionone, bornyl
acetate, biphenyl and 2, 4-dimethyl styrene) that act as larval attractants. In addition, the
availability of side shoots and texture of root tissue also support the suggestion that
antixenosis is at play in host choices by larvae. Antixenosis from the foliage is likely less
important than antixenosis from the roots, as significant damage can occur to carrots even
with reduced oviposition (Maki & Ryan, 1989; Maki et al., 1989). Furthermore, CRF use
visual cues to determine host suitability as well as the aforementioned chemical cues.
Therefore, it is likely that the appearance of the foliage (shape, colour, and surface

16

characteristics) of certain cultivars is responsible for the partial resistance, as is believed
to be the case with D. capillifolius (Degen & Stadler, 1998).
Thompson et al., (1994) evaluated the effects of the partially resistant cv. Sytan in
combination with carbamate and organophosphorous insecticides. It was found that only
33% of the recommended doses of these insecticides were needed when applied to cv.
Sytan.
1.5.4

Cultural Control

1.5.4.1 Sowing and harvesting dates
The main cultural control for the CRF is the management of sowing and harvest
dates. The earliest known report of using specific sowing and harvesting dates to control
CRF can be traced back to 1814 (Ellis et al., 1987). With a late sowing date, the carrot
seedlings emerge after peak CRF oviposition of the 1st generation resulting in fewer 2nd
generation individuals. A late sowing date which just avoids the 1st generation would
allow the carrot roots to be well established by the 2nd generation (Cole et al., 1987).
However, the consequence of the late sowing date is the later harvest date that is not
always practical in northern climates. Ellis et al. (1987) reports that the carrots left in the
field in the UK during the fall receive very little increase in yield, but significantly more
damage from CRF larvae. Conversely, Van’t Sant and Brader (1972) reported that early
sowing dates could allow the crop to be harvested before the 2nd generation.
Ellis et al. (1987) evaluated the effects of combining sowing date with the use of
resistant cultivars. They reported that an early June sowing date and December harvest of
susceptible cv. Danver resulted in a 50% marketable yield. However, similar sowing and
harvest dates of the partially resistant cv. Sytan resulted in a 90% marketable yield.
1.5.4.2 Crop rotation and isolation
Crop rotation can be an effective option for CRF control because it is a weak flier
and does not fly long distances to find a host plant. Damage can be reduced by changing
the area cultivated in carrots every year to isolate it from the previous year’s field and the
overwintering CRF (Sant, 1961; Collier et al., 2003). Collier et al. (2003) determined that
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the CRF is able to fly 50-100 m per day within a crop or searching for a new crop.
Coaker and Hartley (1988) suggest that a new field must be 250 m away from the
previous year’s carrot planting for crop rotation to successfully reduce the impact of
CRF. However, in intensively cultivated areas such as the Holland Marsh, it is nearly
impossible to be 250 m away from a field that was previously planted with carrot. It is
also possible that CRF is dispersed by wind in the Holland Marsh, further limiting the
value of crop rotation for the management of CRF.
1.5.4.3 Intercropping
Intercropping with various crops has shown some effectiveness as an IPM
strategy for CRF. Intercropping with marigolds was found to significantly increase carrot
yields while reducing CRF damage (Jankowska et al., 2012). Intercropping appears to
ensure that natural enemies of CRF are more diverse, abundant and successful in
polyculture compared to monocultures. In addition, taking into account the resource
concentration hypothesis - polycultures are less optimal for pests than monocultures
(Root, 1973). Rambert and Ekbom (1996) suggest that it is easier for CRF to find a
suitable oviposition site in carrot monocultures and therefore are more successful at
reproducing. Crops suggested for intercropping in carrots to decrease CRF impact are
lucerne (Ramert, 1995; Ramert and Ekhom, 1996), subterranean clover (Theunissen &
Schelling, 2000), dill and welsh onion (Wierzbicka & Majkowska-Gadomska, 2012) and
marigolds (Jankowska et al., 2012). One drawback to intercropping is the need for it to
occur on a large scale to be effective, as neighbouring monocultures could act as a CRF
source. Furthermore, growers have expressed concerns that intercropping results in less
land plant in the primary crop (i.e., carrots) and reduced yields.
1.5.4.4 Sanitation
Proper sanitation (i.e. removing all carrots and weeds from the field and
eliminating cull piles) is advised to reduce the overwintering ability of the CRF (Chaput,
1996). As CRF is a weak flyer, it is also important to properly dispose of culled carrots,
at least 250 m from a carrot field to ensure that adults cannot migrate to the field (Dufault
and Coaker, 1987).
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1.5.5

Physical Control
Row covers have previously been used as a form of physical control for CRF

(Muehleisen et al., 2003). However, this method is not practical in large scale
commercial operations because of the high costs (Vernon & McGregor, 1999). As the
covers need to be impermeable to CRF through the entire growing season the covers need
to be replaced every couple years (Muehleisen et al., 2003). Floating row covers made of
a fine mesh are an alternative to traditional row covers (Haseli & Konrad, 1988).
However, Ramert (1995) suggests that floating row covers could result in favourable
conditions for fungal pathogens and weeds. The only other physical control for CRF is
the use of exclusion fences. This method has been successful for the control of other pests
such as the cabbage maggot (Delia radicum) (Vernon & McGregor, 1999; Siekmann &
Hommes, 2005) but must be used in combination with other physical and cultural control
methods. Vernon and McGregor (1999) found that 1st generation CRF trap counts for
fenced and control plots were not different. However, trap counts for 2nd generation CRF
were significantly lower in fenced plots, suggesting that CRF were unable to colonize
those plots.
1.5.6

Biological Control

1.5.6.1 Parasitoids and Predators
There are two main parasitoids of CRF - Dacnusa gracilis (Nees) (Hymenoptera:
Braconidae), and Loxotropa tritoma (Thomson) (Hymenoptera: Diapriidae) (Wright,
Geering, and Ashby, 1947). Dacnusa gracilis is the more important of the two, with
parasitism rates up to 63% (Wright and Ashby, 1946). However, D. gracilis does not
emerge until after the CRF larva has completed its feeding and therefore does not prevent
pest damage. Both species of parasitoids were introduced to carrot growing regions in
Canada between 1949 and 1953 (Maybee, 1954). They were recovered in the Holland
Marsh after one winter, but failed to establish in the long-term (Maybee, 1954; McLeod,
1962).
It is believed that there are 60 to 100 Carabidae (ground beetle) species that prey
on CRF in the United Kingdom (Burn, 1980). However, two species of carabid, Trechus
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quadristriatus (Shrank) and Bembidion quadrimaculatum (L.) were found to be
responsible for the majority of the predation on eggs (Burn, 1982). Two rove beetles,
Metaxya spp. and Aleochara spp. (Staphylinidae, Aleocharinae) have also been
recognized as CRF parasitoids (Burn, 1982). Sivasubramaniam (1996) and Berry et al.
(1996) confirmed that carabids and staphylinids, along with species in the Linyphiidae
and Lycosidae (both Araneae) and Opiliones were abundant predators in carrot fields in
New Zealand. These records are in agreement with those of Wright et al. (1947) who
adds Kleidotoma sp. (Hymenoptera: Figitidae) as a rarely occurring parasitoid. While
carabids are very diverse and abundant in temperate climate agroecosystems (Lovei,
1990), it is likely that only carabids < 8mm in size prey on CRF eggs (Burn 1982).
However, egg predation is unlikely to play as significant of a role in the population
dynamics of the CRF compared to abiotic factors due to small pest density (Burn, 1984).
1.5.6.2 Conservation Biological Control
Picault (2013) evaluated the effect of naturalized areas of varying densities, such
as forested patches, windbreaks, and grasslands, around Apiaceous crops to promote
natural enemies. These areas, especially in high density (i.e., forested areas, and
hedgerows), were found to support greater CRF populations rather than augment natural
enemy populations. Specifically, forested areas were not found to increase the abundance
of Aleochara spp., P. melanarius, B. quadrimaculatum, or T. quadristriatus.
Furthermore, even when natural enemy populations were increased through the use of
less dense naturalized areas such as grassland, predation pressure was not great enough to
see a significant reduction in CRF damage. While conservation biological control is not
yet a viable strategy to control the CRF, various methods such as the use of chemical
stimulants or sterile egg release can be used to induce predator feeding on CRF eggs even
in the presence of alternate food sources (Picault, 2013).
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1.5.7

Biopesticide Control

1.5.7.1 Microbial biopesticides
Wright and Ashby (1946) report that fungal and bacterial diseases can be
important factors in the population dynamics of the CRF. Two diseases have been
identified, that can result in 10% larval mortality. Barnes (1942) also refers to a
blackening disease which was attributed to seasonal fluctuations in CRF populations over
five years in England.
Eilenberg and Philipsen (1988) found three species of Entomophthorale which
infect CRF; Entomophthora muscae (Cohn), Conidiobolus apiculatus (Thaxter), and
Erynia sp.. Of the three, they found that E. muscae was the most common with the
possibility of three epizootic periods per year, resulting in 60% infection. Carrot rust fly
behaviour (affinity for cool temperatures and high humidity) is also favourable for E.
muscae growth and reproduction. Eilenberg (1987a) reported that the lethal time for E.
muscae in CRF is approximately one week at 17.5°C. Interestingly, Eilenberg (1987b)
also observed a reduction in egg laying in CRF infected with E. muscae. This is notable
as Burn (1984) reported loss in potential natality to be one of the most important factors
affecting CRF population dynamics. Eilenberg and Philipsen (1988) support E. muscae’s
potential as a microbial biopesticides.
1.5.8

Chemical Control
Chemical control is the principal method growers use to manage CRF. However,

insecticides tend to be limited in their effectiveness because the behaviour and biology of
CRF make it difficult to ensure delivery of the insecticides to the right place at the right
time.
With the changing climate in market conditions and legislation, growers are faced
with an ever-present challenge in terms of chemical control. Currently, chemical control
in Canada relies on foliar applications during the growing season. In Ontario, only
Ripcord™ 400EC (cypermethrin, BASF Canada, Mississauga, ON), Up-Cyde® 2.5EC
(cypermethrin, United Phosphorus, Inc., King of Prussia, PA, USA), Matador® 120EC
(lambda-cyhalothrin, Syngenta Canada, Guelph, ON), Silencer 120EC (lambda-
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cyhalothrin, Adama Agricultural Solutions Canada Inc., Winnepeg, MB), and Diazinon
50WSP (diazinon, Loveland Products Canada, Dorchester, ON) are registered on carrots
for CRF (Ontario Ministry of Agriculture and Food, 2014). Other chemical control
application strategies for CRF that have been used or are being examined consist of infurrow, soil drenches, and seed treatments.
1.5.8.1 Foliar application
Ripcord, Up-Cyde, Matador, Silencer, and Diazinon are used as midseason foliar
sprays as contact adulticides to manage CRF (Ontario Ministry of Agriculture and Food,
2014). It is possible to target the larvae in the soil with these insecticides but very little
active ingredient can reach the soil through the dense carrot foliage. It has been reported
that only 5.5% of the applied insecticide is able to penetrate the soil (Dufault, 1994).
However, it was also found that diazinon was significantly more effective against larvae
if 1 cm of rain occurred within one day of the application.
The established IPM monitoring program at the Holland Marsh has reduced the
annual number of spray applications. Monitoring CRF adults using sticky traps, reduced
the number of insecticide applications to 0-5 from the 5-6 application that would occur in
a routine program over the same season (Stevenson, 1981c). Judd et al., (1985) reported a
44% reduction in insecticide usage when a threshold of 0.2-0.5 FTD was used in British
Columbia. Diazinon was a common insecticide chosen to control CRF adults based on
trap counts, but has been criticized for failing to provide adequate residual control
(Getzin & Archer, 1983). In 2016, diazinon was de-registered in Ontario. Wrzodak and
Woszczyk (2012) evaluated a new insecticide containing cyantraniliprole as a method to
control 2nd generation CRF and found it to be more effective than Dursban™ 480EC
(chlorpirifos, Dow AgriSciences Canada, Calgary, AD).
1.5.8.2 In-furrow and soil drenches
Insecticides applied in-furrow at seeding can provide control against the soil
inhabiting CRF larvae. Phorate granules applied at seeding to protect against both 1st and
2nd generation larvae are popular in some areas such as New Zealand (Sivasubramaniam
et al., 1997). Soil based insecticides such as carbofuran, chlorfenvinphos, and phorates
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work by being absorbed and stored in the carrot root. Lethal concentrations accumulate in
the root tissue which is fed on by larvae (Finlayson et al., 1968). Previously in Canada,
carrots were sown with a granular phorate insecticide applied in-furrow to control 1st
generation larvae (Stevenson, 1983). However, there are no longer any chemicals
registered for this application. Soils high in organic matter, such as those in the Holland
Marsh, require a greater dose of insecticide when applied directly to the soil as
degradation by soil microflora is much greater compared to mineral soil (Edwards, 1966;
Guth, et al., 1977; and Thompson et al., 1982). However, Finch (1993) contends that the
amount of insecticide can be halved by simply applying it only to the base of the plant
rather than in a continuous band.
1.5.8.3 Seed treatment
Seed treatments have been evaluated as a method to control CRF. However, there
have yet to be results that support this method as a viable control strategy because of the
length of time that protection is needed. The most successful trial to date was by Ester et
al. (2007) where various rates the neonicotinoids - clothianidin and thiamethoxam, were
used. Protection lasted up to 16 weeks, providing control against the 1st or 2nd generation
depending on seeding date, as well as providing greater control than a chlorfenvinphos
seed treatment. Sivasubramaniam et al. (1997) reported significant reduction in 1st
generation damage with seeds treated with 4% furathiocarb. However, reductions in seed
germination and stunted growth were also observed. Tefluthrin at a rate of 5 g a.i. /
100,000 seeds was also found to be effective, but lacked protection against the 2nd
generation (Davies and Collier, 2000).
1.6

Research Objectives
Carrot rust fly has been extensively studied over its range in Canada, the UK, and

New Zealand. However, the bulk of this research was done more than 20 years ago and
knowledge gaps remain. Furthermore, IPM programs are very location specific, as
environmental conditions drive control strategies and insect development. The purpose of
this research was to improve IPM strategies used to control CRF in the Holland Marsh,
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Ontario by improving the forecasting models for CRF, by determining the species
composition of natural enemies, and by identifying superior and more consistent
chemical control options for growers.
The research objectives are:
1.

Evaluate and identify a possible relationship between CRF population or damage
with weather parameters;

2.

Identify natural enemies of CRF in the field and surrounding hedgerows, and
evaluate the effects of CRF management on their populations; and

3.

Evaluate the efficacy of various chemical control strategies such as in-furrow and
seed treatment applications of reduced risk insecticides.

First and foremost was to determine if a relationship exists between CRF
populations or damage and various weather parameters. As CRF damage tends to vary
from year to year, identifying a relationship with certain weather parameters, such as
precipitation or soil temperature, could provide useful information on the predictive
capabilities of CRF monitoring programs. Comparing the day of emergence over the
previous ten years relative to historical weather data could also demonstrate a change in
emergence patterns, as is possible with the carrot weevil. Historical weather and trapping
data from the Holland Marsh are available and were used to determine any relationships.
Furthermore, the effect of natural predators and parasites on CRF population
dynamics will be investigated. It is unlikely that these will play a significant role in
manipulating pest numbers, but if small changes can be made to increase natural enemy
populations, their impact on pest populations when pressure is low will be a move to
sustainable management of CRF. The effects of chemical insecticides on natural enemies
specifically predators, in carrot fields have been evaluated in other countries and briefly
in Ontario in the early 1990’s. It would be wise to revisit the ecological effects that the
chemical control strategies have on CRF natural enemy diversity in the Holland Marsh.
To do this, surveying for CRF natural enemies in carrot fields at the Holland Marsh will
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be conducted to determine current abundance and diversity. Both research and
commercial carrot fields will be surveyed, as this will allow for differences in cultivation
and pest management strategies, including insecticide free carrot plots, to be evaluated.
Finally, the effectiveness of various chemical control strategies will be evaluated.
Current chemical control consists of foliar sprays to control CRF. In-furrow drenches,
foliar applications and seed treatments of reduced risk insecticides will be evaluated in an
effort to improve the effectiveness of chemical control. Anecdotal evidence that suggests
a nearby crop of soybean could promote CRF by acting as a refuge and provide a source
of dietary carbohydrate through aphid honeydew secretions will also be evaluated.

25

Chapter 2
Weather – Carrot Rust Fly Relationship
2.1

Introduction:
Understanding the relationship between the local climate and insect phenology is

important in IPM programs. This relationship has been used throughout the history of
agriculture. For example, the Apache Indians believed that an early appearance of insects
would lead to an early spring and a better growing season (Burt, 2002). The influence of
temperature on insect development is one of the most basic and well known aspects of
the insect-weather relationship (Régnière and Logan, 2003). However, temperature and
other weather parameters, such as relative humidity and precipitation, are also known to
influence insect behaviour and activities such as dispersal, feeding, mating and
oviposition (Burt, 2002). Notably, certain insect activities are restricted to a very narrow
range of environmental conditions.
Wigglesworth (1989) identified temperature and relative humidity as the most
important environmental factors for insect development and activity. Temperature
regulates the rate of chemical reactions that occur during development. However, the
temperature and development relationship is not always linear or positive (Régnière and
Logan, 2003). Further complicating the issue is the fact that the microclimates inhabited
by many pests, such as soil dwelling larvae, can vary considerably from ambient air
temperatures (Régnière and Logan, 2003). Exploring these relationships for insect pests
is essential when attempting to reduce insect damage or develop an IPM program.
Previous studies have determined relationships between abiotic conditions and pest
population dynamics and have been used to better forecast pest outbreaks (Das et al.,
2008). The movement of CRF from hedgerows into crop fields has been found to be
related to weather rather than a characteristic rhythm (Wakerley, 1963). Adult activity is
temperature dependent and females are thought to enter crop fields only on cool windless
evenings to oviposit (Wakerley, 1963). The complete development and thresholds for
CRF were described in Chapter 1.3. CRF has a low temperature development threshold,
and development is positively correlated to temperature up to approximately 28°C, after
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which aestivation will occur and larval development will be delayed (Collier & Finch,
1996).
The objective of this research is to improve the accuracy and effectiveness of the
CRF forecasting model used in the IPM program in the Holland Marsh. More information
on the relationship between CRF activity and the weather can improve the timing and
effectiveness of insecticide applications.
2.2

Methods:
Daily weather data were obtained from a weather station located at the Muck

Crops Research Station (MCRS) for the period of January 2005 until December 2014.
Weather variables included in the analysis were: degree-days (DD3°C) and cumulative
degree-days (CDD3°C) (both with a base temperature of 3°C), daily minimum temperature
(°C), daily maximum temperature (°C), daily average temperature (°C), daily soil
temperature at 5 cm below ground (°C), and daily precipitation (mm). Carrot rust fly
damage estimates were obtained from the Carrot Cultivar Main Trial (average of both
jumbo and cello types) published in the annual Muck Vegetable Cultivar Trial and
Research Report (2005-2014) and represent the percent of roots damaged by CRF at
harvest. CRF trap count data for both on station and an off station location within the
marsh were available for 3 or 4 day intervals from 2005 – 2014. The locations of the off
station trap counts varied from 2005 until 2008, but always remained in the Holland
Marsh. From 2009 until 2014, the location was the Jane St. field used by the MCRS.
The weather data were averaged by season (winter = December of the previous
year, January, and February; spring = March, April, and May; summer = June, July, and
August; fall = September, October, and November) and for the period between each
reported trap counts (every 3-4 days), to determine if any correlation existed between the
weather parameters and trap counts or damage at harvest.
Spearman’s rank coefficient was used to determine any relationship between CRF
trap counts or CRF damage and the various weather parameters, as the weather data did
not meet the assumptions for parametric statistics such as Pearson’s correlation.
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Correlations were calculated using the Picante package (version 1.6.2) (Kembel, et al.,
2010) in R (version 2.3.5) (R Core team, 2016).
2.3

Results:
Carrot rust fly trap counts were found to be negatively correlated to both the

Julian day (rs = -0.905; p = <0.001, at the MCRS and rs = -0.622; p = 0.031 off station)
and CDD3°C (rs = -0.889; p = <0.001, at the MCRS and rs = -0.590; p = 0.043 off station).
No weather parameter was found to be significantly correlated to both the station and off
station CRF trap counts, yet a significant correlation was found between precipitation and
CRF trap counts at the MCRS (rs = -0.737, p = 0.006), and soil temperature and CRF trap
counts off-station (rs = 0.800, p = 0.02) (Table 2.1). Carrot rust fly trap counts ranged
from 0 to 1.8 CRF/trap/day at the off station site, and 0 to 2.2 CRF/trap/day on station.
No significant correlations were found when examining the relationship between
seasonal weather and CRF damage at harvest (Table 2.2). Mean CRF damage at harvest
in the cultivar trials over this time period varied between 0.1% in 2008 and 19.3% in
2011, and stayed below 3% in all but two years.
Carrot rust fly trap counts for both on station and off station were compared to
CDD3°C (Figure 2.1and Figure 2.2) to determine any trends in emergence, and to compare
the historical trapping records with the two published DD models (Stevenson, 1983; and
Boivin, 1987). Historically, the first CRF emergence occurs near 350DD3°C and occurred
earlier on station than off station. The 2nd generation emergence occurs near 1300 DD3°C
with no difference between locations.
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Table 2.1: Spearman’s rank correlation of weather parameters and carrot rust fly trap counts from
the Muck Crops Research Station IPM program for the years 2005 to 2014.

Station Trap Count
Weather parameter
Julian Day

Off Station2 Trap Count

1

Correlation p value df Correlation p value df
coefficient3
coefficient2
-0.905
<0.001 10 -0.622
0.031 10

Range
133 – 292

DD3°C4

-0.025

0.938 10

0.430

0.163

10

3.1 – 27.7

CDD3°C5

-0.889

<0.001 10

-0.590

0.043

10

286.3 – 2610.8

Max temp (°C)

0.108

0.739 10

0.572

0.052

10

13.3 – 35.8

Min temp (°C)

-0.348

0.267 10

0.197

0.539

10

0.9 – 20.8

Average temp (°C)

-0.146

0.650 10

0.354

0.259

10

7.66 – 27.8

Precipitation (mm)

-0.737

0.006 10

-0.476

0.118

10

0 – 17.2

Soil temp6 (°C)

-0.478

0.116 10

0.800

0.002

10

3.9 – 26.0

1

Weather data was taken from the weather station located at the Muck Crops Research Station, in the
Holland Marsh, near Bradford, Ontario.
2
Off station location was always within the Holland Marsh.
3
Spearman’s Rho from Spearman’s rank correlation coefficient.
5
DD3°C = Degree-days with a base temperature of 3°C.
5
CDD3°C = Cumulative degree-days with a base temperature of 3°C, starting April 1.
6
Soil temperature in °C at 5 cm below the surface.

29

Table 2.2: Spearman’s rank correlation of seasonal weather parameters and carrot rust fly damage
at harvest from the Muck Crop Research Station cultivar trials for the years 2005 to 2014.

Weather
parameter1

1

Correlation
coefficient2

Max temp (°C)
Min temp (°C)
Soil temp (°C)

0.239
0.291
0.060

Max temp (°C)
Min temp (°C)
Soil temp (°C)3
Precipitation (mm)

-0.404
-0.337
0.004
0.088

Max temp (°C)
Min temp (°C)
Soil temp (°C)
Precipitation (mm)

0.232
0.116
-0.032
-0.470

Max temp (°C)
Min temp (°C)
Soil temp (°C)
Precipitation (mm)

0.154
0.446
-0.239
0.158

p value

Winter
0.455
0.358
0.854
Spring
0.193
0.284
0.991
0.786
Summer
0.469
0.720
0.922
0.123
Fall
0.632
0.147
0.455
0.624

df

Range

10
10
10

-2.4 – 2.6
-13.7 – -5. 5
-3.3 – 3.62

10
10
10
10

16.2 – 10.8
-1.8 – 2.8
-0.76 – 11.0
99.5 – 222.5

10
10
10
10

23.7 – 27.8
11.6 – 14.3
15.0 – 20.2
151.6 – 390.3

10
10
10
10

13.6 – 16.4
2.1 – 5.5
7.7 – 17.3
126.3 – 343.1

Weather parameter values are the means of daily values for the 3 months which make up the season
(winter = December of the previous year, January, and February; spring = March, April, and May; summer
= June, July, and August; fall = September, October, and November).
2
Spearman’s Rho from Spearman’s rank correlation coefficient.
3
Soil temperature in °C at 5 cm below the surface.
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Figure 2.1: Trap counts from locations away from the Muck Crops Research Station (off station)
in the Holland Marsh from the years 2005-2014 plotted against the cumulative degree-day (base
temperature 3°C). The blue lines indicate the 1st and 2nd generation emergence thresholds as
determined by Boivin (1987).

Figure 2.2: Trap counts from the Muck Crops Research Station (on station) in the Holland Marsh
from the years 2005-2014 plotted against the cumulative degree-day (base temperature 3°C). The
blue lines indicate the 1st and 2nd generation emergence thresholds as determined by Boivin
(1987).
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2.4

Discussion:
The relationship between CDD3°C and carrot rust fly emergence is quite clear

when the two are plotted against each other (Figure 2.1 and Figure 2.2). Both at the
MCRS and off station, the first CRF has been trapped at around 350 DD3°C, while the 2nd
generation emergence occurs around 1300 DD3°C. Historically, the 1st generation
emergence seems to be occurring as expected based on the 362±33 DD3°C emergence
threshold published by Boivin (1987), yet the emergence occurred late compared to the
expected 220 DD3°C emergence threshold published by Stevenson (1983). However, the
second emergence has historically occurred much earlier and closer to 1300 DD3°C, than
the 1555±156 DD3°C emergence threshold published by Boivin (1987), and similarly to
the 1st generation, still late compared to the expected emergence at 1191 DD3°C published
by Stevenson (1983). This could indicate that the DD models for CRF, especially for the
2nd generation, need to be recalibrated to be more accurate to the actual emerge times in
the Holland Marsh. The model used begins accumulating DD3°C after 1 April. However, it
does not appear that beginning DD3°C accumulation as of 1 March would account for the
earlier CRF emergence observed, as on average only 33.6 DD3°C accumulated in March
over the 10 years of available data. This resulted in the two start dates (1 April and 1
March) reaching the thresholds within 2 days of each other. However, in 2012 160 DD3°C
were accumulated in March, and this resulted in the first and second thresholds being
reached 12 and 9 days earlier for the model that started on 1 March.
While CRF development and activity are both strongly dependent on temperature
and other weather parameters, this analysis was unable to determine any correlation with
the selected weather parameters and CRF populations at the two locations. Carrot rust fly
trap counts were found to decrease with increasing precipitation (rs = -0.737, p = 0.006),
and to increase with increasing soil temperature (rs = 0.800, p = 0.02), albeit only at one
of two locations. The weather station used in this study was located at the MCRS and
these data can be considered accurate for the trap counts on station. However, these
weather data were also used in the analysis for off station trap counts. For 6 of the 10
years of data, the off-station trap counts are from the Jane Street field, a location 1.1 km
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away from the weather station. The locations for the remaining four years varied but
always remained at commercial carrot fields within the Holland Marsh. Yet, the lack of
consistency between the two sites greatly reduces the confidence of the correlation.
While it is unlikely that precipitation differed greatly between the two sites, it is
possible that the soil temperature from the off station location could differ from that
which was recorded on station. It is unclear exactly how or why both soil temperature and
precipitation would influence trap counts over short time intervals (i.e., 3 or 4 days). It is
possible that the increased rainfall resulted in the decrease in CRF activity (rs = -0.737, p
= 0.006), as CRF is not active during rain events. Therefore, long periods of rain could
significantly reduce the level of CRF activity in crop fields. This is in agreement with the
findings of Wakerley (1963), where no CRF were found after heavy rain. While
precipitation could be used to estimate soil moisture, which is an important factor for the
overall CFR population, it is unlikely that it is involved in regulating CRF activity (e.g.
CRF trap counts). Nevertheless, both the precipitation data and trap counts used did not
provide sufficient resolution to discern any possible effects on CRF activity. With no
sense of timing during the day for the rain events, it is not possible to distinguish their
influence on CRF activity, as CRF are most active during the evenings. Furthermore, trap
counts were averaged over 3 or 4 day intervals, and therefore it was not possible to
determine if they were directly influenced by precipitation.
The ground surrounding the weather station at the MCRS is covered by grass, as
is indicated by Environment Canada guidelines (Environment Canada, 2015). However,
soil temperature in a field will depend on many variables, including when and how much
it was tilled, as well as soil moisture. Another important factor is the canopy cover, which
can vary substantially later in the growing season. The dark colour of the soil in the
marsh will also result in higher temperatures than lighter coloured mineral soils. Thus,
soil temperatures will vary quite a bit from site to site. This could be why the CRF trap
counts were significantly correlated off station (rs = 0.800, p = 0.02). The range in soil
temperature (3.9°C to 26.0°C) remained above the CRF development threshold of 2.0°C
(McLeod et al., 1985), and below the point of aestivation at 28°C (Collier and Finch,
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1996). Therefore, higher soil temperatures should not have a detrimental effect on CRF
development, but rather should result in faster development and activity.
The significant negative relationship between both Julian day and cumulative
degree-days and the CRF trap counts indicate that the two CRF generations may need to
be analyzed independently. The negative relationship is likely due to the all the trap
counts with no CRF, given a value of 0 CRF/trap/day, after both the 1st and 2nd
generations. These periods without a CRF catch are expected, and could be eliminated in
future analyses to remove the noise from the results.
Furthermore, while examining seasonal trends, it was not possible to determine
any correlation between weather parameters and damage at harvest caused by CRF. Had
strong correlations to weather parameters been found, they could be used to increase the
effectiveness of the established IPM program. Any such correlation could have been used
as a predictor of CRF damage. For example, had spring precipitation been correlated with
CRF damage, it could be possible to predict that future dry springs would result in lower
damage, and therefore lessen the need for CRF control. However, when the year with the
most CRF damage at harvest was compared to the year with the least damage, the
differences between spring and fall temperature and precipitation support the notion that
CRF damage is influenced by warm and wet weather; both of which are conditions
favourable for CRF development.
It is important to note that the data for CRF damage at harvest were taken from
cultivar trials conducted by Shawn Janse (Station Manager, Muck Crops Research
Station, Office of Research, University of Guelph). These trials followed the commercial
crop production recommendations for pesticide applications (Ontario Ministry of
Agriculture and Rural Affairs, 2014). Insecticides were applied to control carrot insect
pests, and this could influence the damage these plots received. Pest management of these
plots was relatively more aggressive compared to a commercial grower, and this likely
resulted in lower damage than expected. However, as the same Station Manager has
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managed the cultivar trials for over 25 years, the reduction in CRF damage due to
aggressive management would be consistent over the time span of this analysis.
The above information is relevant because the immature stages of CRF are
sensitive to low soil moisture as well as high soil temperature (Vincent, 1999). A clear
understanding of the tolerance of CRF to abiotic conditions can increase the accuracy of
insect development models, which are used in forecasting models. For example, Delia
radicum is a pest with a similar biology to CRF, and the survival of D. radicum eggs and
larvae have previously been evaluated under different soil moisture and soil temperatures.
LePage et al. (2012) found that temperatures below 33°C had no impact of egg survival
but >95% of the eggs failed to develop at 40°C. A positive linear relationship between
the soil temperature (20°C to 29°C) and the number of 1st instar larvae found in a host
plant root was also identified. These results suggest that D. radicum is well adapted to
tolerate both high soil temperatures and a wide range of soil moisture. Through these
results, it was suggested that soil temperature be used in the D. radicum development
model rather than air temperature which was previously used. A similar study conducted
for CRF could further advance the CRF development model, and therefore increase the
accuracy of the forecasting model. Previous work by Stevenson (1983) examined the use
of both air temperature and soil temperature to predict the emergence of CRF in the
Holland Marsh. It was found that while the differences between the two measures were
small, the use of soil temperature was better for the development model of CRF.
However, due to the simplicity and consistency of collecting air temperatures, the
Holland Marsh IPM program uses air temperature for the CRF development model. The
work of LePage et al. (2012) and Stevenson (1983) used entirely different methods to
make recommendations on the temperature measurements that were most accurate. While
both studies suggest the use of soil temperature, it is important to note that their
recommendations are not synonymous. Stevenson (1983) used different temperature
measurements to determine the temperature that could most accurately predict the first
CRF trap catch. The work by LePage et al. (2012) examined the actual development of
the D. radicum under different soil conditions. While Stevenson (1983) produced more
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practical information for the CRF forecasting model, the work by LePage et al. (2012)
provided essential information on the abiotic tolerances of a serious insect pest, and
reaffirmed the greater accuracy of soil temperatures in developmental models for soil
dwelling insects.
Carrot rust fly trap counts in the Holland Marsh are generally low. For this
analysis they ranged between 0 and 2.2 CRF/trap/day on and off station. However,
occasionally a commercial carrot field will have a large increase in the trap count, with
counts up to 40 CRF/trap/day being found over the course of this research (personal
observation). No such population booms occurred at either sample site over the 10 years
of this analysis. Compared to the weather parameters, the CRF trap counts have lower
range. Greater variation in the trap counts could result in more significant relationships
being identified. It is also possible that the 10 year sample size used in this analysis was
not sufficiently large. A greater sample size could improve the strength the correlations,
as well as introduce greater variation into the trap counts by incorporating larger
population sizes. Weather data before 2002 were not available in digital format from the
MCRS, and the records from 2002-2004 had many missing data and were therefore
eliminated from this analysis.
Wakerley (1963) also examined the influence of light intensity on CRF
oviposition, and noted that CRF activity increased in the mornings as light intensity
increased, but quickly decreased before the light intensity began increasing rapidly
around 9:00 am. A similar trend was also observed in reverse in the evening, when flies
were active again around 3:00 pm when the light intensity began to decrease. CRF
quickly disappeared from crop fields by 6:00 pm, when light intensity also began to
quickly decrease. Greater exploration into other weather variables could strengthen future
analysis. Similar works, such as Aneni et al. (2013) investigated the relationship between
pest trap counts and relative humidity. Relative humidity is an important aspect of CRF
biology, as adults seek shelter in the weeds and hedgerows due to the favourably cool and
humid conditions. Wakerley (1963) suggests that as temperature and humidity are not
independent, they should be examined together. Furthermore, these humid conditions are
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also favourable for the development of Entomophthora muscae, a lethal pathogen of CRF
(Eilenberg and Philipsen, 1988). Increasing relative humidity could potentially increase
CRF trap counts by providing favourable conditions for CRF adult activity. Yet, the
increase in the lethal pathogen E. muscae could also reduce the CRF population relative
to less humid periods. Unfortunately, sufficient or reliable relative humidity records were
not available from the Holland Marsh weather station.
The analyses put forth in this chapter are still very rudimentary, and only
represent an early investigation into the weather-pest relationship for CRF. Future
research should investigate the correlation for each generation individually, rather than
the season long trap counts. The lag period between generations was not accounted for
during the correlation and likely influenced the results. In conclusion, there appears to be
evidence that soil temperature and precipitation influence CRF activity, but the exact
reason is unknown. Further analyses at different resolutions (e.g. weekly, monthly) or
temporal periods (i.e. months prior to emergence) could be used to determine a
relationship between CRF activity or population dynamics and the weather in the Holland
Marsh.
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Chapter 3
Chemical Control of Carrot Rust Fly
3.1

Introduction:
Achieving adequate control of CRF is a challenge faced by carrot growers as

there are few alternatives to chemical controls. Exclusion fences (Vernon & McGregor,
1999) and floating row covers (Muehleisen et al., 2003) provide adequate protection but
the associated costs make these options impractical. Crop rotation (Muehleisen et al.,
2003) is not a viable option in the Holland Marsh as it is a small area (2,800 ha) that is
almost entirely focused on carrot and onion production. Cultivar trials have demonstrated
that CRF resistant cultivars fail to provide significant reduction in damage (McDonald &
Vander Kooi, 2007 & McDonald & Vander Kooi, 2008). Finally, although in Europe
sowing and harvest dates can be adapted to avoid CRF damage (Cole et al., 1987; Ellis et
al., 1987), both weather and market demands complicate this issue for Ontario carrot
growers.
A survey conducted in 2005 showed that 91% of the carrot production area in
Canada was dependent on chemical control for insect pests (Agriculture and Agri-Food
Canada, 2009). In Ontario there are only three active ingredients registered for the control
of CRF on carrots: two pyrethroids (group 3A) - cypermethrin and lambda-cyhalothrin,
and an organophosphate (group 1B) - diazinon, the last of which will no longer be
registered in Canada as of 1 January 2017 (Ontario Ministry of Agriculture and Food,
2014). Therefore, it is critical that novel insecticides and application methods be
identified. All currently registered chemical control options are contact insecticides
applied as foliar adulticides. As adult CRF do not live in the crop fields (Petherbridge et
al., 1942), these contact insecticides require long residual activity. Accordingly, the
timing of the application is crucial to ensure efficacy. Degree-day requirements for
development and emergence have been determined for many areas where CRF is a pest
(for Washington see Getzin 1982; Ontario see Stevenson 1983; British Columbia see
Judd and Vernon 1985; Quebec see Bovin 1987; New Zealand see Sivasubramania, et al.,
1995; United Kingdom see Collier and Finch 1996; and Newfoundland see Hooper

38

2002). These degree-day models are used by IPM programs to help predict adult
emergence and time insecticide applications.
The IPM program in the Holland Marsh incorporates both a degree-day model to
predict adult emergence and a monitoring program with an action threshold based on trap
counts to determine the optimal time to apply insecticides (Chaput, 1996). The degreeday model was established by Boivin (1987) in Quebec, and uses a base degree-day air
temperature of 3°C accumulated starting 1 April. 1st generation emergence occurs at
362±33DD3°C and the 2nd generation emerges after 1555±156 DD3°C (Boivin, 1987). This
model can predict 1st CRF emergence with an accuracy of 2.1 days, and 2.5 days for the
2nd generation emergence. Interestingly, Stevenson (1983) had previously published data
from Ontario indicating that the first CRF emergence would occur at 236DD5°C using a
base degree-day air temperature of 5°C, accumulated as of 1 April. It was also noted that
the second emergence would occur at 1050DD5°C. These predictions were accurate to 1
and 1.8 days respectively.
Monitoring for the Holland Marsh IPM program uses 5-10 orange-yellow sticky
traps. Traps are placed just inside the edge of the field, spaced approximately 50 m apart
down the length and across the front of the field. Traps are monitored every 3-4 days and
CRF are counted. The action threshold for this pest is very low; 0.1 CRF/trap/day
(Chaput, 1996). This IPM program is provided by MCRS staff to members of the Holland
Marsh Growers Association, or independently by growers (pers comm. M.R. McDonald).
The program was initiated in 1982 through the Instruction Manual for Integrated Pest
Management in Onions and Carrots (Madder and McEwen, 1982). Chaput (1996)
provided an update for the program by publishing Integrated Pest Management for
Onions, Carrots, Celery, and Lettuce in Ontario: A handbook for growers, scouts and
consultants. Yet, except for a trial examining the colour, position, and inclination of
sticky traps (Van Dyk & McDonald, 2014), this program has not been revisited since
Chaput’s update in 1996. It is therefore important to determine the current effectiveness
of this program to mitigate CRF populations and reduce damage.
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With the recent advancements in research and development in chemical control,
and the lack of alternative CRF control methods, it is important to investigate both novel
insecticides and alternate insecticide application methods such as in-furrow and seed
treatments, both of which could increase control efficacy for CRF. New insecticides have
been developed with greater environmental sustainability in mind, with reduced nontarget toxicity that can increase the sustainability of the IPM program (Majumdar, 2009).
Both in-furrow and seed treatments could provide increased control of CRF over foliar
applications in two ways. First, these application methods would target the larval life
stage of CRF which is more restricted in its movements, and is the stage which causes the
damage. Second, it would remove the need for accurately timed insecticide application,
as insecticides would be present prior to the emergence of CRF. The use of seed
treatments and their compatibility with IPM principles have recently been an issue of
great contention (Sekulic and Rempel, 2016). In the Holland Marsh, however, although
pest pressure is generally low, it is constant and at times can be unpredictably very high
(Chapter 2). As such, seed treatments or in-furrow applications can be acceptable parts of
an IPM program. However, insecticides applied to soils high in organic content, such as
the muck soil in the Holland Marsh, degrade at a much faster rate than in mineral soils
(Edwards, 1966; Guth, et al., 1977). Therefore, it is likely that the protection provided by
seed treatments (Ester et al., 2007) and from in-furrow applications (Stevenson, 1976)
will not be adequate in August, for the 2nd generation of CRF. Subsequent foliar
application could be used to control the 2nd generation.
The addition of piperonyl butoxide (PBO) as a synergist has been shown to
improve the effectiveness of pyrethroids such as cypermethrin (Pree et al., 1999). While
PBO has no insecticidal properties of its own, its inhibition of cytochrome P-450
decreases an insect’s ability to detoxify insecticides such as synthetic pyrethroids (Perry,
1970).
The current selection of insecticides registered in Canada for use in carrots on
CRF will soon be limited to two active ingredients in the same group. Therefore, finding
other insecticides that provide effective control of CRF is a priority. The goals of this

40

research are to evaluate the effectiveness of the current IPM program in the Holland
Marsh, and, to evaluate insecticides and different application methods to determine if the
management of CRF can be improved over current standard practices. Carrot rust fly and
CW can be viewed as a pest complex to carrot growers, and therefore, a single insecticide
solution to manage both pests would be ideal for the growers. These trials were
conducted with a goal to evaluate the effectiveness of the insecticides to control both
CRF and CW. However, the focus of this chapter will be on the management of CRF.
3.2 Methods:
3.2.1 Experimental design:
For all trials but the seed treatment, cv. Enterprise was used and were direct
seeded (70 seeds/m) onto a raised bed using a Stanhay© precision belt seeder. Enterprise
is one of the most common cultivars used by fresh market carrot growers in the Holland
Marsh. In the seed treatment trial, cv. Bolero was used as it was the only seed available
without any prior seed treatments, and was seeded with a custom made single row
Almaco© push cone seeder (Figure 3.1) onto raised beds at 70 seeds/m. A randomized
complete block design was used in all trials and unless otherwise noted, there were four
replicates in 2015 and five replicates in 2016. All trials but the IPM evaluation were
conducted at the MCRS (44.041517, -79.598588) on range 7 (Figure 3.2). A two-meter
pathway was used between each block.
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Figure 3.1: A custom built single row Almaco© push cone seeder was used to seed the seed
treatment trial at the Muck Crop Research Station in 2015 and 2016. (Photo credit: Zachariah
Telfer).

Figure 3.2: Map of the seven ranges at the MCRS. Each range is 14m across. Range numbers and
sizes are consistent from year to year. The orientation of this image is rotated 90° as the ranges
run almost directly North-South.

3.2.1.1 IPM program evaluation:
In an attempt to simulate a commercial field, large plots (14 x 25m) were used at
the Jane St. field in the Holland Marsh (44.043674, -79.584008). Carrots were seeded on
21 May, 2015. To determine the effectiveness of an existing IPM program for carrot
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weevil (CW) and CRF, treatments consisted of either following the CW and CRF IPM
program recommendation for insecticide applications (Chaput, 1996) or a control that
received no insecticide applications. Treatments were planted in a linear pattern,
alternating between treatments, with three replicates each. Three 14 x 25 m blocks of
soybean (Glycine max L.) (cultivar unknown) were also planted, one at each end of the
trial and another in the middle of the six replicates of carrots. Soybean was planted as it
could increase the presence of CRF by providing a refuge for the adults. The soybean did
not receive any insecticide applications. In 2015 and 2016, soybean was sampled weekly
for the presence of aphids (family: Aphididae), as their honeydew secretions likely act as
a source of carbohydrates for CRF adults (Pers comm, S. Marshall4).
The trial was repeated in 2016, using slightly smaller plots (14 x 15m). It was
replicated at two sites with three replications at each: Site 1 = Jane Street with the same
plot design as the previous year including soybean (cv. S04-D3, Syngenta Canada,
Guelph, Ontario); and Site 2 = MCRS on range 5 (Figure 3.2); no soybean was planted at
this location; both locations were seeded on 19 May, 2016.
3.2.1.2 Seed Treatment:
Carrots were seeded on 28 May 2015 and 25 May 2016. Each plot consisted of
two beds spaced 66 cm apart x 6 m long. In 2016, the plot size was increased to four
beds.
3.2.1.3 In-furrow application:
Carrots seeded on 4 June 2015 and 2 June 2016. Each plot consisted of three beds
spaced 66 cm apart X 10 m long.
3.2.1.4 Post-emergent application:
Carrots were seeded on 24 May 2016. Each plot consisted of four beds spaced 86
cm apart X 5 m long.
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3.2.1.5 Synergist application:
Carrots were seeded on 2 June 2016. Only four replications per treatment were
used. Each plot consisted of four beds spaced 86 cm apart X 6 m long.
3.2.1.6 Seeding Date:
Carrot seeding started on 2 May, and occurred again approximately every 10
days, on 9 May, 19 May, 30 May, 10 June, and 21 June. Each plot consisted of four beds
spaced 86 cm apart X 5 m long. This trial was seeded perpendicularly to other trials, as to
minimize the damage to previous planting dates during the re-entry of the seeder on later
planting dates.
3.2.2

Insecticide treatments:
Commercial standards represent currently registered products commonly used by

growers in the Holland Marsh for carrot insect control. As these trials were used to
evaluate the effectiveness of insecticides to control both CRF and CW, commercial
standards of cypermethrin (for CRF) and phosmet (for CW) were used in all insecticide
trials along with an untreated control. The inclusion of the commercial standard products
(i.e., cypermethrin and phosmet) allowed for comparison of the control provided by the
test treatments to the control provided by currently used insecticides. The timing of postemergent applications was based on the recommendations of the IPM program previously
described in Section 1.5.1. Insecticides were chosen based on various criteria such as: if
they had previously been evaluated at the MCRS, if they were reduced risk insecticides
as defined in section 1.5, and based on positive results from available literature.
Furthermore, the planting date received no insecticide applications at all. Insecticide rates
were chosen based on the highest label recommendation for application on carrots. If a
product was not registered for use on carrots, the highest label rate available was used.
3.2.2.1 Pesticide Application Method:
Unless otherwise noted, insecticide applications were done using a backpack CO2
sprayer equipped with four TeeJet 8002 XRC fan nozzle (output of 10mL/s) calibrated to
deliver 400 L/ha at 240 kPa. Regular applications of herbicides, fungicides, and fertilizers
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were conducted as per commercial crop production recommendations. All foliar
applications were done using a tractor mounted sprayer fitted with TeeJet® Air Induction
Even Flat spray tips (AI9503 EVS) calibrated to deliver 500 L/ha at 415 kPa.
3.2.2.2 IPM program evaluation:
In 2015, cypermethrin (Ripcord™ 400EC, BASF Canada, Mississauga, ON) was
applied on 19 June, 4 August and 25 August 2015; and phosmet (Imidan® 70WP, Gowan
Company, Yuma, AZ) was applied on 19 June 2015. In 2016, cypermethrin was applied
on 4 and 16 August 2016 for the MCRS site only. No insecticide applications for CRF
control were recommended by the IPM program at the Jane Street site. Phosmet was
applied on 21 June 2016 at both locations. Due to the size of this trial, insecticide
applications were done using a tractor-mounted sprayer fitted with TeeJet® Air Induction
Even Flat spray tips (AI9503 EVS) calibrated to deliver 500 L/ha at 415 kPa (Table 3.1).
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Table 3.1: Application rates and dates of pesticides ((I): insecticide; (H): herbicide, (F):
fungicide) and fertilizers applied to carrots (cv. Enterprise) for management of carrot rust fly and
carrot weevil using an integrated pest management program, grown near the Muck Crops
Research Station (MCRS), Holland Marsh, Ontario, 2015 and 2016.

Product
Ripcord™ 400EC

2015 (Jane St.)
Active Ingredient
Manufacturer
cypermethrin (I)
BASF

Imidan® 70WP
Gesegard® 480SC
Lorox® DF

phosmet (I)
prometryn (H)
linuron (H)

Gowan
Syngenta
NovaSource

Assist®

paraffin base
mineral oil (F)
pyraclostrobin (F)
penthiopyrad (F)
----

BASF

Cabrio® EG
Fontelis™
Alexin
CalciMax
Super Feed
20-20-20
Product
Ripcord™ 400EC
Imidan® 70WP
Lorox® DF
Assist®
Quadris Top

Product
Imidan® 70WP
Gesegard® 480SC
Roundup®
Lorox® DF
Assist®
Quadris Top
CalciMax

BASF
DuPont
NutriAg
NutriAg
TechnoGreen
Plant Prod
2016 (MCRS)
Active Ingredient
Manufacturer
cypermethrin (I)
BASF
phosmet (I)
Gowan
linuron (H)
NovaSource
paraffin base
BASF
mineral oil (F)
azoxystrobin +
Syngenta
difenoconazole (F)
2016 (Jane St.)
Active Ingredient
Manufacturer
phosmet (I)
Gowan
prometryn (H)
Syngenta
glyphosate (H)
Monsanto
linuron (H)
NovaSource
paraffin base
mineral oil (F)
azoxystrobin +
difenoconazole (F)
--

BASF
Syngenta
NutriAg

Rate
Application date
175 mL/ha 19 June, 4 and 25
August
1.6 Kg/ha 19 June
6.0 L/ha
25 May
500-750
17, 22 and 26
mL/ha
June
1.0-1.25
17, 22 and 26
L/ha
June
1.1 Kg/ha 6 August
1.2 L/ha
21 August
3.0 L/ha
6 August
3.0 L/ha
6 and 21 August
2.0 Kg/ha 21 August
30 L/ha
6 August
Rate
175 mL/ha
1.6 Kg/ha
400 mL/ha
1.0 L/ha

Application date
4 and 16 August
21 June
18 June
18 June

600 mL/ha 7 September

Rate
1.6 Kg/ha
6.0L/ha
1.0 L/ha
300-400
mL/ha
1.0 L/ha
600-1000
mL/ha
3.0 L/ha

Application date
21 June
26 May
14 June
15, 18 and 23
June
15, 18 and 23
June
7 and 13
September
13 September
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3.2.2.3 Seed Treatments:
All insecticide seed treatments were applied at a rate of 4.51 g a.i. / 100g of carrot
seed in 2015 and 7.29 g a.i. / 100g of carrot seed in 2016, the maximum that can be
applied, by Dr. Alan Taylor at the New York State Agricultural Experiment Station of
Cornell University located in Geneva, NY.
In 2015, insecticide seed treatments were clothianidin 56.25% and imidacloprid
18.75% (Sepresto 75WS, Bayer CropScience Canada, Toronto, ON), cyromazine
(Trigard® 75WP, Syngenta Crop Protection Canada, Guelph, ON), cyantraniliprole
(DPX-HGW86 625FS, DuPont Canada, Mississauga, ON), and flupyradifurone
(Sivanto® 480FS, Bayer CropScience Canada, Toronto, ON). A foliar treatment of
flupyradifurone (Sivanto® 200SL, Bayer CropScience Canada, Toronto, ON) was also
evaluated as part of this trial. Foliar cypermethrin, phosmet, and flupyradifurone were
applied on 21 June 2015. A second and third application of cypermethrin and
flupyradifurone occurred on 4 and 27 August 2015 (Table 3.2).
In 2016, insecticide treatments were cyantraniliprole (Fortenza®, Syngenta Crop
Protection Canada, Guelph, ON), tefluthrin (Force® 20CS, Syngenta Crop Protection
Canada, Guelph, ON), and flupyradifurone (Sivanto® 480FS, Bayer CropScience Canada,
Toronto, ON). The commercial standard of cypermethrin and phosmet was combined into
a single treatment for this trial. The mixture of cypermethrin and phosmet was applied on
30 June 2016, and cypermethrin was applied alone on 4 and 11 August 2016 (Table 3.2).
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Table 3.2: Application rates and dates of the pesticides ((I): insecticide; (H): herbicide, (F):
fungicide) and fertilizers applied to carrots (cv. Enterprise) for management of carrot rust fly and
carrot weevil using insecticidal seed treatments, grown near the Muck Crops Research Station
(MCRS), Holland Marsh, Ontario, 2015 and 2016.

Product
Ripcord™
400EC
Imidan® 70WP
Sivanto® 200SL

Active Ingredient
cypermethrin (I)

2015
Manufacturer
BASF

phosmet (I)
flupyradifurone (I)

Gowan
Bayer

Gesegard®
480SC
Lorox® DF

prometryn (H)

Syngenta

linuron (H)

NovaSource

Assist®

paraffin base
mineral oil (F)
pyraclostrobin (F)
penthiopyrad (F)
----

BASF

Cabrio® EG
Fontelis™
Alexin
CalciMax
Super Feed
20-20-20
Product
Ripcord
Gesegard®
480SC
Lorox® DF

Active Ingredient
cypermethrin (I)
prometryn (H)

BASF
DuPont
NutriAg
NutriAg
TechnoGreen
Plant Prod
2016
Manufacturer
BASF
Syngenta

linuron (H)

NovaSource

Assist®

paraffin base
mineral oil (F)
Bromoxylnil (F)
oxyfluorfen (F)
boscalid +
pyraclostrobin (F)
---

BASF

Pardner®
Goal® 2XL
Pristine® WG
StopIt™
Solubur
Epson Salt

--

Bayer
Dow
BASF
YaraVita
U.S.Borax
Inc.
PQ Corps.

Rate
Application date
175 mL/ha 21 June, 4 August,
27 August
1.6 Kg/ha 21 June
1.0 L/ha
21 June, 4 August,
27 August
6. 0 L/ha
2 June, 5 June
500-750
mL/ha
1.0 L/ha

26 June, 3 July

1.1 Kg/ha
1.2 L/ha
3.0 L/ha
3.0 L/ha
2.0 Kg/ha
30.0 L/ha

6 August
21 August
6 August
6 and 21 August
21 August
6 August

400 mL/ha 18, 23, 30 June, 5
July
750-1250 18, 23, 30 June, 5
mL/ha
July
210 mL/ha 12 May
210 mL/ha 12 May
700 g/ha
2 September

26 June, 3 July

Rate
Application date
175 mL/ha 4 and 11 August
6.0 L/ha
25 May

3.0 L/ha
1.0 L/ha

2 September
2 September

1.0 L/ha

2 September
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3.2.2.4 In-furrow Application:
In 2015, treatments were an in-furrow (IF) drip at seeding of either
cyantraniliprole 20% and thiamethoxam 20% (Minecto™ Duo 40WG, Syngenta Crop
Protection Canada, Guelph, ON) or imidacloprid (Admire® 240FS, Bayer CropScience
Canada, Toronto, ON). Subsequent foliar applications of flupyradifurone (Sivanto®
200SL, Bayer CropScience Canada, Toronto, ON) or cyantraniliprole (Exirel®, DuPont
Canada Agricultural Products, Mississauga, ON) were applied in addition to each IF
(Table 3.3).
Foliar cypermethrin, cyantraniliprole, and flupyradifurone were applied on 21
June, 4 and 27 August 2015. The second and third applications were done using a single
TeeJet 8004 XRC fan nozzle (output of 20mL/s) calibrated to deliver 400 L/ha at 240
kPa. However, on 27 August 2015, the wrong bottles were placed in the sprayer and six
experimental units, which were to receive a foliar application of cyantraniliprole, instead
received an application of cypermethrin. Therefore, the altered treatments became four
replicates of cyantraniliprole/thiamethoxam (IF) + flupyradifurone and imidacloprid (IF)
+ flupyradifurone, and three replicates of cyantraniliprole/thiamethoxam (IF) +
cyantraniliprole + cypermethrin and imidacloprid (IF) + cyantraniliprole + cypermethrin
(Table 3.3).
In 2016, treatments were an IF drip at seeding of either bifenthrin (Capture 240
EC, FMC Corporation, Philadelphia, PA, USA) or cyantraniliprole (Verimark™, DuPont
Canada, Mississauga, ON). Subsequent foliar applications of flupyradifurone or
cypermethrin were applied in addition to each IF (Table 3.3). Foliar applications of
cypermethrin and flupyradifurone occurred on 4 and 11 August 2016 (Table 3.4)
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Table 3.3: In-furrow and foliar insecticide treatment combinations applied to carrots (cv.
Enterprise), grown near the Muck Crops Research Station (MCRS), Holland Marsh, Ontario,
2015 and 2016.

In-Furrow Application

1

control
imidaclopid
imidaclopid

2015
In-Furrow Rate
-1.0 L/ha
1.0 L/ha

cyantraniliprole/thiamethoxam 5 g/100 m row
cyantraniliprole/thiamethoxam 5 g/100 m row
cypermethrin 4
In-Furrow Application
control
cyantraniliprole
cyantraniliprole
bifenthrin
bifenthrin
cypermethrin 4
1

-1

2016
In-Furrow Rate
-1.0 L/ha
1.0 L/ha
14.1mL /100 m row
14.1mL /100 m row
--

Foliar
Application2
-Sivanto x33
Exirel x2 +
Ripcord x1
Sivanto x3
Exirel x2 +
Ripcord x1
Ripcord x3

Foliar Rate

Foliar
Application2
-Ripcord x2
Sivanto x2
Ripcord x2
Sivanto x2
Ripcord x2

Foliar Rate

-1.0 L/ha
1.0 L/ha + 175
mL/ha
1.0 L/ha
1.0 L/ha + 175
mL/ha
175 mL/ha

-175 mL/ha
1.0 L/ha
175 mL/ha
1.0 L/ha
175 mL/ha

In-furrow application at seeding on 4 June 2015, and 2 June 2016
Foliar application made on 23 June, 4 August, and 27 August 2015 and 4 and 11 August 2016 based on
IPM program recommendation
3
xn represents the number of applications over the 2015 and 2016 growing season
4
Cypermethrin was applied as it’s own treatment, without an insecticide applied in-furrow at seeding
2
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Table 3.4: Application rates and dates of the pesticides and fertilizers applied to carrots (cv.
Enterprise) for management of carrot rust fly and carrot weevil using in-furrow and foliar
insecticides, grown near the Muck Crops Research Station, Holland Marsh, Ontario, 2015 and
2016.

Product
Admire® 240FS
Minecto™ Duo
40WG
Exirel®

Active Ingredient
imidacloprid (I)
cyantraniliprole +
thiamethoxam (I)
cyantraniliprole (I)

Sivanto® 200SL

2015
Manufacturer

DuPont

Rate
1.0 L/ha
5 g/100m
row length
1.0 L/ha

flupyradifurone (I)

Bayer

1.0 L/ha

Ripcord™
400EC
Gesegard®
480SC
Lorox® DF

cypermethrin (I)

BASF

175 mL/ha

Prometryn (H)

Syngenta

6.0 L/ha

Linuron (H)

NovaSource

17, 22, and 26 June

Assist®

paraffin base
mineral oil (F)
pyraclostrobin (F)
penthiopyrad (F)
----

BASF

500-750
mL/ha
1.0-1.25 L/ha
1.1 Kg/ha
1.2 L/ha
3.0 L/ha
3.0 L/ha
2.0 Kg/ha
30.0 L/ha

6 August
21 August
6 August
6 and 21 August
21 August
6 August

Rate
1.0 L/ha
14.1 mL /
100m length
1.0 L/ha
175 mL/ha
210 mL/ha
210 mL/ha
6.0 L/ha

Application date
June 2
June 2

400-1000
mL/ha
1.0-1.25 L/ha

18, 23, and 30
June, 5 and 29 July,
18, 23, and 30
June, 5 and 29 July,

Cabrio® EG
Fontelis™
Alexin
CalciMax
Super Feed
20-20-20

Syngenta

Product
Verimark™
Capture 240EC

Active Ingredient
cyantraniliprole (I)
bifenthrin (I)

Sivanto® 200SL
Ripcord
Pardner®
Goal® 2XL
Gesegard®
480SC
Lorox® DF

flupyradifurone (I)
cypermethrin (I)
bromoxylnil (H)
oxyfluorfen (H)
prometryn (H)

BASF
DuPont
NutriAg
NutriAg
TechnoGreen
Plant Prod
2016
Manufacturer
DuPont
FMC
Corporation
Bayer
BASF
Bayer
Dow
Syngenta

linuron (H)

NovaSource

Assist®

paraffin base
mineral oil (F)

BASF

Application date
4 June
4 June
21 June, 4, and 27
August
21 June, 4, and 27
August
21 June, 4, and 27
August
25 May

17, 22, and 26 June

4 and 11 August
4 and 11 August
12 May
12 May
4 June,
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3.2.2.5 Post-emergent Application:
In 2016, foliar insecticide treatments were novaluron (Rimon® 10 EC, Adama
Canada, Winnepeg, MB), spinetoram (Delegate™, Dow AgroSciences, Calgary, AB),
cyantraniliprole (Exirel™, DuPont Canada, Mississauga, ON), and lambda-cyhalothrin
(Matador® 120 EC, Syngenta Crop Protection Canada, Guelph, ON). As well as the
biological insecticides Beauveria bassiana strain GHA (BotaniGard® ES, Laverlam
International Corporation, Butte, MT, USA) and Steinernema feltiae (Nemasys®, Becker
Underwood, Ames, IA, USA). Insecticide treatments were applied on 23 June, 7 July (no
cypermethrin), and cypermethrin was applied on 4 and 11 August 2016. Beauveria
bassiana was applied using a single nozzle outputting 40mL/s calibrated to deliver 400
L/ha at 240 kPa, while the application of Steinernema feltiae was calibrated to deliver
550 L/ha at 240 kPa as it required more water to allow the product to enter the soil (Table
3.5).
Table 3.5: Application rates and dates of the insecticides applied to carrots (cv. Enterprise) for
management of carrot rust fly and carrot weevil using post-emergent insecticides, grown near the
Muck Crops Research Station, Holland Marsh, Ontario, in 2016.

Product
Rimon®10
EC
Delegate®

Active Ingredient
Novaluron

Manufacturer
Adama

Rate
820 ml/ha

spinetoram

Dow

200 g/ha

Exirel™

cyantraniliprole

DuPont

1500 ml/ha

Matador®
120 EC
Nemasys®

lambda-cyhalothrin

Syngenta

83 ml/ha

steinernema feltiae

BotaniGard®
ES
Ripcord 400
EC
Imidan 70
WP

beauveria bassiana
strain gha
cypermethrin

Becker
Underwood
Laverlam

500,000 per
m
2L/ha

BASF

175 ml/ha

Gowan

1.6 Kg/ha

phosmet

Application date
23 June, 7 July, 4
August
23 June, 7 July, 4
August
23 June, 7 July, 4
August
23 June, 7 July, 4
August
23 June, 7 July, 4
August
23 June, 7 July, 4
August
23 June, 4 and 11
August
23 June, 7 July, 4
August
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3.2.2.6 Synergist Application:
In 2016, insecticide treatments consisted of cypermethrin or phosmet, both alone
and in combination with 1% of PBO (#AC334161000, Thermo Fisher Scientific, Ottawa,
Canada). All treatments were applied on 23 June 2016, and the cypermethrin based
treatments were applied again on 4 and 11 August 2016 (Table 3.6Table 3.6).
Table 3.6: Foliar insecticides with the addition of the insecticide synergist piperonyl butoxide
(PBO) applied to carrots (cv. Enterprise), for management of carrot rust fly and carrot weevil,
grown near the Muck Crops Research Station, Holland Marsh, Ontario, in 2016.

Foliar application
Ripcord
Ripcord
Imidan
Imidan
Imidan + Ripcord

3.2.3

Foliar Rate
175 mL/ha
175 mL/ha
1.6 Kg/ha
1.6 Kg/ha
175 mL/ha + 1.6
Kg/ha

PBO Conc.
-1%
-1%
--

Application Date
23 June, 4 and 11 August
23 June, 4 and 11 August
23 June
23 June
23 June

Harvest and Assessment:
For all trials but the IPM evaluation, two 1.5 m randomly chosen bed lengths were

harvested from each plot in both 2015 and 2016. Harvest occurred on 14 and 15 October
2015 and 3 and 4 October 2016.
For the IPM evaluation, in 2015 each plot was sampled by harvesting the carrots
from three 1.5 m bed lengths on 14 October, 2015. These sections were chosen randomly
from within each plot, with one sample taken three to four beds in from both the eastern
and western edges, and one from the center of the plot. In 2016, five 1.5 m bed lengths
were harvested on 3 October. These sections were taken from each corner as well as the
center, for every plot.
All carrots harvested were topped in the field. Both years, the carrots were placed
into cold storage (1°C and 90-95% RH) until they were assessed for damage. The harvest
dates were chosen based on the expected emergence of the 3rd generation of CRF adults,
to ensure that that the CRF larvae would have completed their feeding, and damage
would be present on the carrots.
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Harvested carrots were removed from cold storage within one week of harvest
and washed in a custom made rotating carrot washing machine using water and abrasive
pads to remove excess dirt. These trials were part of a larger study which also evaluated
insecticides for control of CW. Carrots were visually assessed for CRF and CW damage
and separated into four categories: 1) marketable, 2) CRF damage, 3) CW damage, or 4)
both CRF and CW damage. The number and weight of the carrots in each category were
recorded. Marketable carrots were categorized as a carrot which was not damaged by
CRF or CW. Carrot rust fly damage was characterized by a narrow mine (~2mm wide)
often in the lower third of the carrot. Carrot weevil damage was characterized by a larger
mine (~5mm wide) often in the top half of the carrot (See section 1.2 for full description
of damage, and Figure 1.1 for an example of CRF damage, and Figure 1.2 for an example
of CW damage).
3.2.4

Statistical analysis:
Data were analyzed using an ANOVA in Proc GLIMMIX. An α=0.05 was used in

all analyses. Means separation was done using Tukey’s HSD post hoc when a significant
difference was identified. Data were analyzed in SAS Studio 9.4 University Edition (SAS
Institute, Cary, NC). For the statistical analyses, all carrots with CRF damage (i.e., carrots
damaged by CRF and carrots damaged by both CRF and CW), were pooled together to
determine the total number of damaged carrots. Due to very low pest pressure in 2016,
statistics were not completed on the data. Mean percent CRF damage and standard error
for each treatment are presented instead.
3.3

Results:
Carrot rust fly were trapped at Jane St. and at the MCRS in 2015 and 2016 using

yellow-orange sticky traps as part of the IPM program. In 2015, the action threshold was
reached at each location for both the 1st and 2nd generation of CRF, and warranted
insecticide applications for both generations (Figure 3.3). In 2016, the action threshold
was reached for the 1st generation at the Jane St. location (Figure 3.4). However, the
threshold was first reached on 28 May 2016, just after carrot emergence, and quickly
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dropped below the action threshold. Therefore, it was determined that no insecticide
application was warranted. It was also reached again on 4 July 2016, but as this was a
single peak beyond the expected 1st generation period, no insecticide applications were
warranted (Figure 3.4). The action threshold was reached for the 2nd generation on 1
August 2016 at the MCRS Station, and warranted an insecticide application (Figure 3.4).
The action threshold was not met at the Jane St. location until 1 September 2016, which
was late enough in the season to avoid an insecticide application (Figure 3.4).
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Figure 3.3: Carrot rust fly (CRF) trap counts at the Muck Crop Research Station (MCRS Station)
and Jane St. sites (MCRS Jane) in 2015. The red line indicated the action threshold for CRF
management recommended by the IPM program in the Holland Marsh.
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Figure 3.4: Carrot rust fly (CRF) trap counts for the Muck Crop Research Station (MCRS
Station) and Jane St. sites (MCRS Jane) in 2016. The red line indicated the action threshold for
CRF management recommended by the IPM program in the Holland Marsh.

3.3.1

IPM program evaluation:
In 2015, there were no differences in CRF damage between the untreated carrots

and those sprayed according to the IPM program recommendations (F= 1.21; df= 1, 2; p=
0.4825). Also, no differences were found in the marketable yield (F=1.57; df= 1, 2;
p=0.3860) (Table 3.7). In 2016, following the IPM program was again not found to
significantly reduce CRF damage at the MCRS (F= 14.15; df= 1, 2; p= 0.0640) (Table
3.7). No CRF damage was found at the Jane St. location in either treatment and therefore
no data is presented.

56

Table 3.7: Evaluation of carrot rust fly (CRF) damage on carrots (cv. Enterprise), when
insecticides are applied following an existing IPM Program near the Muck Crops Research
Station, Holland Marsh, Ontario, in 2015 and 2016.

Program

2015
CRF Damage (%)1

Control
IPM recommendations3

2.1 ± 1.08 ns
0.3 ± 0.16
2016
Program
CRF Damage (%)1
Control
1.6 ±0.353 ns
IPM recommendations3
0.2 ± 0.222
1
Percentage of the number of total carrots sampled ± SE.

Marketable yield (t/ha)2
66.3 ± 2.73 ns
70.7 ± 2.20
Marketable yield (t/ha)2
74.1 ± 1.48 ns
68.9 ± 0.48

Marketable yield is based on the carrots not damaged by CRF ± SE.
ns = no significant differences (p≥0.05).
3
Cypermethrin and phosmet were applied based on IPM recommendations
2

3.3.2

Seed treatment:
In 2015, no insecticidal seed treatment significantly reduced the amount of CRF

damage on carrots relative to either cypermethrin or the untreated control (F= 0.93; df= 7,
21; p= 0.5018) (Table 3.8). In 2016, there was no CRF damage found in the seed
treatment trial, including in the untreated control so the data were not presented.
Table 3.8: Mean carrot rust fly (CRF) damage on carrots (cv. Bolero) with a seed (ST) or foliar
(F) treatment of insecticide, grown near the Muck Crops Research Station, Holland Marsh,
Ontario, in 2015.

Treatment

Application
method
control
-clothianidin/imidacloprid ST
cyromazine
ST
flupyradifurone
ST
cyantraniliprole
ST
flupyradifurone
F
phosmet
F
cypermethrin
F

CRF Damage
(%)1
0.8± 0.28 ns
0.5 ± 0.33
0.6 ± 0.38
0.7 ± 0.43
0.9 ± 0.33
0.2 ± 0.20
0.5 ± 0.28
0.0
1
Percentage of the number of total carrots sampled ± SE.
ns = no significant differences (p≥0.05).
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3.3.3

In-furrow application:
In 2015, no in-furrow and foliar combination treatment provided a significant

reduction in CRF damage on carrots relative to either the Ripcord commercial standard or
the untreated control (F= 1.22; df= 5, 10; p= 0.3669) (Table 3.9). In 2016, only a single
carrot was damaged by CRF, so the data were not presented.
Table 3.9: Mean carrot rust fly (CRF) damage on carrots (cv. Enterprise) treated with in-furrow
(IF) and foliar (FT) insecticides, grown near the Muck Crops Research Station, Holland Marsh,
Ontario, in 2015.

Treatment1
Control
imidacloprid (IF) + flupyradifurone (F)
imidacloprid (IF) + cyantraniliprole (F) +
cypermethrin (F)
cyantraniliprole/thiamethoxam (IF) + flupyradifurone
(F)
cyantraniliprole/thiamethoxam (IF) + cyantraniliprole
(F) + cypermethrin (F)
cypermethrin (F)

CRF Damage (%) 2
1.4 ± 0.53 ns
2.0 ± 0.88
1.8 ± 0.38
0.7± 0.26
1.7 ± 0.95
0.9 ± 0.20

1

Refer to Table 4.4 for treatment details.
2
Percentage of the number of total carrots sampled ±
ns = no significant differences (p≥0.05).

3.3.4

SE.

Post-emergent Application:
Very low damage was found in the post-emergent insecticide trial, with four of

eight treatments having no CRF damage (Table 3.10).
Table 3.10: Mean carrot rust fly (CRF) damage on carrots (cv. Enterprise), treated with postemergent insecticides, grown near the Muck Crops Research Station, Holland Marsh, Ontario, in
2016.

CRF Damage (%)1
0.0
0.0
0.0
0.0
0.1 ± 0.14
0.1 ± 0.14
0.2 ± 0.18
0.2 ± 0.19
1
Percentage of the number of total carrots sampled ± SE.
Treatment
control
cypermethrin/phosmet
novaluron
cyantraniliprole
spinetoram
Steinernema feltiae
Beauveria bassiana
lambda-cyhalothrin
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3.3.5

Synergist Application:

In 2016, very low damage was found in the synergist trial (Table 3.11).
Table 3.11: Mean carrot rust fly (CRF) damage on carrots (cv. Enterprise), treated with Ripcord
and Imidan with or without the addition of the insecticide synergist piperonyl butoxide (PBO),
grown near the Muck Crops Research Station, Holland Marsh, Ontario, in 2016

CRF Damage (%)1
0.2 ± 0.19
0.2 ± 0.20
0.0
0.2 ± 0.24
0.2 ± 0.18
1
Percentage of the number of total carrots sampled ± SE.
Treatment
Control
cypermethrin
cypermethrin + PBO
phosmet
phosmet + PBO

3.3.6

Planting Date:
In 2016, very low damage was found in the planting date trial (Table 3.12). Yield

in the 21 June 2016 planting date was significantly reduced compared to the other
planting dates (F = 9.03; df = 1,19; p = 0.0001). The mean number of carrots in the 10
June 2016 planting date sample was significantly greater than the other planting dates
(F=13.02, df = 5,20, p=<0.0001). However, only the mean weight of the sample for 21
June 2016 was significantly less than the other planting dates (F=9.8; df = 5,20;
p=<0.0001). Finally, the mean weight per carrot differed between planting dates, with the
10 June and 21 June 2016 being significantly lower (Table 3.12).
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Table 3.12: Mean carrot rust fly (CRF) damage, number of carrot, weight for the sample of each
planting date, and weight per carrot in the sample for carrots (cv. Enterprise) planted on various
dates, grown near the Muck Crops Research Station, Holland Marsh, Ontario, in 2016.
CRF
Mean Number
Mean
Planting
Mean Carrot
Damage Yield (t/ha)2
of Carrots
Sample
Date
Weight (g)
Weight (Kg)
(%)1
Sampled

114.8 ± 6.67a
127.0 ± 4.26a
132.4 ± 5.43a
137.0 ± 6.47a
193.6 ± 4.01b
129.0 ± 11.60a
1
Percentage of the number of total carrots sampled ± SE.
2
Yield is based on all the carrots harvested ± SE.
2 May
9 May
19 May
30 May
10 June
21 June

3.4

0.2 ± 0.16
0.2 ± 0.15
0.1 ± 0.14
0.1 ± 0.14
0.1 ± 0.10
0.0

65.3 ± 3.97a
70.7 ± 5.28a
74.7 ± 3.36a
65.3 ± 4.74a
67.9 ± 3.30a
40.2 ± 1.98b

12.9 ± 0.70a
14.0 ± 0.92a
14.8 ± 0.60a
12.9 ± 0.84a
13.4 ± 0.59a
8.0 ± 0.35b

112.8 ± 0.0033a
110.2 ± 0.0049a
111.9 ± 0.0019a
95.8 ± 0.0091ab
69.8 ± 0.0041bc
64.7 ± 0.0071c

Discussion:
For both of 2015 and 2016, CRF damage was very low across all trials. In fact,

for the 2016 trials, only the IPM evaluation at the MCRS had more than a single carrot
damaged by CRF in any sample. Therefore, any numerical differences in percent damage
are simply due to differences in the number of carrots harvested. Even in the untreated
checks, CRF damage was never above 2.1%. However, due to such low damage in both
years it is not possible to draw any significant conclusions on the effectiveness of the
various insecticides to control CRF.
As no damage was found at the Jane St. site for the IPM evaluation trial, it is not
possible to determine if soybean does support an increase in CRF. Soybean aphids were
present, albeit in very low abundance in both years. However, in 2016, two yellow sticky
traps were placed in each soybean plot and monitored weekly for CRF. No CRF were
captured in the soybean, while sticky traps around the field indicated CRF were present
in the area. Therefore, it is not likely that soybean acts as a refuge for CRF, at least if
soybean aphid numbers are low. An increase in soybean aphid, and therefore a greater
abundance of aphid honeydew, could make the soybean more attractive to CRF, and
result in an increase in CRF damage, but this remains unknown. Nevertheless, the idea
that soybean promotes CRF remains purely anecdotal.
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In both 2015 and 2016, following the IPM recommendations for CRF
management did not significantly reduce damage, compared to not applying insecticides.
It is important to stress that these results do not suggest that insecticides are not needed in
CRF management. Rather, CRF pressure was too low in either year to determine a
significant reduction in damage from the IPM program. While the difference in CRF
damage between the IPM plots and control plots was not statistically significant, there
was a numerical reduction in CRF damage in the IPM plots compared to the control plots
in both 2015 and 2016. This trend does provide some support for use of the IPM program
for CRF control in the Holland Marsh. These results also suggest there may be a need to
raise the action threshold. However, the trial was not designed to test the action threshold,
it cannot be determined if the current threshold of 0.1 CRF/trap/day is too low. In 2016,
the sample size was increased from three 1.5 m lengths to five 1.5 m lengths. This larger
sample size achieved its goal of decreasing the standard error. Future trials evaluating the
IPM program, using large plots as this trial did should also use the larger sample size.
Interestingly, Blood et al. (1999) found that pyrethroids provide significantly
greater control of CRF when they are applied one week prior to the expected emergence
compared to when the first fly is trapped. This notion does not completely violate IPM
principles as it is still based on pest forecasting, and not simply calendar spraying.
However, as noted in Chapter 2.4, 2nd generation CRF emergence is occurring earlier
than expected, and emergence models would need to be revisited before this could be
evaluated in the Holland Marsh.
Again, due to low pest pressure no conclusions can be made on the effectiveness
of the insecticides evaluated to control CRF. No products that were evaluated in these
trials should be eliminated based on these results. However, it is possible to prioritize
certain products for future trials.
In a trial conducted in the UK, three pyrethroids were evaluated for their
effectiveness to control CRF (Johansen et al.,1999). Lambda-cyhalothrin was found to be
the most effective, followed by deltamethrin, and finally, cypermethrin. Unfortunately,
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the rates or formulated products used were not reported by the authors. Research from the
UK has recently supported the use of chlorantraniliprole (Coragen®, E.I. Dupont Canada
Company, Mississauga, ON) as a control option for CRF (Collier, 2014). This is much
needed alternative as it introduces a new group of insecticide beyond pyrethroids. Collier
(2014) found that a single application of Coragen at 175 mL/ha can provide residual
activity for up to 6 weeks. It was also noted that two applications of Coragen provided
significantly more control than a single application, and similar control to that of an
entire pyrethroid spray program. However, for best results it was recommended that this
product be applied one week prior to the expected CRF emergence rather than at the
0.1CRF/trap/day action threshold currently used in the IPM program. In more recent
research by the same group, an unnamed insecticide (HDCI 087) was found to provide
greater control of 2nd generation CRF than two sprays of Coragen (Collier, 2016).
Furthermore, even three subsequent applications of lambda-cyhalothrin (Hallmark Zeon®,
Syngenta UK Limited, Cambridge, UK) after the single application of HDCI 087 did not
provide a significant increase in protection compared to the lone HDCI 087 application
(Collier, 2016). This suggests that a single application of the unnamed insecticide may be
sufficient to control 2nd generation CRF.
Piperonyl butoxide is a common synergist used in combination with pyrethroids.
One common way insects develop insecticide resistance is through the increase in
metabolism of insecticides through P450 enzymes (Agosin, 1985). The addition of
piperonyl butoxide (PBO) as a synergist has been shown to improve the effectiveness of
pyrethroids (Pree et al., 1999), by inhibiting cytochrome P450 metabolism (Perry, 1970).
While there is no concern that CRF has developed resistant to cypermethrin, there is
concern that CW in the Holland Marsh has become tolerant to phosmet (Pers comm. Z.
Telfer5). Furthermore, cypermethrin, registered for CRF, also provides some protection
against CW. Yet, the ability for CW to recover after cypermethrin applications raised
concerns for its value as a control option for both pests (Pree et al., 1996). While PBO
55
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was found to synergize with cypermethrin and provide greater control of CW than just
phosmet, PBO did not entirely eliminate CW recovery (Pree et al., 1996). However, the
authors do suggest that the blockage of the recovery pathway for CW is desirable as it
reduces the amount of insecticides needed. Yet, due to low pest pressure, we were unable
to confirm if the addition of PBO provided a synergistic effect on the control of CRF with
cypermethrin, one of the primary pyrethroid insecticides used by growers to control CRF.
Still, both treatments containing PBO resulted in slightly lower damage than their
respective non PBO treatments. Pree et al. (1996) also evaluated the application of
cypermethrin in carrot oil, as it provides herbicidal activity as well as acts as a synergist.
While it did improve the effectiveness of cypermethrin to control CW, it was not better
the PBO. Carrot oil is also no longer registered for use on carrots.
While the insecticide evaluation trials presented here were largely inconclusive,
previous research in the Holland Marsh and other locations have found results with
varying success. Seed treatments have been evaluated in the Holland Marsh for the past
eight years (See the Muck Vegetable Cultivar Trial & Research Report 2008-2015).
There has been limited success in finding a treatment which significantly reduced CRF
damage. In 2008, several insecticide seed treatments reduced damage compared to the
untreated controls. These were: thiamethoxam (Cruiser® 5FS, Syngenta Canada Inc.,
Guelph, Ontario) at rates of 2.5 and 3.75 g a.i./100g seed, spinosad (Entrust™, Dow
AgroSciences, Calgary, Alberta) at a rate of 7.5 g a.i./100g seed, and clothianidin and
imidacloprid (Sepresto 75WS, Bayer CropScience, Calgary, Alberta) at a rate of 11.25 g
a.i./100g seed. Yet, 15% damage still occurred and that is above the tolerable damage
level for growers. Similarly, Ester et al. (2007) found that clothianidin applied at 24, 30,
60, and 94 g a.i. / 250,000 seed, as well as thiamethoxam applied at 10 and 20 g a.i./
250,000 seed, also provided greater control than the unsprayed controls. Tefluthrin has
also been evaluated as a seed treatment at rates of 5g a.i. / 100,000 seeds (Davies and
Collier, 2000; Ester et al., 2007) with positive results in Europe.
Due to very low CRF damage in 2016, we were unable to determine the effect of
planting date on CRF damage. However, managing planting dates has been suggested to
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be an effective way to manage 1st generation CRF damage (Ellis, et al., 1987). In the UK,
growers who planted in late May to early June were able to completely avoid 1st
generation CRF damage, compared to April or early May planting. However, growers in
the Holland Marsh are more limited in when they can seed carrots due to field conditions
in the spring, harvest conditions in the fall, and market considerations, such as supplying
the early market or planning for long term storage (Pers comm. K. Vander Kooi6).
Interestingly, the only significant reduction in yield was seen on the last planting
date, 21 June 2016. It is also the only planting date that resulted in no CRF damage.
However, it is possible that the significant increase in the number of carrots harvested for
the 10 June 2016 date affected these yield results. The mean weight per carrot in the 10
June 2016 planting date was significantly less than the first three planting dates, and not
significantly different than the last planting date (Table 3.12). Had the number of carrots
in the sample been consistent with the other planting dates, it is possible that a significant
reduction in yield would have been found for the 10 June 2016 planting date. This would
have resulted in a more consistent decline in yield, and would have been more in line
with what we expected to see, rather than the sharp and immediate drop in yield from the
last planting date. It is unknown why the 10 June 2016 planting date sample had such a
significant increase in the number of carrots. It is possible that the 10 June 2016 planting
date avoided a lot of the mortality from high CW pressure that the other planting dates
received (data not shown). Yet, this would not explain why the 21 June 2016 planting
date also did not have a greater number of carrots in the sample.
Later planting dates have been used in combination with other control methods
such as seed treatments. Davies and Collier (2000) found that tefluthrin used as a seed
treatment (5g a.i./ 100,000 seeds) and seeded in late May significantly reduced the 1st
generation CRF damage compared to untreated seeds planted at the same time in the UK.

6
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In-furrow insecticides have rarely been shown to be effective at controlling CRF.
Stevenson (1976) evaluated seven different insecticides as in-furrow treatments and noted
the effectiveness of carbofuran 10G applied at 2.2 Kg a.i./ha to control CRF. Stevenson
(1976) recommended the use of this product in the Holland Marsh, due to the
effectiveness of carbofuran to control both CRF and CW. The effectiveness of
chlorfenvinphos 3G applied at 1.1 Kg a.i./ha to control CRF was also noted, but it’s lack
of effectiveness at controlling CW was remarked. However, both carbofuran and
chlorfenvinphos are banned in Canada, the US, and Europe. Yet, almost all previous
work evaluating insecticides in-furrows follows the same trend of using OP insecticides.
Research at the MCRS has previously evaluated in-furrow insecticides, with similar
results to the trials presented here. Insecticides in those trials which were not evaluated as
part of these trials include spirotetramat (Movento® 240SC, Bayer CropSciences Inc.,
Calgary, AB), and thiamethoxam (Actara® 240SC, Syngenta Canada Inc., Guelph, ON).
While in-furrow insecticides have yet to show any promise in controlling CRF, they
should not be ignored in future trials. CRF adults can be present soon after carrot
emergence when insecticide applications are not necessary. However, the carrots can
quickly become attractive to CRF. Once the eggs have been deposited, most foliar
insecticides have limited effectiveness against eggs and larvae in the soil (Dufault, 1994).
The in-furrow insecticides could provide protection against these CRF larvae which are
present early in the season. However, it is important to note that the effectiveness of an
in-furrow insecticide is likely reduced when it is applied in the muck soil in the Holland
Marsh (Edwards, 1966; Guth, et al., 1977) and therefore, higher rates are needed
compared to mineral soil.
3.5

Conclusion:
In conclusion, evaluating the effectiveness of insecticides on CRF has proven to

be difficult in the Holland Marsh, due to low pest pressure in most years. Various
insecticides consisting of different application methods have been evaluated with limited
success. It is important to note that due to the low pest pressure, it is not wise to make

65

any claims on the effectiveness of any of these insecticides to control CRF. While no
significant differences were found, positive trends were observed in certain studies
indicating the merit of repeating these trials in future years.
Future research should focus on evaluating the findings of Blood et al. (1999)
which claims that pyrethroids provide greater control of CRF when they are applied one
week prior to the expected emergence. This claim should be evaluated against the current
action threshold (i.e. 0.1 CRF/trap/day) used in the Holland Marsh. The evaluation of the
IPM program also provided some support for future investigations into increasing the
action threshold. It is also possible that PBO provided more consistent control of CRF,
something that would greatly benefit carrot growers in the area. The effects of synergists
such as mineral oils could also be evaluated in the future.
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Chapter 4
Survey for Ground-Dwelling Natural Enemies of Carrot Rust Fly
4.1

Introduction:
In agro-ecosystems, the role that natural enemies play in controlling insect pests is

often an afterthought. Yet, several studies have shown that polyphagous predators can
significantly influence the population dynamics of dipteran pests, including the cabbage
root fly (Delia brassicae Hoffman) (Coaker & Finch, 1971; Finch & Elliot, 1992), the
turnip root fly (Delia floralis Fallen) (Anderson & Sharman, 1983), the wheat bulb fly
(Leptohylemyia coarctata Fallen) (Jones, 1975), and the frit fly (Oscinella frit Linnaeus)
(Allen & Pienkowski, 197). In an undisturbed ecosystem, the predator-prey relationship
exists in a tightly knit but delicate balance. This balance is often upset in an agricultural
system. It is believed that CRF is prone to the predation of ground dwelling beetles, as
their eggs are deposited at or near the surface (Burn, 1982). The Holland Marsh is a
highly homogenous and heavily managed agroecosystem and this could limit the
diversity and abundance of natural enemies (Root, 1973). Unlike a typical agroecosystem, the Holland Marsh is comprised of many individual monocultures. At a larger
scale, these monocultures coalesce into a single large production system almost entirely
devoid of breaks, hedgerows, or naturalized areas. The intensive use of conventional
farming practices, including the use of pesticides, may also reduce the diversity or
abundance of arthropods in the area.
The natural enemies of CRF have not been well studied. Four parasitoids of CRF
found in England have previously been identified: Dacnusa gracilis (Hymenoptera:
Braconidae), Loxotropa tritoma (Hymenoptera: Diapriidae), Aleochara sparsa
(Coleoptera: Staphylinidae), and a Kleidotoma sp. (Hymenoptera: Figitidae) (Wright et
al, 1947). Ground dwelling beetles such as carabids have also been observed to prey on
CRF, especially as egg predators (Burn, 1980). Furthermore, small carabids provide a
greater level of egg predation (Burn, 1982). Through field trapping and laboratory
feeding experiments, Burn (1982) also determined that the majority of egg predation can
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be attributed to Trechus quadristriatus (Coleoptera: Carabidae) and small Aleocharinae
(Coleoptera: Staphylinidae).
No studies have been done to determine how the IPM program for carrot insect
pests within the Holland Marsh affect the populations of natural enemies. While natural
enemies will never replace insecticides, they play a valuable role in suppressing pest
populations, and should be considered in any IPM program.
Many studies have surveyed carrot agroecosystems for potential natural enemies,
most notably, predatory carabid beetles, although few confirm specific natural enemies of
CRF (Berry et al., 1996; Sivasubramaniam et al. 1997; Colignon et al., 2002; Albert et
al., 2003; Brunke et al. 2009; and Picault, 2013). These studies confirmed that carabids
and staphylinids are indeed the primary predators found in and around carrot fields.
Furthermore, these studies also found several families of ground dwelling spiders that
could also be predators of CRF. There are two goals for this survey. The first is to survey
carrot fields and surrounding areas in the Holland Marsh to determine the diversity of
ground-dwelling predatory arthropods, with a focus on ground beetles (Carabidae:
Coleoptera) and rove beetles (Staphylinidae: Coleoptera), and to identify any potential or
confirmed natural enemies of CRF. The second goal is to determine if the IPM program
for carrot insect pests in the Holland Marsh has an impact on the populations of natural
enemies.
4.2

Methods:
In 2015 and 2016, four commercial carrot fields were selected in each year to be

sampled for natural enemies (Figure 4.1). The location of these sites was chosen based on
the proximity to fields that had high pest pressure the previous year, and are fields that
participate in the MCRS IPM program. The sites were also selected so that each region
(North, South, East, and West areas) of the Holland marsh was represented in the study.
The IPM evaluation trial on Jane St. (Chapter 3.2.1.1) was also surveyed in 2015 and
both replicates, Jane St. and MCRS, were surveyed in 2016. This allowed for the
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collection of natural enemies in areas free of insecticide applications as well as
comparable areas that followed IPM recommendations for CW and CRF.

Figure 4.1: Map of the Holland Marsh showing commercial carrot fields surveyed in 2015
(yellow) and 2016 (blue). Locations of the IPM surveys are circled in blue.

Pitfall traps were used to measure the activity density of ground dwelling
predatory arthropods (Southwood, 1978). Two pairs of pitfall traps, each consisting of
two nested 475 mL (16 oz) Pro-Kal® polypropylene deli container (4.5 x 3”; Fabri-Kal®
Corp, Kalamazoo, MI), were placed in each field, for a total of four traps per commercial
field and 16 traps across all four commercial carrot fields. The individual traps within a
pairing were placed approximately 5 m from each other. Each pair was placed 5 m in
from the edge on opposite sides of the fields. One pair of pitfall traps were placed 25 m
into the field while the pair on the opposite side were placed 10 m into the field. In the
research trial that evaluated the IPM program, two traps were placed on opposite sides in
each of the six blocks. In 2016, both locations were sampled similarly to 2015. This
allowed for the collection of natural enemies in areas free of insecticide applications. A
95% Ethyl Alcohol (GreenField Ethanol Inc., Brampton, ON) solution was diluted to
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75% with tap water and was used as a preservative in the traps with a couple drops of
soap to lower the surface tension. All traps were placed in the ground so that the top rim
was level with the soil. Foam plates (9” diameter) were placed above each trap using
three wooden skewers to keep the plate roughly 1 cm from the surface to minimize
evaporation of the Ethyl Alcohol solution, keep out rainfall, and prevent any large nontarget organisms from being caught in the trap.
The contents of each trap were collected weekly between 28 May and 4
September in 2015 with the exception of field C where the traps were removed after the
week of 6 August. In 2016, the contents of the traps were collected weekly between 9
June and 31 August in 2016. Occasionally, traps were not collected (fields C and D on 30
July, and field A on 6 August 6, and 13 August in 2015; field A on 30 June, field B on 23
June, and field C on 28 July in 2016) due to the area being unsafe to enter. In those
instances, trap contents were collected the following week.
Soil was sieved from the traps, using a series of sieves decreasing to 400 nm, and
arthropods were placed into a 475 mL deli cup containing 75% ethanol solution and
placed into cold storage (6°C 90-95% RH) until they could be identified. Carabids were
identified to the lowest taxonomic level using the nomenclature of Bousquet (2010).
Staphylinidae identification to the genus and species level, especially for the genus
Aleochara, is difficult and impossible, due to the lack of adequate identification keys
(Klimaszewski, 1984). Therefore, the most commonly recovered Staphylinidae was
confirmed to be in the Aleocharinae subfamily through Brunke et al. (2011), and all
Staphs were grouped together. Lowest taxonomic level and abundance of each taxon, trap
location, and date were recorded for every trap. Rarefaction curves were created for each
commercial carrot field as well as for both the IPM and insecticide free sites at Jane St.
and on the MCRS. Simpson’s diversity index7 was used to determine species diversity for
individual commercial carrot fields as well as IPM and insecticide free research plots.
Rarefaction curves and Simpson’s diversity index where calculated using the Vegan

7

D= ∑(n/N)2; n= Abundance of a single species, N= Cumulative abundance of all species
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package (version 2.3-5) in R (version 2.3.5) (R Core team, 2016). A rarefaction curve
provides the expected number of species in a location if you sampled x number of
individuals from the population at that location.
4.3

Results:
In 2015, a total of 1105 individual beetles were recovered and identified from the

pitfall traps in the Holland Marsh (Table 4.1). There were 25 taxa including 23
Carabidae, an Aleocharinae, and a Histeridae. Nine taxa represent >95% of the
abundance of predators captured in the pitfall traps, and are therefore considered
dominant taxa. Dominant taxa were identified as: Anisodactylus sanctaecrucis (Fabricius)
(26.3%), P. melanarius (23.4%), Stenolophus comma (Fabricius) (18.6%), Amara spp.
(11.2%), Omophron americanum (Dejean) (8.2%), Aleocharinae spp. (2.7%), Clivina
fossor (Linnaeus) (2.3%), and Cicindela duodecimguttata (Dejean) (1.9%), and Poecilus
lucublandus (Say) (1.4%). All other taxa represented <1% of the total abundance. The
confirmed predator of CRF, Bembidion quadrimaculatum, as well as a Aleocharinae sp.
which is likely a parasitoid of CRF were identified, but were not abundantly recovered.
In 2016, 3022 individuals were recovered and identified from the pitfall traps.
There were 33 Carabidae taxa and 39 taxa in total, including Staphylinidae from the
Aleocharinae subfamily, Histeridae, Dytiscidae, two Coccinellidae species, and spiders
(Araneae) (Table 4.2). The number of dominant taxa increased to 10 taxa in 2016,
including: Staphylinidae (26.5%), P. melanarius (15.7%), A. sanctaecrucis (11.8%),
Amara lunicollis (Schiødte) (10.5%), Spiders (8.9%), B. quadrimaculatum (7.8%), S.
comma (6.7%), Bembidion sp. (4.1%), Amara patruelis (Dejean) (2.1%), and C. fossor
(1.5%). All other taxa represented <1% of the total abundance. Again, the confirmed
natural enemies of CRF, B. quadrimaculatum, and Aleocharinae spp. were identified.
Both natural enemies were dominant species unlike in 2015.
4.3.1

Commercial Carrot Fields:
In 2015, only 10 different taxa were identified in the four commercial carrot

fields, with a total abundance of 228 individuals (Table 4.3). These numbers increased
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greatly in 2016 with 28 taxa and 1474 individuals recovered from the four commercial
carrot fields (
Table 4.4). Rarefaction curves for both 2015 (Figure 4.2) and 2016 (Figure 4.3) showed
that a large difference in species richness and abundance was present among fields in
both years. These curves indicate insufficient sampling effort was conducted to determine
the entire species richness in a given site. The Simpson’s index varied among fields, and
was generally low in 2015 (Table 4.3). There was a large increase and less variability for
the Simpson’s index among fields in 2016 (
Table 4.4).
4.3.2

Influence of IPM program:
In 2015, 447 individuals from 19 taxa were recovered in the IPM plots and 430

individuals from 18 taxa were recovered in the control plots (Table 4.3). A similar trend
was found in 2016, as 803 individuals from 25 taxa were recovered in the IPM plots and
745 individuals from 24 taxa from the control plots (
Table 4.4). Rarefaction curves for 2015 (Figure 4.4) and 2016 (Figure 4.5) showed that
the species richness and abundance for the IPM plots and control plots were nearly
identical. These curves indicate that while the sampling effort was still insufficient to
determine the entire species richness of a site, it was much closer than the commercial
carrot fields. Rarefaction curves comparing the MCRS IPM evaluation to the 2016 Jane
St. (Figure 4.6) location show that there was almost no difference in the abundance or
species richness between sites. This is important as both locations received an application
of phosmet for carrot weevil control, yet, the Jane St. location did not receive an
application of cypermethrin for CRF control while the MCRS location did receive two
applications. The Simpson’s index, which used the pooled data from both locations in
2016, did not differ between IPM or control plots, and was consistent between both 2015
and 2016. The Simpson’s index for these research plots was much greater than those
found in commercial fields, especially in 2015 (Table 4.3 and
Table 4.4).
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Table 4.1: List of taxa and number of individuals captured in the Holland Marsh in 2015.
Dominant species are bolded.

Taxa
Amara spp.
Anisodactylus harrisii
Anisodactylus sanctaecrucis
Atranus sp.
Bembidion quadrimaculatum
Bembidion wingatei
Cicindela duodecimguttata
Clivina fossor
Dicaelus teter
Harpalus somnulentus
Harpalus calignosus
Histeridae
Laemostenus complanatus
Loricera pilicornis
Omophron americanum
Patrobus longicornus
Poecilus chalcites
Poecilus lucublandus
Pseudamaria arenaria
Pterostichus melanarius
Staphylinidae
Stenolophus comma
Stenolophus fuliginosus
Sterocerus fessor
Tachyta inornata

Field
Field B Field C Field D
A
0
0
0
0
0
0
0
0
114
0
5
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
1
0
0
0
0
0
0
0
0
0
0
0
0
1
1
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
5
0
0
1
0
0
1
0
8
13
25
23
1
10
1
6
6
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0

IPM Control Total % Abund.
56
1
85
1
2
1
12
15
0
4
0
0
0
5
50
1
0
3
1
98
4
105
2
0
1

68
2
87
1
0
0
9
10
1
0
2
1
0
2
41
0
1
7
0
92
8
92
4
2
0

124
3
291
3
2
1
21
25
1
6
2
1
1
10
91
1
1
16
2
259
30
205
6
2
1

11.22
0.27
26.33
0.27
0.18
0.09
1.90
2.26
0.09
0.54
0.18
0.09
0.09
0.90
8.24
0.09
0.09
1.45
0.18
23.44
2.71
18.55
0.54
0.18
0.09
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Table 4.2: List of taxa and number of individuals captured in the Holland Marsh in 2016.
Dominant species are bolded.
Taxa
Field E Field F Field G Field H IPM Control Total % Abund.
Acupalpus partiarius
0
0
0
0
1
0
1
0.03
Amara avida
1
0
0
1
0
0
2
0.07
Amara lunicollis
203
0
1
0
56
56
316
10.46
Amara obesa
0
0
0
0
0
1
1
0.03
Amara patruelis
31
1
2
4
16
10
64
2.12
Anisodactylus sanctaecrucis
292
8
8
2
22
25
357
11.81
Anisodactylus verticalis
0
0
0
1
0
0
1
0.03
Atranus sp.
0
0
0
0
1
4
5
0.17
Bembidion quadrimaculatum
2
2
23
14
39
45
125
4.14
Bembidion sp.
0
0
1
2
6
8
17
0.56
Bembidion sp.
7
18
36
57
77
42
237
7.84
Bradycellus atrimedeus
1
2
0
1
4
1
9
0.30
Bradycellus rupestris
2
0
0
0
0
2
4
0.13
Carabus sp.
1
0
0
0
0
0
1
0.03
Chlaenius cordicollis
0
0
0
0
0
1
1
0.03
Cicindela duodecimguttata
1
3
1
0
4
2
11
0.36
Clivina fossor
4
5
2
19
10
5
45
1.49
Clivina sp.
0
0
0
0
3
0
3
0.10
Coccinella septempunctata
0
0
0
0
1
0
1
0.03
Coleomegilla maculata
0
0
0
1
1
2
4
0.13
Dyschirius montanus
1
0
0
12
17
5
35
1.16
Dyschirius pallipennis
0
0
0
0
0
2
2
0.07
Dytiscidae
0
0
0
2
0
0
2
0.07
Harpalus affinis
0
0
0
1
0
0
1
0.03
Histeridae
1
0
1
0
0
1
3
0.10
Loricera pilicornis
0
0
0
0
1
0
1
0.03
Omophron americanum
0
0
2
2
1
0
5
0.17
Paratachys sp.
0
0
0
0
1
0
1
0.03
Patrobus sp.
0
0
0
0
0
1
1
0.03
Poecilus lucublandus
1
0
3
0
3
5
12
0.40
Polyderis laevus
0
0
0
0
1
0
1
0.03
Porotachys bisulcatus
0
0
0
1
0
0
1
0.03
Pterostichus melanarius
145
9
65
15
96 143 473
15.65
Pterostichus permundus
1
0
0
0
2
2
5
0.17
1
0
0
1
0
0
2
0.07
Schizogenius lineolatus
Spider
24
17
11
21
117 79
269
8.90
Staphylinidae
80
21
70
92
267 270 800
26.47
Stenolophus comma
95
1
11
5
56
33
201
6.65
Stenolophus fuliginosus
0
0
1
1
0
0
2
0.07
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Table 4.3: Number of species, total abundance, and Simpson’s Index from sites in the Holland
Marsh in 2015.

Location
Field A
Field B
Field C
Field D
Commercial Field Total
Research Plot (IPM)
Research Plot (Control)
Research Plot Total
2015 Total

Number of Species
7
3
6
5
10
19
18
24
25

Abundance
136
25
35
32
228
447
430
877
1105

Simpson’s Index
0.290
0.563
0.464
0.445
0.627
0.830
0.832
0.832
0.820

Table 4.4: Number of species, total abundance, and Simpson’s Index from sites in the Holland
Marsh in 2016.

Location
Field E
Field F
Field G
Field H
Commercial Field Total
Research Plot (IPM)
Research Plot (Control)
Research Plot Total
2016 Total

Number of Species
20
11
16
21
28
25
24
31
39

Abundance
894
87
238
255
1474
803
745
1548
3022

Simpson’s Index
0.794
0.836
0.801
0.798
0.863
0.829
0.826
0.821
0.865
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Figure 4.2: Rarefaction curves for four commercial carrot fields surveyed with pitfall traps for
carrot insect pest natural enemies in 2015 in the Holland Marsh.

Figure 4.3: Rarefaction curves for four commercial carrot fields surveyed with pitfall traps for
carrot insect pest natural enemies in 2016 in the Holland Marsh.
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Figure 4.4: Rarefaction curves for plots which received insecticides based on the established IPM
program for carrot insect pests and insecticide-free control plots in the Holland Marsh, surveyed
with pitfall traps for natural enemies of carrot insect pests in 2015.

Figure 4.5: Rarefaction curves for plots which received insecticides based on the established IPM
program for carrot insect pests, and insecticide-free control plots in the Holland Marsh surveyed
with pitfall traps for natural enemies of carrot insect pests in 2016.
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Figure 4.6: Rarefaction curves of natural enemies of carrot rust fly and carrot weevil captured in
pitfall traps at the IPM evaluation trial locations in 2016: Jane St. location (Jane) and the Muck
Crops Research Station location (Station), both in the Holland Marsh.

4.4

Discussion:
There are concerns about the use of pitfall traps for ecological studies, especially

for species density studies, as pitfall traps have been found to unevenly capture different
taxa (Adis, 1979; Majer, 1997; Southwood & Henderson, 2000). However, others have
argued that when capture data are pooled over the entire season, as this study has done,
the species richness can be confidently described (Baars, 1979; den Boer, 1986; Luff,
1982). Furthermore, Koivula et al. (1999) argued that it is acceptable to use pitfall traps
to compare similar plots (i.e. the IPM and control plots) as the taxa will be equally biased
to pitfall traps in both plots. Since the primary goal of this study was not to characterize
the species densities of the various natural enemies, but rather simply their presence,
pitfall trapping served as an adequate method given its simplicity and effectiveness.
There were two main goals for this survey. The first was to characterize the
natural enemies of CRF in the Holland Marsh. To our knowledge, this is the largest
survey of CRF natural enemies in the Holland Marsh, and the only one within the last 30
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years. A total of 50 unique taxa were identified over the two years with 4127 individual
specimens. The total abundance, as well as the number of taxa identified in 2016, was
much greater than that in 2015. This is largely due to improvements made to the sieving
procedure used to recover insects from the pitfall traps. This resulted in better collection
of small taxa, especially Bembidion species and Staphylinidae. This correction was
significant due to the findings by Burn (1982) that smaller carabid species are likely
responsible for the majority of the CRF predation. In 2016, there was a 10-fold increase
in the number of Bembidion individuals recovered, compared to 2015. Staphylinidae
collection also increased significantly from 30 individuals in 2015 to 800 in 2016. Both
taxa are of special interest in the survey as they are known natural enemies of carrot
insect pests.
In a mark and recovery experiment, Burn (1982) found that the greatest levels of
CRF egg loss coincided with the greatest activity from small carabids. It is likely that
CRF eggs are too small and dispersed to be of interest to larger carabids (Ramert, 1996).
Finch (1996) found that the consumption of D. radicum eggs was linearly related to
beetle size between 2.7 and 10 mm, and that 10 mm was likely the upper limit. Yet, some
of the most dominant taxa recovered (Pterostichus melanarius, Anisodactylus
sanctaecrucis, and Amara spp.) were all large carabids. Furthermore, P. melanarius was
found to feed on fewer D. radicum than smaller carabids such as Bembidion lampros
(Herbst) and Bradycellus congener (Le Conte) (Prasad and Snyder, 2004). Never the less,
a large proportion of the taxa recovered were small and could potentially prey on CRF
eggs and larvae. While many of these smaller taxa were rarely captured in the traps,
pitfall trapping is not an effective measure of population density, and small carabids are
often under-represented in pitfall captures (Kromp, 1999). Therefore, the importance of
the numerous rare species found in this survey should not be ignored.
Along with determining the overall population of CRF natural enemies in the
Holland Marsh, there was a specific goal of identifying known natural enemies of CRF.
In both years, a known CRF predator, and CRF parasitoid were recovered. In 2016, these
natural enemies represented a large proportion of the natural enemy abundance in both
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the commercial carrot fields and research plots. Absent from the survey in both years was
the known CRF predator T. quadristriatus. This is significant as it has previously been
recorded in Ontario (Bousquet, 2012). The most important finding seems to be the
abundance of B. quadrimaculatum, as it is known to not only prey on CRF (Burn, 1982)
and CW eggs (Baines et al., 1990), but also onion maggot (Delia antiqua (Meigen)).
Many small carabids will feed on dipteran eggs when they are present on the soil surface,
but there is a significant reduction in predation when eggs are laid just below the surface
(Finch and Elliot, 1994) as CRF does. However, B. quadrimaculatum has been observed
feeding on onion maggot eggs buried up to 1cm deep, and reduce onion maggot numbers
by 57%, in field cages (Grafius and Warner, 1989). Bembidion quadrimaculatum was
noted for its importance as a potential biocontrol agent in onions, another significant crop
in the Holland Marsh. It is also important that all five known natural enemies of CW (P.
melanarius, Po. lucublandus, B. quadrimaculatum, C. fossor, and A. santaecrucis)
(Baines et al., 1990) were also recovered in this survey, most of which were found in
high abundance.
Not all carabids are potential CRF predators. For example, Loricera pilicornis
(Fabricius) is a collembolan predator (Kromp, 1999). More striking, certain Amara
species are of the few carabids which are predominantly herbivores (Lindroth, 1992). In
fact, it is likely that omnivory and scavenging in carabids is more common than is
currently accepted (Lovei and Sunderland, 1996). Yet, Lindroth (1992) also considered
Pterostichus, Bembidion, Carabus, and Dyschirius among the few true predator genera in
the Carabidae. Therefore, it is important that an adequate and diverse food supply be
present in an agro-ecosystem that is to support large natural enemy populations. As CRF
and CW are not always available for the natural enemies, it is crucial that other food
sources be present. Flowering plants play an important role in filling this need in two
ways. First, they provide pollen and nectar that the natural enemies can feed on in the
absence of other insects. Second, other insects are also attracted to these flowers and
these insects can also act as prey for the polyphagous predators (Isaacs et al., 2008). A
previous study found that conservation biological control attempts lead to insufficient
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pressure from the natural enemies to provide substantial control of CRF in France
(Picault, 2013). It was found that denser areas (i.e. hedgerows) increased the CRF
population rather than that of natural enemies. Less dense areas such as grasses had less
of an impact on CRF populations. However, it was suggested that future studies should
evaluate the effectiveness of augmentative biological control in combination with
conservation biological control efforts (Picault, 2013). Previous attempts to introduce
natural enemies of CRF within the Holland Marsh were focused on the introduction of a
Braconid and Diapriid (Dacnusa gracilis and Loxotropa tritoma) (Maybee, 1954).
Unfortunately, these attempts failed when the parasitoids, native to England, failed to
survive their first Canadian winter. The diversity and abundance of ground-dwelling
natural enemies found draws a positive view for the current biological control situation in
the Holland Marsh. As the effects of different control methods are additive, even small
reductions in pest pressure help in the overall pest management program.
It is difficult to compare the results found in this survey to previous results as only
one study has examined the natural enemies in carrot fields in North America. Brunke et
al. (2009) found 50 carabid species, a diversity that is slightly greater than found in this
study. However, they surveyed both carrot and potato fields, and in edge habitats along
fields and not just in field. Two of the eight dominant species in Brunke et al. (2009)
were also found to be dominant in this study (i.e., P. melanarius and B.
quadrimaculatum). All other comparable studies which used pitfall traps in carrot fields
have been conducted in either Europe (Albert et al., 2003; Colignon et al., 2002; and
Picault, 2013) or New Zealand (Berry et al., 1996; and Sivasubramaniam et al. 1997) and
represent a much different composition of natural enemies.
The commercial carrot fields with the most diverse species were found to support
70% (field A) and 75% (Field H) total species while the least diverse supported only 30%
(field B) and 39% (field F) of the total species in 2015 and 2016, respectively. A large
difference in both the abundance and species richness was observed among the four
commercial fields surveyed both years. Notably, field A and field E, had much greater
abundances than the other three fields surveyed in their respective years. The species
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richness of these two fields were also among the highest. These fields were unique in
their respective agro-ecosystems as unlike most of the Holland Marsh, field A was not
bordered by another crop field. Rather, the south side of the field was a forested area, the
west was a decrepit and overgrown greenhouse, towards the east was managed grasslands
with large shrubs, and to the north was a ditch with weeds followed by a road. Field E on
the other hand was bordered by crop fields to the north and south. While to the west was
a forested area and there was a large weed bank on the east side of the field followed by a
road. The southeastern and northeastern corners of the field were also residential
properties which were surrounded by naturalized areas, with trees and vegetable gardens.
Field E, and the commercial fields to its north and south were also not managed for
weeds, and were essentially overgrown for most of the trapping period. No other
surveyed field had nearly the same plant species richness in the surrounding areas as
these two fields. This follows the results of Bosch (1987), who found twice as many
carabids in beets with 15-20% weed cover compared to weed free plots. It was also noted
that B. quadrimaculatum and T. quadristriatus were more active in weed free plots. The
same trend was true in this study, as B. quadrimaculatum was not abundant in the weedy
field E compared to the cleaner fields. Field H is also unique as it was the only field
surveyed near the Holland River that transects the Holland Marsh. This riparian agroecosystem is likely responsible for the higher species richness at this site.
It is not surprising that the field with the lowest abundance was also the least
diverse in both years. Both fields B and F were similar in that they were almost entirely
devoid of any naturalized area around the field. Field B in 2015 and Field F in 2016 were
also both very poor fields in terms of carrot production. As a result, the pitfall traps in
those fields would often be filled with dirt due to loose and dry soil. This had a negative
impact on the results in two ways. First, it was extremely difficult to sieve and sort these
samples to recover insects. Second, and most likely, as the traps filled with dirt, it made it
easier for trapped insects to escape or as the traps were often filled to the surface with
soil, there was effectively no pit to capture any insects.
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Surprisingly, field C in 2015 was found to have a species richness and abundance
that was similar to but slightly greater than both field B and D, even though the traps
were removed nearly a month earlier. It is possible that this field could have had the
greatest abundance and species richness in 2015 had trapping continued for the last
month. This is surprising as field C was more similar to fields B and D than field A in
terms of agro-ecosystem. Furthermore, field B had the greatest Simpson’s index value in
2015 at 0.563. This does not align with the results from the rarefaction curves which
indicate field B was the least diverse and least abundant. These results are likely due to
the fact the Simpson’s index heavily weighs species evenness. Field B had only 3 taxa
identified with a total of 25 specimens. The Simpson’s index of the other commercial
fields likely suffered due to the increase in singleton species along with the few abundant
dominant species which were recovered, effectively lowering the species evenness.
Both the species richness and abundance of natural enemies under the IPM
program treatment and the control treatments were nearly identical in 2015 and 2016.
Furthermore, the Simpson’s index for the IPM evaluation plots were consistent across
both years, and similar to the most diverse commercial grower field (field F). These
results provide a very positive view on the sustainability of the IPM program in place in
the Holland Marsh. With a single application of phosmet, and multiple cypermethrin
applications in both years (Chapter 3.2.2.2), natural enemies were just as abundant as
areas which received no insecticides. While no other study evaluated the effects of CRF
natural enemies under an established IPM program, Sivasubramaniam (1996) found that
the application of diazinon and phorates decreased the abundance of natural enemies in
carrot fields in New Zealand. Freuler et al. (2005) looked at the effects of cypermethrin
on carabid species richness in white cabbage in Switzerland, and found no fundamental
change, but a slight reduction in abundance, especially in B. quadrimaculatum was seen.
Conversely, Wick and Freier (2000) found that applications of lamba-cyhalothrin in
winter wheat in Germany reduced the species density and activity of carabids, but the
carabids were able to recover by the following year.
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4.5

Conclusion:
In conclusion, this survey identified over 50 different species of predatory insects,

most of which are polyphagous ground dwelling predators within the Carabidae. These
predators play a vital role in the agro-ecosystem by suppressing pest populations. Known
natural enemies of both major carrot insect pests, CRF and CW, were found in abundance
in both research plots and commercial carrot fields. Furthermore, following the IPM
recommendations for carrot insect pests does not appear to be detrimental to natural
enemy population or diversity.
Future studies should pay greater attention to the identification of insects to
determine a lower taxonomic resolution. In this study, there are taxa that are grouped into
a single genus, or separated at the genus level with no species level identification (e.g.,
unindentified Amara spp. grouped in 2015 and two unindentified Bembidion sp.
separated in 2016). Further evaluation into the effects of spiders could also be of value, as
Sivasubramaniam et al. (1997) reported their importance as predators in New Zealand
carrot fields. It would also be possible to expand future surveys to look for other orders of
natural enemies. While pitfall traps work well for surface dwelling insects, they fail to
capture many other common natural enemies like Syrphidae, Diapriidae, or Braconidae.
The knowledge gained through this research will be used for the selection of plant species
during future efforts to naturalize non productive areas (i.e. canal berms) within the
Holland Marsh. Selecting plant species which promote and support natural enemy
populations can only be done if the natural enemy populations are known.
While the evaluation of the IPM program and its effects on natural enemies has
shown positive results, this is still only a small cursory view into the whole system. This
trial simply surveyed IPM and control plots that alternated with each other in a linear
pattern. In the future the two goals of this chapter should be combined. To do so,
researchers should have open communication with growers while surveying commercial
fields to have access to their spray records. Determining any associations between
pesticide type or frequency of application and the abundance of natural enemies would
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provide more information to improve the IPM in the Holland Marsh. Then researchers
could have a better understanding on how insecticides influence natural enemies under
the IPM program in the Holland Marsh.
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Chapter 5
Improvements to the Carrot Rust Fly Rearing Procedure
5.1

Introduction:
Controlled environment experiments play an important role in developing reliable

and sustainable insect pest management strategies. These types of experiments strive to
ensure that both environmental conditions and pest pressure are controlled, resulting in
more consistent outcomes. Laboratory experiments depend upon a stable and constant
supply of the pest in question. There are two ways to provide a consistent supply of the
insect pest for research. The first is to rear and maintain a laboratory colony of the insect
pest. The second is to maintain a natural population of the insect pest in the field. The
latter option is commonly used for carrot rust fly (CRF) research (Pers comm. R. Collier,
20158) but was not available for the CRF research in the Holland Marsh that began in
2014. Maintaining an insect colony can be very challenging. As insects are endotherms,
environmental conditions control their behaviour and development. Climate controlled
growth chambers do not always provide a consistent environment yet they are crucial in
rearing stable insect cultures. Determining the optimum diet and habitat can also be a
challenge. Some insects can be reared on artificial diets which provide a simple and
constant supply of food, but this is not always the case. Insects often rely on a very
restricted set of environmental cues such as diet, temperature or day length to initiate
mating or oviposition. Often, the immature stages have completely different requirements
than the adult stage, further complicating the rearing procedure.
The most recent CRF rearing procedure was published by McLeod et al. (1985).
However, as was discovered over the past two years, this rearing procedure is missing
some important information and needed to be modified to ensure a constant supply of
vigorous CRF for further laboratory studies. This chapter examines each part of the
rearing process to provide future researchers a guide for successful CRF rearing. A
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standard operation procedure (SOP) for the CRF rearing was also prepared and it
consolidates all the information gathered from the available literature, personal
experiences rearing CRF, and the knowledge of CRF experts (Appendix A – Standard
Operating P). The summation of this knowledge occurred too late in this study to attempt
to validate these claims experimentally. Future research should confirm the observations
about CRF rearing by focusing on the development of a modern rearing procedure. It is
important to note that few people attempt to maintain a CRF colony because of the
associated difficulties. Instead, most researchers maintain a naturally infested field, from
which they can collect. It has also been noted that when CRF is maintained in a colony,
they rapidly become less fit than CRF captured from the field (Pers comm. R. Collier,
20159).
5.2

Establishing a Carrot Rust Fly Colony:
No established CRF colonies were known to be in existence in 2014. As a result,

the colony was initiated from field caught specimens. In 2015, a commercial field of
carrots in the Holland Marsh was identified that was heavily infested with CRF. In
addition, CRF were obtained from a naturally infested field maintained by Dr. Guy
Boivin, Research Scientist at Agriculture and Agri-Food Canada, Ste. Jean sur Richelieu,
in both 2014 and 2015. In 2014, infested carrots were placed directly into pots containing
muck soil, and those pots were placed into BugDorm insect rearing cages) (which will be
outlined in chapter 5.3), to allow the rust flies to complete their life cycle uninterrupted.
Stevenson and Barszcz (1991) outline another method to recover larvae from heavily
infested carrots. Briefly, this method involves placing infested carrots in a screen-bottom
wooden frame (Figure 5.1), and allowing the larvae to exit the carrots to pupate. Plastic
sheeting is used to funnel the exiting larvae which drop through the screen bottom into
containers with moist muck soil. Once in the containers, larvae and pupae can be easily
recovered. This method was used in 2015 for half of the infested carrots sent by Dr.
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Boivin. This method was unsuccessful, as carrots dried up before all the larvae would exit
the carrots, resulting in more dead larvae than recovered larvae. For the remaining
infested carrots, larvae were removed by hand. This was a time consuming and painful
process, but yielded the largest number of viable larvae.

Figure 5.1: Screen bottom frame used to extract carrot rust fly larvae from infested carrots, as
described by Stevenson and Barszcz (1991). Carrots are placed on top of the frame, and larvae
drop into the moist muck soil when they emerge from the carrot.

5.3

General Rearing Procedure:
As insects respond to environmental cue, it is important that they are considered

during the rearing procedure. The original rearing method of McLeod et al. (1985)
suggested keeping flies in a 42 cm long x 35 cm diameter cylindrical cage. The current
method used 30 cm x 30 cm x 30 cm BugDorm-43030 Insect Rearing Cages (Figure 5.2).
These provided adequate ventilation, and also allowed for easier management of the
micro climate which is created inside the cages. CRF where held in an colony room
which was maintained at 20°C±1 and 50-70% RH and kept at a 16:8 light:dark

88

photoperiod, as per McLeod et al. (1985). The BugDorm cages had four sides covered in
mesh which allowed air flow, minimizing any microclimate within the cage.

Figure 5.2: BugDorm-43030 Insect Rearing Cages (30 cm x 30 cm x 30 cm) used for rearing
carrot rust fly.

No more than 100 adults where kept in a single cage. Inexplicably, the rearing
procedure of McLeod et al (1985) claims to place a 10 cm diameter pot with 50 2-month
old carrot seedlings (cv. Planet). The current method consisted of a single 10cm pot with
2-3 carrots (cv. Belgrado), ~ 2 months old (at least four true leaves) in the cage when
adults were present. Belgrado was used in this rearing process instead of Planet because
of its availability. However, one aspect to be considered was the influence CRF
resistance in commercial cultivars such as Belgrado. While there are no entirely resistant
cultivars, partial resistance is believed to be provided by both antibiosis (plant
characteristics that are detrimental to pest development) and antixenosis (plant
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characteristic that result in non-preference by the pest) (Ellis, 1999; Degen et al., 1999a).
In fact, Degen et al. (1999a) found that a greater number of CRF pupae where recovered
when reared on the susceptible cv. Danvers compared to cv. Sytan, which, at the time,
was labelled as the most resistant cultivar (Ellis, 1999). Never the less, Degen et al.
(1999a) found no difference in the pupal weights of CRF reared on Sytan compared to
Danvers, effectively limiting the effect of antibiosis. Furthermore, there was no choice of
cultivar for CRF oviposition in this rearing procedure, limiting the effect of antixenosis.
While no recent cultivar screening trials indicate any resistance to CRF (McDonald &
Vander Kooi, 2007; McDonald & Vander Kooi, 2008), it might be wise for future rearing
attempts to utilize a cultivar such as Danvers, to reduce any effects of resistance
5.4

Carrot Rust Fly Diet:
Optimizing the diet is an important part of any rearing procedure. By providing

CRF with a diet consisting of water, protein and carbohydrates, it is possible to extend
the adult life from 10 to 20 days (Dufault and Coaker, 1987). CRF is able to produce the
first batch of eggs without prior feeding. However, subsequent batches of eggs require a
diet of protein and carbohydrates (Brunel, 1979). The CRF diet of McLeod et al. (1985)
was also used in the current study. This is a 4:1 mixture of honey and yeast hydrolysate
placed on a filter paper. A similar diet was outlined by Stadler (1971), consisting of 4
parts cane sugar, 1 part enzymatic yeast hydrolysate, and 1.5 parts water, but this was
brushed on to a foam strip and laid on the mesh ceiling. Another rearing procedure
recommended crystalized honey as a carbohydrate source and a 70% soybean flour and
30% brewer’s yeast mixture as a protein source (McClanahan and Niemczyk, 1963).
However, this diet was not evaluated.
One issue with the rearing diet in the current study was the rapid growth of mold
on the food dish, as the conditions in the colony room where optimal for fungal growth.
Often, within 24 hours, the filter paper would be covered in a thick mat of fungal growth,
preventing CRF from feeding. Dr. Christopher Dufault10 was consulted about rearing
10
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CRF. His recommendation was to use a diet which consisted of 150 g cane sugar, 25 g
yeastrel, 2.5 g sodium propylparaben diluted with water to make a 1L solution, and to
provide the diet in 40 mL cups with cotton wool (Dufault, 1992). Yeastrel, which is no
longer commercially available, was substituted with enzymatic yeast hydrolysate. The
addition of sodium propylparaben, as an anti-microbial agent, to the diet worked
effectively to eliminate any fungal growth, and the diet would be replaced weekly due to
evaporation rather than daily from the fungal growth.
5.5

Carrot Propagation and Carrot Rust Fly Rearing Media:
McLeod et al. (1985) did not give a specific recommendation for a soil media in

which to grow the carrots. Rather they simply state that carrots where placed in the
rearing cages in 10 cm diameter pots. The procedure does recommend the use of a 2:1
moist muck:plainsfield sand mixture as a substrate to fill the gaps when transferring the
CRF egg inoculated carrot plugs into a 18 cm diameter pot. Initially, muck soil was
sourced from the fields of the Muck Crops Research Station for growing carrots in the 10
cm diameter pots and 2:1 muck:sand mixture was used in the 18 cm diameter pots.
However, because field soil is full of insect and plant pathogens and was kept warm and
moist, which is optimal for both CRF and disease growth, the carrots would rot before the
larvae could pupate. However, muck soil cannot be autoclaved as the break down of
organic matter releases toxic by-products into the soil. Instead, it was recommended to
bake the soil at 100°C for 24 h to remove any pathogens (pers comm. F. Al-Daoud11).
However, this removed all moisture from the muck soil, and the rehydrated soil does not
recover to its original physical properties (pers comm. M.R. McDonald, 201412). Another
option tested was Sunshine LA4 (Sun Gro Horticulture, Agawam, MA, USA), a
commercially available soilless mix. Carrots grew very well in this media, when placed
in a growth room set to 25°C day and 20°C night time temperature, 65% RH and 16:8

11
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light:dark photoperiod. While this media resulted in good carrot growth, the perlite in the
soilless media made recovering CRF pupa extremely difficult and time consuming. To
address this, I grew carrots in a 3:1 peat moss:sand mixture, as well as 100% peat moss.
However, carrots performed very poorly in these media (Figure 5.3), likely due to the pH
limiting the availability of nutrients. Hence the Sunshine LA4 mix was used even though
more effort was required to recover pupa, as it allowed for the best carrot growth and
CRF development (Figure 2.3).

Figure 5.3: Comparison of carrots grown in Sunshine LA4 mix planted on March 21st, 2016 (left)
and carrots planted in straight peat moss on February 24th, 2016 (right). The same cultivar (c.v.
Belgrado) was used on both planting dates.

Within the colony room, maintaining a consistent soil moisture was quite
difficult, even with 70% RH. When older carrots where in the colony room, water was
needed daily to maintain the evapotransiprational needs of the mature carrot foliage. To
provide even soil moisture, pots were set in a tray of water. However, this was
detrimental to CRF larvae. It is likely that the soil near the bottom was over-saturated
with water, resulting in hypoxic conditions for the larvae entering the soil to pupate. To
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increase carrot growth, the pots where changed in 2016 from 10 cm diameter pots to a 10
cm height x 10 cm width x 15 cm depth pot (Figure 5.4). This allowed for longer,
healthier carrots to be grown. This also allowed for watering from the bottom as the
larvae would typically exit the carrot at a depth above the over saturated soils.

Figure 5.4: Two different pots used to grow carrots to rear carrot rust fly (CRF). The square pots
(left) were used in 2016 to facilitate growing carrots while watering from the bottom and to avoid
CRF larvae drowning in the overly wet soils.

Another challenge faced while rearing CRF was the difficulty in ensuring carrot
survival and for CRF to survive in the carrot growth rooms. The optimal temperature for
CRF development is between 17.5 and 20°C (Stevenson, 1981), and high egg mortality
has been shown to occur at temperatures over 26°C (Whitcomb, 1938, van’t Sant, 1961,
and Overbeck, 1978). Temperatures greater than 26°C occur regularly in the carrot
growth room, while it appeared the there was not sufficient light in the colony room for
carrot growth. Carrots in the colony room rapid chlorosis of the leaves, stunted carrot
growth, and eventually death. Therefore, a compromise had to be made between the two
facilities.
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5.6

Oviposition, Storage and Overwintering:
One of the most difficult aspects of rearing CRF for research was the timing of

adult generations with carrot growth for experiments. Adults only live a short time (~15
days) compared to the immature stages (~50 days) and take 4 days to reach sexual
maturity (Dufault and Coaker, 1987). It requires substantial time and planning, to
maintain a colony of CRF which has a constant supply of adults. It is difficult to
inoculate a trial with larvae, as CRF larvae live below ground inside the carrot root. It is
simpler to let the adult flies lay eggs in oviposition dishes (5 cm petri dish fill with moist
sand and carrot foliage) which allows for easy collection of eggs or placement of eggs
directly onto potted carrots. However, CRF adults would not oviposit in an oviposition
dish. Instead carrots were placed in pots in the rearing cages to allow for direct
oviposition. The benefit of having successfully implemented an oviposition dish would
have been the ability to inoculate carrots with a known quantity of eggs.
Being able to store CRF can be crucial to address the issue of timing emergence
with plant availability as well as creating a mass emergence of adults to collect, while
maintaining the colony size. The easiest way to do this, is to recover pupae during the
rearing process and place them in cold storage at 0-3°C and 95% RH. Carrot rust fly
generally overwinters so a cold period should not be detrimental. From 2014-2015, pupae
were stored in 475 mL (16 oz) Pro-Kal® polypropylene deli container (4.5 x 3”; FabriKal® Corp, Kalamazoo, MI) filled with moist muck soil from the MCRS, and sealed
with a lid. They were kept in a walk-in cooler set to 6°C for up to 5 months to delay their
development into adults. However, after >1 month in the cooler, emergence was reduced
by approximately 90%. After closer examination, it appeared that most of the un-emerged
pupae had turned dark brown (Figure 5.5). The soil in the deli cups had also become quite
compacted as it settled over time in the containers. A “darkening disease” which affects
larvae and pupae is mentioned in the literature (Wright & Ashby, 1946), and it is possible
that this disease is responsible for the mortality observed in these pupae. However, the
causal agent of this disease remains unknown. It is also possible that the increased soil
compaction resulted in anaerobic or overly wet conditions which negatively affected the
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pupae in storage. In 2016, the pupae were stored in a 3:1 mixture of coarse #2A and fine
#3A vermiculite (Therm-O-Rock East Inc., New Eagle, PA, USA) moistened in 475 mL
deli cups as per the recommendation of Dufault (1992). The 3:1 coarse:fine mixture was
determined by conducting a small experiment where 100% coarse, 3:1 coarse:fine, 1:3
coarse:fine, and 100% fine vermiculite was prepared in 475 mL deli containers and used
to store pupae (Figure 5.6). The 3:1 coarse:fine vermiculite mixture provide the best
substrate in terms of moisture retention while minimizing compaction, as well as causing
minimal pupal mortality. While there was greater emergence from this method, dead and
dark brown (Darkening disease) pupae still occurred. The vermiculite also retained
moisture when exposed in the colony room while awaiting adult emergence. Muck soil as
previously explained, does not hold moisture well, and can be hard to rehydrate if it
becomes dehydrated.

Figure 5.5: Healthy carrot rust fly pupae (left) and dark brown unheathly pupae (right), which
could be caused by a darkening disease or overly wet conditions while in cold storage.
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Figure 5.6: Different mixtures of coarse and fine vermiculite (from left to right: 100% coarse, 3:1
coarse:fine. 1:3 coarse:fine, and 100% fine vermiculite) used to store and rear carrot rust flies
from pupae to adults.

5.7

Conclusion:
Establishing and maintaining a CRF colony remains a challenge. The available

CRF rearing literature doesn't include information on anti-microbial agents in the diet, or
vermiculite as a storage substrate. Mcleod et al. (1985) claimed a 25x increase in
population per generation with their rearing method. This could not be replicated during
the two years of CRF rearing. Other researchers claimed 7-8x population increases at best
(pers comm. C. Dufault, 201613). There are many ways the current rearing procedure can
be adapted and improved. The SOP presented in Appendix A – Standard Operating P,
will benefit future researchers. The above information, gathered from professional
knowledge, published literature, and a little trial and error, has improved CRF rearing
efficiency compared to the most recently published rearing procedure (Mcleod et al.,
1985). Future research is needed to continue to improve the rearing efficiency of CRF as
there are still issues with emergence, especially for pupae taken out of cold storage.

13
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Chapter 6
General Conclusions
Carrot rust fly has proven to be a difficult pest to study. Not only is it difficult to
rear (Chapter 5), it also is not consistently abundant in the field from year to year
(Chapter 3). This is significant as CRF is a major pest of apiaceous crops, almost
everywhere they are grown (Dufault and Coaker, 1987). The Holland Marsh is one of the
primary carrot growing regions in Canada, producing nearly 50% of the carrots
consumed in Canada. It is a unique agro-ecosystem in that the soil is very high in organic
matter (~65%), and primarily situated below the water table. Furthermore, the Holland
Marsh is intensively cultivated, with almost no naturalized areas to be found (Holland
Marsh Growers’ Association, 2013). The individual fields essentially coalesce into one
large cultivated area surrounded by 9 km of berms that separate the agricultural land from
the canals.
There has been very little research focused on improving the management of this
pest since the 1980’s, especially in the Holland Marsh region. Outside of the research
conducted by Dr. McDonald at the Muck Crops Research Station (MCRS), there has
been no work done since the 1990’s to improve the management of CRF in the Holland
Marsh. With the efforts to replace OP insecticides, carrot growers in Ontario have few
options to control CRF or CW. Currently, growers only have two active ingredients for
CRF control: cypermethrin, and lambda-cyhalothrin, both of which are pyrethroids
(Ontario Ministry of Agriculture and Food, 2014). Finding alternative insecticide options
for these growers is crucial to ensure consistent control in the future. As CRF adults do
not live in crop fields, but rather in the weeds and hedge rows along-side the fields
(Petherbridge et al., 1942), chemical control options require precise timing, and often
depend on residual activity to achieve a knockdown effect on the adult population
(Collier and Finch, 2009). While it is important that insecticides provide residual activity
to effectively control CRF, it is crucial that they are not persistent in the ecosystem to
ensure the environmental sustainability of the management program. The desired residual
activity would last for weeks, while an undesirable persistent chemical would be present
for years in the soil.
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No correlations were found between CRF activity or damage and weather
parameters such as air temperature, soil temperature, or precipitation, based on 10 years
of historical weather data and trap counts, both provided by the MCRS. Within the
weather data, precipitation and soil temperature were correlated to trap counts. However,
neither of those two variables were related to the trap counts both on and off the MCRS,
suggesting they are not strongly influencing CRF activity.
The lowest CRF damage in the cultivar trial was found in 2008, with 0.1%
damage, while the greatest damage was found in 2008 with 19.3% damage. There was
233 mm of precipitation in spring 2011, compared to 126 mm in the spring of 2008. The
mean precipitation over the time period of this analysis was 145 mm. The mean max
temperature was also a full degree warmer in spring 2011 compared to 2008, and the
mean minimum temperature in 2011(1.15°C) was near the 2°C development threshold for
CRF, unlike in spring 2008 (-0.55°C). Summer was very similar for both years. Fall 2011
had a mean max temperature of 16.4°C, compared to 13.2°C in 2008. Fall 2011 also
experienced 235 mm of precipitation, compared to 164 mm in 2008, with a mean
precipitation of 203 mm for the fall over the 10 years.
The CRF forecasting model was evaluated, and it accurately predicted the 1st
generation emergence, while the emergence of the 2nd generation was off by about
150DD3°C both on and off the MCRS. This suggests that the forecasting model needs to
be revised to more accurately predict the 2nd generation CRF emergence.
In both 2015 and 2016, there was very low CRF pressure in the trials and in most
of the Holland Marsh. Thus, the trials to evaluate the effectiveness of the IPM program
found no reduction in CRF damage from applying insecticides according to the IPM
program. However, CRF damage was numerically lower when following the IPM
program both years. This suggests that following the IPM program recommendations will
provide a reduction in CRF damage under high pest pressure.
Over two growing seasons, 21 formulated insecticide products with 15 different
active ingredients were evaluated for their efficacy in controlling CRF. However, as a
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result of low CRF pressure, no conclusions could be made on their efficacy. Similarly, it
was not possible to evaluate the usefulness of the synergist, piperonyl butoxide (PBO)
with cypermethrin.
In conjunction with a project focused on the IPM of carrot weevil (CW), a survey
was conducted for natural enemies of these two carrot insect pests in the Holland Marsh.
Eight commercial carrot fields were surveyed in 2015 and 2016, along with two the
research plots where the IPM program for carrot insect pests was evaluated. A total of
4,127 individual insects from 50 unique taxa were identified. Known naturally enemies of
both CRF and CW, such as B. quadrimaculatum, P. melanarius, and, A. sanctaecrucis,
were identified and found to be dominant species in both 2015 and 2016. Small carabids
(< 8 mm in length), which are known to prey on CRF more than larger carabids (> 8 mm
in length), make up a large part of the species composition. In both years, differences in
species richness and abundance were found among the commercial fields, and trended
towards the more naturalized area supporting more diversity. The use of the IPM program
for carrot insect pests in the Holland Marsh did not reduce the species richness or
abundance of natural enemy compared to insecticide free areas. This supports the
sustainability of the IPM program and its sensitivity towards beneficial insects. The
current biological control situation in the Holland Marsh likely provides some benefit to
the overall pest management for growers. Conservation biological control is most
effective at maintaining a low pest pressure, rather than reducing a pest outbreak, and it is
possible that these natural enemy populations play a vital role in maintaining the CRF
pest pressure below the 5% economic damage threshold. Exploiting the additive effects
of biological control, utilizing greater conservation biological control efforts, such as the
re-naturalization of the canal berms, could further reduce the already low pest pressure
found in the Holland Marsh.
There was critical information missing from the current CRF rearing procedure.
Improvements were made to the CRF rearing procedure, and a standard operating
procedure was prepared. For example, the adult diet was improved by the addition of an
anti-microbial which prevented fungal growth, and increased pupae survival was
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observed when placed in a 3:1 mixture of coarse and fine vermiculite, compared to muck
soil.
There are several areas for future research. The CRF rearing procedure needs
additional improvement to ensure CRF longevity and increase numbers to sustain
laboratory studies. Ideally, the development of an artificial diet specifically for CRF
would greatly improve the rearing procedure.
With the establishment of a successful CRF colony it would be possible to
conduct a study to determine the effects of 1st generation CRF damage on carrot which
remains a major knowledge gap. The reason for this is that when CRF 1st generation
adults are trapped in the field damage is rarely seen. It is possible that carrots simply out
grow the CRF mining damage before they are harvested, but this remains unknown.
The development of a more robust rearing procedure could also facilitate
laboratory studies to further evaluate the efficacy of insecticides for control of CRF. In
the field, future trials should focus on greater exploration into the benefits of the IPM
program, as well as possible improvements to the current IPM program such as applying
the first spray one week prior to emergence as suggested by Blood et al. (1999).
Furthermore, in-furrow insecticides did not control either CRF or CW. Thus, it is unlikely
that in-furrow insecticides will be more effective than seed treatments, while being
applied at higher rates.
Future field trials should instead expand on the evaluation of potential seed
treatments and post-emergent insecticides. Seed treatments of interest are: 1) tefluthrin
(Force® 20CS, Syngenta Crop Protection Canada, Guelph, ON), given the positive results
in the UK (Ester et al., 2007); and, 2) cyantraniliprole (Fortenza®, Syngenta Crop
Protection Canada, Guelph, ON) given its efficacy in controlling CW (Pers comm. Z.
Telfer14). Post-emergent insecticides of interest are: 1) cyantraniliprole (Exirel™, DuPont
Canada, Mississauga, ON) given that it is registered for use on carrots in Canada; 2)
14
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flupyradifurone (Sivanto® 240FS, Bayer CropScience Canada, Toronto, ON) a novel
butenolide insecticide which has not been thoroughly evaluated for its efficacy in
controlling CRF. Sivanto also has many desired characteristics such as a long residual
activity, and minimal risk to beneficial insects. And, 3) chlorantraniliprole (Coragen®,
E.I. Dupont Canada Company, Mississauga, ON) which Collier (2014) determined had
some efficacy on CRF in England.
The CRF and CW natural enemy survey conducted as part of this thesis provides
a rudimentary overview of the species composition in the Holland Marsh. Future studies
should utilize more diverse surveying methods, including malaise and pan traps to sample
for Dipteran and Hymenopteran natural enemies. Furthermore, surveying of naturalized
areas such as the canal berms, ditches, and forested areas would also provide a greater
understanding of natural enemy species diversity. It is also possible to use the current
knowledge to initiate naturalization of the recently expanded canal berms at the Holland
Marsh. Identification of the plant species that provide forage and shelter for natural
enemies of CRF and CW could result in those species being planted on the canal berms in
an effort to increase conservation biological control at the Holland Marsh. Surveying also
may determine where CRF is taking shelter, since adults do not live in the crop fields.
Exactly where CRF adults live remains unclear in the Holland Marsh, as most fields are
quite a distance from any naturalized area, yet still receive CRF damage.
Furthermore, while this study did not find that the IPM program for carrot insect
pests has an effect on natural enemy species richness or abundance, this needs to be
confirmed in commercial carrot fields. Future studies should focus on cooperating with
carrot growers to determine how natural enemy populations are affected under
commercial applications of the IPM program recommendations. As the IPM program
recommendations are specific to each field, acquiring the pesticide spray records for
commercial fields which are surveyed would allow for a more in-depth evaluation into
how the IPM program influences natural enemy population.
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This research has continued to advance the search for alternative chemical control
option of CRF for the Holland Marsh carrot growers. Future research trials will be able to
build on the results of these insecticide efficacy trials and further evaluate novel products
and application methods. Furthermore, the natural enemy survey identified many
significant natural enemies of both major insect pests of carrots in the Holland Marsh.
This can be used in future research to target specific plant species which promote
beneficial insects. The IPM program for carrot insect pests was not shown to be
detrimental towards natural enemies, while still reducing insect damage on carrots,
supporting its beneficial and sustainable nature in the Holland Marsh. Finally, CRF
rearing was demonstrated to be in dire need of improvement if laboratory trials are to be
conducted on CRF. Many such areas have been identified with potential solutions
proposed, such as better storage media for diapause and an improved diet.
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Purpose
To describe the procedure used to maintain a colony of carrot rust fly (Psila rosae).
Scope of Application
Carrot rust fly (CRF) is an economically important agriculture pest. It is often
necessary to maintain a colony to be able to evaluate different factors of an IPM
program in the lab. The rearing procedure was originally established by Mcleod et al.
(1985).
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Responsibility
All personnel and students working with carrot rust fly in the Scott-Dupree Agro-Eco
Research Lab.
Materials Required
1.
2.
3.
4.
5.
6.
7.

32.5 x 32.5 x 32.5 cm mesh cages (BugDorm-43030 Insect Rearing Cage)
10 cm x 10 cm x 15 cm square pot (1 per cage) (
18 cm diameter flower pot (1 per cage)
Sunshine LA4 soilless mix (Sun Gro Horticulture)
Soil mixture (2:1 muck soil:sand)
Coarse and fine vermiculite
Carrots (c.v. Danvers) with foliage (two or 3 ~2month old carrots (4th true leaf
stage) grown in 10 cm x 10 cm x 15 cm square pots)
8. Carrots (c.v. Danvers) without foliage (~1-2 cm in diameter and 15 cm long)
9. 16oz plastic deli cups with lids
10. 30 ml plastic cups with lids
11. Cotton wick (~2 cm long)
12. Tap water
13. Cane sugar
14. Yeast hydrolysate enzymatic (Fischer Scientific #ICN10330401)
15. Nipasol (Propyl paraben) (Sigma Aldrich # P53357)
16. 100 mL glass beaker
17. Glass stir rod
18. Spray bottle
19. Forceps
20. 450 ml plastic pitcher
21. Scoopula
22. Growth room set to 20°C±1°C, 50-70% RH, 16:8 h light:dark photoperiod
23. Growth room set to 10°C±1°C, 50-70% RH, 16:8 h light:dark photoperiod
24. Cold room set between 1-6°C
Procedure
Preparing rearing cages:
1. Place a 10 cm x 10cm x 15 cm pot filled with the Sunshine LA4 and 2-3 two
month old carrots with foliage in the cage containing CRF adults (Max ~50 adults
per cage).
2. After 1-2 days, remove the pot from the mesh cage (pot should contain ~100 eggs
in the top 1 cm of soil).
3. Keep the 10 cm x10 cm x15 cm pots in the growth room (20°C) for 10-12 days
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4. Mist the top of the soil as necessary with tap water using a spray bottle to prevent
the eggs from drying out.
5. At 10-12 days, place the carrot/soil plug from the 10 cm x 10 cm x 15 cm pot into
an 18 cm diam pot containing 5 cm of the 2:1 muck soil:sand mixture at the
bottom.
6. Place additional carrots (sliced vertically if too big to fit) around the outside of the
plug.
7. Fill the remaining gaps with additional 2:1 muck soil:sand mixture, to the top of
the pot.
8. Keep in growth room (20°C) for 6-7 weeks, checking the pot every 1-2 days to
apply water to the surface as necessary to ensure soil does not dry out.
a. Avoid using a saucer to provide water from the bottom as it oversaturates
the soil, creating a suboptimal condition for the larvae.
Adult Diet:
1.
2.
3.
4.

Up to 50 CRF adults can be kept in a 32.5 x 32.5 x 32.5 cm mesh cage.
Fill a 30 mL cup with tap water and a 2cm cotton wick
Place a prepared 30 mL cup in each cage as a water source
In a 1L beaker, prepare a mixture of 150 g cane sugar, 25 g yeastrel, 2.5 g
Nipasol diluted with tap water to make a 1L solution
5. Fill a 30mL plastic cup with cotton wicks and cane sugar solution and place in
each cage as a food source.
6. Cages are kept in the growth room set to 20°C±1°C, 50-70% RH, 16:8 h
light:dark photoperiod
Diapause induction:
1. If diapause is to be induced, prepare oviposition containers as directed through
steps 1-7.
2. After step 6, move the prepared 18 cm diam pots to the growth room set at 10°C
50-70% RH, 16:8 h light:dark photoperiod.
3. Pots should sit in growth room for 9 weeks before proceeding to step 4.
4. Follow pupae extraction steps 1-9 detailed below.
Pupa extraction:
1. Take 6-7 week old 18 cm pots of non-diapause CRF or 9 week old 18 cm pots of
diapausing CRF from the growth room.
2. Fill 450ml plastic container with tap water.
3. Remove carrots from 18 cm diam pot and break them apart to remove any larvae
remaining in the carrots.
4. Place remaining larvae in 30 ml plastic cups with 1 cm of moist muck soil and
seal with a lid in growth room set to 20°C
a. After 1 week, remove lids and examine cups for pupae and continue to step
7.
b. If still in larval stage after 1 week, wait another week and repeat.
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5. Slowly transfer the soil plug from the 18 cm diam plot into the water and mix
gently.
6. Use a scoopula to extract pupae that float to the surface
7. Place extracted pupae in 16oz deli cups with 5cm of moist 3:1 coarse:fine
vermiculite and seal with a lid to be stored for later use (at 0-3°C) or placed in the
growth room (20°C) without a lid for continuous rearing.
a. Pupae can be stored for up to 5 months at 1°C
8. Adults will emerge in 25-30 days at 20°C.
9. Follow steps in the sections Adult Diet and Preparing rearing cages to continue
rearing CRF.

Standard Operating Procedures

