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Abstract 

Three Chinese parasitoids are currently being released in North America to 

control emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae):  

Spathius agrili Yang (Hymenoptera: Braconidae), Tetrastichus planipennisi Yang 

(Hymenoptera: Eulophidae), and Oobius agrili Zhang and Huang (Hymenoptera: 

Encyrtidae). The degree to which cold climates may limit their potential distributions in 

North America is unknown, especially in areas like Minnesota that experience a wide 

range of winter temperatures. To assess parasitoid cold tolerance, I developed a new 

thermocouple design to reliably measure the temperature of small insects, such as 

parasitoids. I then exposed the parasitoids to temperatures from 0 to -35°C in the lab to 

assess their cold tolerance.  NAPPFAST software was used to forecast overwintering 

mortality of S. agrili and T. planipennisi in North America. These forecasts of 

overwintering mortality will aid researchers and policy makers in deciding where the 

parasitoids should be released. 
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Chapter I 

Literature Review 

1. Emerald ash borer and its parasitoids in North America 

 
 Emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), is 

an invasive Asian beetle that was first detected in North America (Michigan, USA 

and Ontario, Canada) in 2002 (Haack et al. 2002; McCullough & Katovich 2004). 

Various methods are being considered to control A. planipennis, including biological 

control using hymenopteran parasitoids from eastern Asia. However, for these 

parasitoids to establish in North America and potentially reduce A. planipennis 

densities, they must be able to overwinter where they are released. To determine 

where overwintering might be successful, the cold tolerance of the parasitoids must be 

understood. Likewise, choosing an emerald ash borer parasitoid that is suited for 

winter climates in a particular area may also increase the likelihood of a successful 

biological control program against A. planipennis. This review will discuss literature 

pertaining to the biology and control of A. planipennis, the effects of cold on insects, 

and how insect cold tolerance can affect the success of a biological control program. 

While A. planipennis was discovered in North America in 2002, 

dendrochronological analysis of trees killed by this insect suggests the infestation 

began in the mid-1990s (Siegert et al. 2009). After initial infestation, North American 

trees typically die within six years after an infestation starts (Poland & McCullough 

2006; Knight et al. 2013).  At least 50 million ash trees have been killed by A. 

planipennis in Michigan alone (Smith et al. 2009). A. planipennis was first discovered 

in Minnesota in 2009 in St. Paul (Minnesota Dept. of Agriculture; Fissore et al. 2012) 

and currently occurs in 17 US states and two Canadian provinces; the insect may 
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spread to 25 North American states and provinces over the next decade (Kovacs et al. 

2010).  

1.1 Emerald ash borer life cycle  

The life cycle of A. planipennis is described in-depth by Wang et al. (2010a). 

Adults emerge between 800 to 1200 degree-days (base 10°C) from the start of a year; 

peak adult emergence in North America typically occurs in June or July (Brown-

Rytlewski & Wilson 2005; Poland et al. 2011). Adults begin to feed on ash foliage 

prior to mating, and females oviposit approximately 10 days after emergence; females 

place eggs in bark crevices of an ash tree (Poland et al. 2011). Larvae emerge from 

the eggs and chew through the bark, phloem, cambium and outer sapwood of ash 

(Fraxinus spp.) where they will continue to feed in a serpentine pattern between the 

xylem and phloem. Under high larval densities, galleries from the tunneling prevent 

nutrient and water transport, thereby causing crown dieback and eventually tree death. 

Larvae develop through a univoltine life cycle with four instars during the 

growing season (Chamorro et al. 2012). Agrilus planipennis typically overwinters as a 

late fourth instar after entering the outer sapwood to construct an overwintering 

chamber (Wang et al. 2010). However, pupal chambers can sometimes be constructed 

in the bark (Crosthwaite et al. 2011).  The following spring, larvae pupate and eclose 

as adults.  This univoltine life cycle is typical for A. planipennis, but occasionally first 

to third instars overwinter in the gallery and require two years to complete 

development.  The semivoltine life cycle often occurs in low density infestations 

(Poland & McCullough 2006). Insufficient accumulation of degree days within a year 

or host plant resistance may also result in semivoltine development (Wei et al. 2007; 

Tluczek et al. 2011). 

1.2 Implications of the emerald ash borer infestation 
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The invasion of A. planipennis has the potential to cause major changes in 

urban and forest landscapes where ash species are common. Ash mortality appears to 

be due to high densities of A. planipennis larvae per tree (Knight et al. 2013). Dead 

ash trees had typically accumulated approximately 100 A. planipennis exit holes/m2 

by the time of death (McCullough & Siegert 2007). 

Invasive insects may be able to achieve high population densities because they 

are no longer constrained by mechanisms that regulate populations in their native 

ranges.  For example, many insects have predators, parasites, pathogens, and/or 

parasitoids that can cause high-degrees of mortality.  The enemy release hypothesis 

suggests that invasive species become problematic because natural antagonists have 

been left behind (Colautti et al. 2004). The vacant niche hypothesis suggests that 

resources exist in an area that are unexploited by native species; a species will invade 

if it can use these resources.  Vacant niches can be created, for example, when host 

plants evolve mechanisms to resist herbivores, but those mechanisms are ineffective 

against new species.  Agrilus planipennis is not a major pest in northeastern Asia, its 

native range. However, A. planipennis has severely damaged North American species 

of ash that were transplanted in China, but not Asian ash species (reviewed by Wei et 

al. 2007). This difference suggests host plant resistance may provide some protection 

to Asian ash species against A. planipennis. All North American Fraxinus spp. are 

susceptible to some degree to A. planipennis, but blue ash (Fraxinus quadrangulata 

Michx.) appears to be more tolerant of A. planipennis infestations than other Fraxinus 

spp. in some locations (Anulewicz et al. 2008; Tanis & McCullough 2012).  

Natural dispersal and human-mediated movement of infested ash material has 

contributed to the spread of A. planipennis. Taylor et al. (2010) demonstrated that 

mated females are able to fly at least 20km in a 24h period. However, approximately 
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90% of larvae have been found within 100m of trees from which parents likely 

emerged (Mercader et al. 2009). Infested wood products, such as firewood, nursery 

stock, and refuse that are moved long-distances are another major source of new 

satellite populations of A. planipennis (McCullough et al. 2007; Siegert et al. 2010; 

Koch et al. 2012). The combined effects of natural and assisted dispersal lead to a 

high likelihood of A. planipennis spreading to new areas (Muirhead et al. 2006). 

Given the high potential for A. planipennis to spread rapidly and cause ash 

mortality, this insect is projected to have high financial and ecological impacts. For 

instance, costs associated with lost property value, tree removal, and replacement total 

between $13.4-26.0 billion in Illinois, Indiana, Michigan, and Wisconsin if all trees in 

those states were infested with A. planipennis (Sydnor et al. 2011). An additional 

$10.7 billion in costs would occur in eastern states from 2009 to 2019 (Kovacs et al. 

2010). In ecosystems where ash trees are predominant, A. planipennis is also expected 

to cause significant disturbances in these areas (Ghandi & Herms 2010; Ulyshen et al. 

2011a). Hausman et al. (2010) predicted increased soil degradation and increased 

light reaching the forest floor after dieback in ash stands. This may lead to the spread 

of invasive plants in forest ecosytems. Due to the high risks and costs associated with 

the spread of A. planipennis, measures to control the spread and growth of A. 

planipennis populations are currently being employed. 

1.3 Control Tactics in North America 

Multiple methods are currently being studied and employed to control A. 

planipennis populations. To find infestations, ash trees are typically scouted for 

symptoms of infestation, such as crown dieback, bark splitting, epicormic shoots, and 

D-shaped adult emergence holes (Wang et al. 2010). Damage from woodpeckers 

seeking the larvae under the bark can also be apparent (Lindell et al. 2008; Duan et al. 
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2012a). Colored traps with volatile lures that are attractive to adult A. planipennis are 

used to monitor areas for potential infestations (Poland et al. 2011; Crook et al. 2012) 

When an infestation is found, the area is included in a state or federal quarantine to 

prevent the movement of infested ash wood products outside of the quarantine zone. 

In Minnesota, Houston County was the first county in the United States to be placed 

under quarantine before A. planipennis was detected because the beetle was detected 

in adjoining counties across the Wisconsin border (personal communication; M. 

Abrahamson, Minnesota Dept. of Agriculture). At the end of 2012, Hennepin, 

Ramsey, Winona, and Houston Counties in Minnesota were under quarantine for A. 

planipennis. 

Several methods exist to reduce A. planipennis densities within an infested 

area. Infested ash trees are commonly removed and ground or heat treated to kill the 

larvae inside (McCullough et al. 2007). Chemical treatments, such as imidacloprid 

and emmamectin benzoate, are also effective for treating individual trees, but they 

need to be reapplied annually or every other year (Mercader et al. 2011). In 

municipalities and in small satellite populations, chemical treatments and tree girdling 

may be an effective means of attracting adults and killing their offspring when they 

hatch (McCullough et al. 2009; Mercader et al. 2011; McCullough & Mercader 2012) 

However, tree removal and insecticide treatments will not easily eradicate an 

established population and may not be feasible for management in forests where a 

higher number of trees may need to be managed. 

Predators, microbes, and parasitoids (i.e., biological control) may cause some 

mortality of A. planipennis. Woodpeckers are common predators of A. planipennis 

larvae (Lindell et al. 2008; Duan et al. 2012a). Fungi such as Beauveria bassiana 

occur naturally and have been used in microbial sprays (Liu & Bauer 2006; Castrillo 
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et al. 2010). These sprays can cause up to 83% adult mortality the year of application 

and the fungi may persist in the environment to infect subsequent generations of A. 

planipennis. Microbial sprays have similar limitations to chemical sprays in that they 

must be manually applied and may not be feasible on a large scale.  Parasitoids 

already present in North America, such as Atanycolus spp.,  Eupelmus pini, Spathius 

floridanus, S. simillimus, and Balcha indica (a non-native), will also attack A. 

planipennis larvae (Marsh & Strazanac 2009; Duan et al. 2009, 2011a; Abell et al. 

2012). However, native parasitoids typically parasitize less than 3% of A. planipennis 

larvae (Liu et al. 2003; Duan et al. 2009). While native predators, diseases, and 

parasitoids attack or infect A. planipennis, they do not sufficiently control its 

population levels to prevent excessive mortality of ash in North America. 

The US Department of Agriculture (USDA) conducted surveys in Asia for 

potential natural enemies to initiate a classical biological control program for A. 

planipennis in North America (Liu et al. 2003). Several parasitoid species were 

screened under quarantine conditions to ensure non-target hosts would not be 

adversely affected (Liu & Bauer 2007; Bauer et al. 2008; Yang et al. 2008).  Three 

parasitoids were approved ultimately for release in North America: Oobius 

agrili Zhang and Huang (Hymenoptera: Encyrtidae), Spathius agrili Yang 

(Hymenoptera: Braconidae), and Tetrastichus planipennisi Yang (Hymenoptera: 

Eulophidae) (Yang et al. 2005; 2006; Zhang et al. 2005).  The parasitoids originated 

from eastern China where they parasitized 40-90% of A. planipennis larvae (Liu et al. 

2007; Yang et al 2010). 

The three parasitoids parasitize various life stages of A. planipennis during the 

year. S. agrili, an ectoparasitoid, and T. planipennisi, an endoparasitoid, both typically 

search out late instar larvae and oviposit through the bark where the offspring feed on 
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and kill the host A. planipennis larva (Wang et al. 2010; Yang et al. 2010). S. agrili 

finds Fraxinus spp. by detecting volatiles from the tree and uses vibrations from 

feeding A. planipennis larvae to detect potential hosts after. Whether T. planipennisi 

uses similar methods as S. agrili to detect hosts remains uncertain (Ulyshen et al. 

2011b). For these parasitoids, development from egg to adult is complete in 3-4 

weeks in summer and adults exit the gallery by chewing through the bark; each 

species can complete multiple generations in a growing season (Yang et al. 2010; 

Duan et al. 2011b).  O. agrili adults are parthenogenic and parasitize A. planipennis 

eggs on the bark of ash trees. O. agrili eggs develop within the egg and emerge as 

adults in approximately one month and can have at least two generations a year (Liu 

et al. 2007; USDA 2007). 

Each species of emerald-ash-borer parasitoid overwinters in a different stage.  

S. agrili overwinter as diapausing pre-pupae within the host gallery (Yang et al 2010). 

T. planipennisi overwinter as late-instar larvae, but are not known to enter diapause 

(Ulyshen et al. 2011c). O. agrili overwinter as diapausing pre-pupae within the egg 

remnants (Liu et al. 2007).   

For the biological control program to be successful, the parasitoids must 

establish at release sites in North America, and their densities must rise to levels that 

are able to suppress A. planipennis populations. To produce sufficient parasitoids for 

release, USDA–Animal and Plant Health Inspection Service (USDA-APHIS) 

established a mass rearing facility and shipped parasitoids to cooperators who wished 

to start a biological control program for A. planipennis.  For the parasitoids to 

establish, they first must find a viable host after being released and successfully 

oviposit on A. planipennis (Yang et al. 2008; Wang et al. 2008; 2010b). The 

developing offspring must then experience sufficient temperatures to develop to their 
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overwintering stage or mature into adults to produce further generations (Jenner et al. 

2010; Gould et al. 2011). Sufficient numbers of each parasitoid should be present in 

an area at the time of release to ensure that all females find a mate (Suckling et al. 

2012). Finally, enough parasitoids need to survive winter for the population to persist 

the next year.  However, the ability of these three parasitoid species to survive winter 

temperatures is poorly understood and may limit the northern distribution of the 

parasitoids in North America.   
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2. Insect injury and mortality due to cold 

Insects are ectotherms, so their body temperature is dictated typically by their 

environment. Cold temperatures can be stressful to insects and can limit the 

geographic distribution of a species (Denlinger & Lee 2010). Mortality from exposure 

to cold has two general causes, either physical damage as body fluids freeze or stress 

not associated with freezing.  Insects use a number of strategies to survive cold 

exposure. 

2.1 Types of cold tolerance 

Freezing occurs within the body of ectotherms below 0°C.  Freezing can be 

lethal to many species of insects (Sømme 1982). In these cases, cells can be lysed by 

ice crystal formation or by the concentration of solutes as ice crystals form (reviewed 

by Denlinger & Lee 2010). For freeze-intolerant (chill tolerant) insects, freezing can 

be considered the minimum temperature at which a species might survive. Freeze-

tolerant insects can survive ice formation within their body but may still succumb to 

cold if temperatures continue to fall below the freezing point.  Mortality in chill 

intolerant species occurs before an insect freezes. Because freezing is not a direct 

cause of mortality of chill intolerant and freeze tolerant organisms, other effects of 

cold must be examined to fully understand how cold can affect potential biological 

control agents. 

Cold stress can occur when a metabolic pathway is disrupted, potentially by 

the deactivation of particular enzymes or change in ion transport below a specific 

temperature (Denlinger & Lee 2010). In these cases, concentrations of particular 

solutes may become toxic, or cells may not have adequate resources to maintain 

homeostasis. As an insect is overwintering, it is typically unable to consume food and 

must rely on reserves to survive. Cold stress can occur during cool temperatures not 
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that are not immediately lethal, but prevent the insect form obtaining additional 

nutrition (Meurisse et al. 2012). The insect may not be able to maintain concentrations 

of glycerol or solutes and spontaneously freeze (Skandalis et al. 2011). Likewise, the 

insect may not be able to obtain water, which can lead to desiccation under low winter 

humidity. Some insects can survive extreme desiccation at low temperature, but 

others are very susceptible to water loss (Worland et al. 2003). Resources spent on 

low temperature survival may not leave sufficient resources to complete development 

or achieve adequate fecundity if the organism does survive past winter (Colinet & 

Boivin 2011).  

An organism’s degree of cold tolerance is not static. Some insects can alter the 

temperature at which they freeze (Sømme 1982). The potential for ice crystal 

formation can be reduced through various physiological modifications. Higher 

concentrations of solutes in the hemolymph, anti-freeze chemicals (e.g., glycerol or 

anti-freeze proteins, proteins that stabilize the cell membrane) or reducing water 

content by desiccation can lower the temperature at which an insect freezes (reviewed 

by Denlinger & Lee 2010). For short term protection, insects can undergo rapid cold 

hardening (Sinclair & Roberts 2005). For example, after brief and sudden exposure to 

cold temperature at 0°C, rice stem borer (Chilo suppressalis) larvae had greater 

survival when exposed to temperatures below 0°C compared to those not given the 

brief exposure at 0°C (Qiang et al. 2008). Rearing conditions can also affect the extent 

of cold tolerance. For instance, Spodoptera exigua reared under cooler temperatures 

and shorter day length froze at lower temperatures and had higher hemolymph 

osmolality and glycerol levels than those from warmer and longer photoperiod 

conditions (Kim & Song 2000). Some insects, such as aphids, acclimate to cold as 
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temperatures change gradually over generations, and overwintering individuals can 

become more cold hardy as winter progresses (Alford et al. 2012; Saeidi et al. 2012).   

Organisms can also undergo diapause, which is a state of developmental 

dormancy triggered by conditions such as decreasing temperature and daily sunlight. 

Diapause can prevent an organism from continuing development during short warm 

periods in winter so that it remains in a less vulnerable stage if cold temperatures 

return. Since development ceases during diapause, the organism can also dedicate 

resources to other bodily functions, such as cryoprotection (Lee & Denlinger 1991). 

Diapause can be broken by sufficiently warm temperatures or day length, but some 

species must also remain at cold temperatures for a length of time before breaking 

diapause (Keena et al. 2012). 

2.2 Measurements of cold tolerance 

For insects, three measures are commonly used to assess cold tolerance at the 

population level: supercooling point, lower lethal temperature, and lower lethal time. 

Each measure has similarities to the other measures, but also provides unique 

information about a population-level response to brief cold exposures, long term 

exposures, and fluctuating temperature. Each measure has strengths and limitations. 

2.2.1 Supercooling points. The temperature at which an insect begins to freeze 

is its supercooling point (Salt 1961), and is the lowest temperature an insect reaches 

prior to an exotherm, an increase of temperature due to heat released as water 

crystalizes (reviewed in Denlinger & Lee 2010). These temperatures are lethal for 

freeze intolerant species, though mortality can occur before, during, or after freezing 

for different individuals (reviewed in Sømme 1982). 

Supercooling point studies involve relatively brief exposures performed with a 

constant cooling rate such as 1 or 0.5°C min-1 (Renault et al. 2002). The temperature 
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of the insect can be measured with an attached thermocouple in supercooling point 

experiments, but there are different methods of cooling the insect. Some studies will 

place the insect in an alcohol bath calibrated to cool at a constant rate (Hughes et al. 

2010). Others will place the insect in a polystyrene cube sized to cool at a constant 

rate when placed in a -80°C freezer (Carrillo et al. 2004). Since freezing can be 

observed in real-time due to the exotherm, the insect can be removed immediately 

after it freezes, and mortality can be measured for insects that froze. The mortality of 

the frozen individuals can be assessed to determine if they are freeze tolerant. 

However, mortality can vary depending on whether the insect is removed from the 

cold immediately after reaching the supercooling point, the peak of the exotherm, or 

after completion of the exotherm (e.g., Koch et al. 2004). If the frozen insect does not 

survive it may be either freeze-intolerant or chill-intolerant, but these alternatives 

cannot be distinguished until the temperature that caused mortality is known. 

Some limited, but useful, inferences about species distribution limits can be 

made from supercooling point measurements alone (reviewed by Renault et al. 2002).  

For insects that are chill tolerant and freeze intolerant, temperatures must remain 

above the supercooling point for an insect to survive (e.g., Carrillo et al. 2005).  After 

an extensive review of the literature, Sømme (1982) concludes that the majority of 

insects are freeze-intolerant.  The extent of chill tolerance among insects is not 

known.  The supercooling point provides a preliminary measure of cold tolerance 

with respect to freezing, but it does not account for other factors such as cold stress 

that cause mortality.  Supercooling points alone do not provide particularly useful 

information about geographic limits for chill intolerant or freeze tolerant species.  To 

measure mortality due to freezing, cold stress, or both factors, two additional 

measures of cold tolerance are typically used.  
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2.2.2 Lower lethal temperature. Lower lethal temperature is a measure of 

mortality in a population after brief exposure to a low temperature. It is determined in 

the same manner as supercooling point experiments, but instead of removing the 

insect at the supercooling point, it is removed at a predetermined target temperature 

and assessed for mortality (e.g., Woodman 2012). Target temperatures are chosen to 

cover a range of temperatures the insect is likely to experience. This allows for 

mortality to be measured that could be due to freezing or cold stress. Models can also 

be developed to relate the extent of mortality to temperature.  Geographic forecasts of 

overwintering survival can be made with these models based on the minimum annual 

temperatures across a region.  

Results from lower lethal temperature studies, when compared with results 

from supercooling point studies, can be used to infer the general strategy a species 

uses to survive exposure to brief cold events, such as nightly low temperatures.  

Specifically, supercooling point data can be analyzed to calculate the proportion of a 

population that would be expected to freeze after exposure to a particular temperature.  

That estimate is compared with an estimate of the proportion of a population that is 

expected to die after exposure to that same temperature.  Chill intolerance is indicated 

if the extent of mortality is greater than the extent of freezing.  Freeze intolerance is 

indicated if the extent of mortality is the same as the extent of freezing, and freeze 

tolerance is implied if the extent of mortality is less than the extent of freezing. 

However, lower lethal temperature studies do not account for the effects of 

repeated extreme cold events on insect survival (Marshall & Sinclair 2012). Lower 

lethal temperature also does not account for additional cold stress accumulated over 

time. Therefore, mortality is likely to be under estimated when using lower lethal 

temperature studies as a basis to predict field mortality. 
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2.2.3 Lower lethal time. Lower lethal time is similar to lower lethal 

temperature, but measures mortality after multiple lengths of exposure to a constant 

low temperature. In lower lethal time experiments, insects can be placed in a freezer 

and held at a constant temperature for a period of days or months (e.g., Hughes et al. 

2010; Morey 2012). Mortality due to length of exposure at specific cold temperatures 

can then be used to predict overwintering mortality over long time periods, such as an 

entire winter (e.g., Carrillo et al. 2006).  

For species that overwinter within the soil or underneath snowpack where 

temperatures remain relatively constant, this method may accurately predict 

overwintering mortality. However, for insects that overwinter above the snowpack 

and are subject to variations in temperature, a lower lethal time experiment using 

constant temperatures may not accurately predict mortality (Koštál et al. 2007). 

Lower lethal time experiments can vary temperatures around a target mean 

temperature (Terblanche et al. 2011). Lower lethal time measures can also capture 

mortality due to stress factors such as starvation and desiccation that inherently may 

also occur over long periods of cold exposure (Terblanche et al. 2011). 
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3. Biological control and parasitoid cold tolerance 

Biological control is the use of organisms or viruses to reduce pest 

populations; in classical biological control a natural enemy of an invasive pest is 

imported from the pest’s native range (Hajek 2004). For a classical biological control 

agent, such as a parasitoid, to be successful it must be able to establish and persist in 

the new location (van den Bosch et al. 1982). Multiple factors can influence 

establishment. 

Hajeck (2004) gives two conditions where parasitoids are more likely to be 

successful in controlling the target pest. The first is if the parasitoid larvae are 

gregarious, then parasitoid densities can quickly increase if high host numbers are 

found. The second is if the parasitoid host is a plant feeder with high host specificity, 

the parasitoids may be able to find their host easier by looking for the specific host 

plant. In the case of the emerald ash borer parasitoids, A. planipennis is highly 

specific to Fraxinus spp. and two the parasitoid species, S. agrili and T. planipennisi, 

are gregarious. Being able to find a host and maintain a population during the growing 

season are important factors for parasitoid establishment and success, but the 

suitability of climates where parasitoids are released often is a major limiting factor in 

the success of a biological control program. 

Unsuitable climates often interfere with biological control programs. Hajek 

(2004) reports 4096 separate recorded introductions of non-native parasitoids 

occurred in the United States through 2000. However, only 14.7% of these 

introductions were considered successful in controlling the target pest. The low 

establishment rate is due in part to climate mismatch, but establishment rates improve 

as areas have more similar climates (Stiling 1990). For instance, Trioxys pallidus, a 

parasitoid of walnut aphid, , Chromaphis juglandicola, was imported to California, 
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but was unable to establish in northern California likely due to hotter summers and 

colder winters than in its native range in France (reviewed by Hajek 2004). However, 

T. pallidus were also imported from central Iran, which has a climate similar to 

northern California, and established (reviewed by Hajek 2004). Specific to the 

Chinese A. planipennis parasitoids, the climate component that will likely determine 

how far north the parasitoids can persist is whether they are able to survive winter 

temperatures. If enough individuals are able to survive winter temperatures in a given 

location, the population should become established. Depending on factors that affect 

the cold tolerance of these parasitoids, different climates may be suitable for each 

species.  

3.1 General parasitoid cold tolerance 

The effects of cold on parasitoids, like other insects, depend on life stage, 

cold-tolerance strategy, exposure duration, and rearing conditions. Cold may affect 

survivorship or other measures of parasitoid fitness (Colinet & Boivin 2011). 

Photoperiod and temperature regime have a substantial impact on parasitoid 

cold tolerance. Particular temperature regimes can also cue the onset of diapause or 

the production of cryoprotective chemicals. For instance, the parasitoid Venturia 

canescens reared at 17°C produce more cryprotective chemicals (e.g, glucose and 

alanine) than those reared at 25 and 30°C (Foray et al. 2013). The combination of 

temperature and photoperiod can be important for initiating diapause as well. Li et al. 

(2008) demonstrated that the parasitoid Microplitis mediator will not enter diapause 

even under short day length conditions at temperatures >20°C, but a greater 

proportion entered diapause as constant rearing temperatures fell below 20°C.. 

Changes in temperature over time can result in changes in cold tolerance. For 

instance, a parasitoid overwintering underneath tree bark may experience large daily 
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temperature fluctuations due to solar heating (Vermunt et al 2012). Depending on the 

temperatures experienced, the parasitoid may experience cold stressful temperatures 

or temperatures that allow recovery from cold stress (Colinet et al. 2011). The 

fluctuating temperatures can also result in lower overwintering mortality than if the 

insect was held at constant temperature (Koštál et al. 2007). 

Parasitoid cold tolerance can also vary with life stage. For instance, Encarsia 

formosa, a parasitoid used to control whitefly in greenhouses, has higher mortality in 

the early and late pupal stages than the mid-pupal stage during cold storage at 7°C 

(Luczynski et al. 2006). Pupae of Lysiphlebus testaceipes also have lower mortality 

than larvae or adults when held at constant temperatures between -5 and 5°C (Hughes 

et al. 2011). One relatively unique trait of parasitoids is that they spend much of their 

early life stages on or inside their host, which may offer protection from desiccation 

or buffer cold temperatures, especially if the host insect also lives inside a plant 

(Hance et al. 2007; Colinet & Boivin 2011). Some species of parasitoids can also 

increase their cold tolerance by consuming their host if the parasitoid in at a life stage 

capable of feeding (Rivers et al. 2000). 

Parasitoids species have been documented as being either freeze tolerant, 

freeze intolerant, or chill-intolerant (e.g., Tullett et al. 2004; Humble 2006). Freeze-

tolerant species of parasitoids that overwinter within their freeze-tolerant host will 

sometimes freeze at the same temperature as their host (e.g., -9 to -15°C), but 

mortality doesn’t occur until much colder temperatures (e.g., -50°C) (Humble 2006). 

Humble (2006) also documented freeze-intolerant parasitoids where mortality 

typically only occurred when they froze. These parasitoids relied on insulating snow 

cover to prevent exposure to freezing temperatures.  Freeze-intolerant parasitoids tend 

to have lower supercooling points than freeze-tolerant parasitoids and can supercool 
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as low as -40°C in some species (Sømme 1982).  Chill-intolerant insects die from cold 

exposure before reaching temperatures cold enough cause internal ice formation. 

Eretmocerus eremicus, has a mean supercooling point of -25°C, but 50% mortality 

occurs at -16°C, a results that suggests this species is chill-intolerant (Tullett et al. 

2004). 

It is important to know about the survival of parasitoids over time at low 

temperatures.  A major motivation of this line of study was not to predict survival in 

the field, but to be able to store parasitoids in a rearing facility prior to release.  As the 

duration of cold exposure increases, a parasitoid may become increasingly susceptible 

to other factors (e.g., starvation or desiccation) that also lead to mortality (Colinet & 

Boivin 2011). Some parasitoids can only be held in cold storage for short periods of 

time (Lopez & Botto 2005). For instance (Chen et al. 2008) showed that Gonatocerus 

ashmeadi held between 4.5 to 7.5°C did not experience substantial mortality until 

after 20d of storage;  mortality climbed to 100% by 50d. Cold exposure also reduced 

parasitism rates, longevity, and fecundity for parents, and offspring of Habrobracon 

hebetor (Chen et al. 2011). The reduced fitness of these parasitoids after exposure to 

unfavorable winter conditions could reduce the potential for successful establishment 

or control. 

3.2 The case to-date for emerald ash borer parasitoid establishment 

When a natural resource manager considers the release of a new biological 

control agent, the climate in the native range of the agent can be compared with the 

proposed introduced range (Robertson et al. 2008). At this point, the cold tolerance of 

the potential agents may not be known, but if the climates are similar where both the 

pest and parasitoid are found, the climate in the introduced range may be suitable for 

the biological control agent. USDA (2007) compared climates where O. agrili, S. 
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agrili and T. planipennisi were found in Asia to North America using CLIMEX 

climate matching software. Sites in Asia with O. agrili were most similar to southern 

Canada and the upper Midwest of the United States, but were only about 60% similar 

overall (Fig. 1).  Similar results were observed for sites with T. planipennisi (Fig. 2). 

The climate in Tianjin, China where S. agrili was found showed similarities to much 

of the midwestern and northeastern United States (Fig. 3), but these similarities did 

not extend to northern Minnesota or Vermont. These results suggest O. agrili and T. 

planipennisi may be more cold tolerant than S. agrili. 

Other researchers have reported some supercooling points and lower-lethal-

time estimates for T. planipennisi and S. agrili, but measures of cold tolerance for O. 

agrili have not been published to date. Wu et al. (2007) reported that supercooling 

points of T. planipennisi ranged from -13.47 to -28.08°C and S. agrili ranged from -

19.85 to -28.36°C. Lelito (personal comm. USDA-APHIS EAB Biological Control) 

also stored T. planipennisi larvae and S. agrili pre-pupae reared at warm/long-

photoperiod inside ash bolts for extended periods of time at 4°C and observed 15% T. 

planipennisi mortality at 6 months of exposure and 25% S. agrili mortality at 255 

days of exposure. Gould et al. (2011) also performed a lower lethal time study for 

non-diapausing S. agrili pupae at 10°C and found that 41% eclosed upon return to 

normal rearing conditions after 3 months of exposure, but only 25% of females laid 

eggs. Both lower lethal time studies were focused on storing the parasitoids for later 

use, and not for forecasting mortality from typical winter temperatures. 

The three parasitoids approved for release to control A. planipennis have 

survived the winter in select North American locations. Duan et al. (2012b) 

documented overwintering O. agrili in Michigan, while Ulyshen et al. (2011c) 

observed S. agrili and T. planipennisi overwintering in both Michigan and Maryland. 
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However, these studies only document overwintering for a single year in each 

location. Observations over multiple years are required to determine if these 

populations can survive the climate in these areas (DeBach & Bartlett 1964). 

3.3 Potential for emerald ash borer parasitoids overwintering 

In northern states such as Minnesota, cold winters may potentially limit the 

establishment and spread of emerald ash borer parasitoids. Determining the cold 

tolerance of the parasitoids will allow agencies releasing the parasitoids to decide 

which species is (not) suitable for an area.  Parasitoids that are unlikely to overwinter 

should not be released, and those that are forecasted to overwinter can then be 

assessed for other measures of potential success (e.g., critical population densities or 

behaviors to control the target pest). 

Further chapters will describe how equipment was designed to measure the 

temperature of small insects, measured cold tolerance of the emerald ash borer 

parasitoids, and forecasted winter mortality based on observed winter temperatures. 

Chapter II consists of our methods for designing new thermocouple designs for the 

parasitoids and is submitted to the journal Cryoletters. Chapter III demonstrates how 

parasitoid cold tolerance was measured and is prepared for submission to Biological 

Control.  Chapter IV describes our geographic forecasts of parasitoid mortality from 

cold exposure. 
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Figure 1. Climate comparison to the known native range of O. agrili using CLIMEX 
(Reproduced from USDA 2007). Values ≥0.6 indicate climates similar to those where 
O. agrili has been found in China. 
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Figure 2. Climate comparison to the known native range of T. planipennisi using 
CLIMEX (Reproduced from USDA 2007). Values ≥0.6 indicate climates similar to 
those where T. planipennisi has been found in China. 
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Figure 3. Climate comparison to the known native range of S. agrili using CLIMEX 
(Reproduced from USDA 2007). Values ≥ 0.6 indicate climates similar to those where 
S. agrili has been found in China. 
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Chapter II 
 

Thermocouple design for measuring temperatures of small insects 
 

1. Introduction 

Contact thermocouple thermometry is commonly used to measure the surface 

body temperature of an insect during assessments of insect cold tolerance (ASTM 

1993; Crosthwaite et al. 2011).  Thermocouples are often attached to the bodies of 

insects with an adhesive, such as high vacuum grease or petroleum jelly (Carrillo et 

al. 2004; Morey et al. 2012). As an insect is cooled, it will eventually reach a 

temperature at which body fluids begin to freeze (i.e., the supercooling point).  

Freezing is evident from a sudden increase in body temperature (i.e., an exotherm) as 

the heat of crystalization is released (Carrillo et al. 2004; Denlinger & Lee 2010; 

Morey et al. 2012). The increase in temperature during an exotherm can be very 

apparent for larger insects as a result of their large mass and often high amount of 

fluids. However, the exotherms of minute insects, such as many insect parasitoids, 

(e.g., families: Braconidae, Eulophidae, and Encyrtidae) can often be small and 

difficult to discern from small sensor variations (AAH, personal observation). In 

addition, the adhesive used to attach the insect to the thermocouple often damages an 

insect (e.g., blocks spiracles), which is problematic when insect development after 

cold exposure is of interest. 

Carrillo et al. (2004) developed a method to control the cooling rate of insects 

placed inside a -80°C reach-in freezer. The insects were first placed inside 

polystyrene cubes with dimensions designed to give desired and relatively constant 

cooling rates as the cooling rate can affect the supercooling point (Salt 1966).  For 

example, 20.3-cm cubes gave a theoretical cooling rate of approximately 1°C/min at 

the center of the cube when the interior temperature of the cubes was approximately 
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<0°C.  This cooling rate is standard when supercooling points are measured (Salt 

1966).  However, the realized cooling rate could be slightly different, based in part on 

how close the insect was to the center of the cube.  In addition, as the insect and 

thermocouple were lowered into the center of the cube, the thermocouple would often 

touch the side of the cube and dislodge the insect (MA Carrillo, personal 

communication; RC Venette, personal communication).  Thus, our goal was to design 

a thermocouple that would help to reliably place the insect near the center of the cube, 

detect exotherms of small insects (2-3 mm long; <0.1 mg), recover an unadulterated 

insect, and would be durable for multiple uses.   

Two new thermocouple designs were developed, the coil and cradle designs, and 

were used to measure exotherms of three parasitoid species: Spathius agrili Yang 

(Hymenoptera: Braconidae), S. floridanus Ashmead (Hymenoptera: Braconidae) and 

Tetrastichus planipennisi Yang (Hymenoptera: Eulophidae). These parasitoids attack 

emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), an 

invasive insect in North America that infests ash (Fraxinus spp.) trees (Haack et al. 

2008). Each insect was placed in a gelatin capsule, and the capsule was placed on 

thermocouples of differing thickness. With the insects restrained directly over the 

junction of the two thermocouple metals, larger exotherms were expected from 

thinner wire than the thicker wire, especially for smaller insects. 

2. Methods 

2.1 Thermocouple construction 

Two styles of thermocouples were constructed: a coil and cradle design. The coil 

design was constructed with 0.51 mm diameter (24 AWG) copper-constantan wire 

(accuracy = ± 0.5°C). Wire was threaded through a 35-ml plastic syringe barrel (Fig. 

4). Approximately 7 cm of the plastic insulation was stripped from the end of the 
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wire. The copper and constantan wires were wound tightly around each other for the 

entire length of the exposed wire. The wound wire was then formed into a spiral 

inside interior of the syringe tube (Fig. 5). 

The cradle design consisted of 0.127 mm (36 AWG) copper-constantan wire 

(accuracy = ± 0.17°C; Omega Engineering Inc., Stamford, CT USA) and a 20 ml 

plastic syringe barrel. Four equally-spaced holes were melted through the plastic and 

rubber of the syringe plunger with a hot metal probe (Fig. 6). Approximately 10 cm of 

insulation was stripped from the end of the thermocouple wire. The remaining 

insulation was split an additional 5 mm below the stripped wire. The constantan wire 

was threaded through one of the holes and through a hole on the opposite side so a 

1cm loop of wire protruded from the rubber plunger. The loose end of the constantan 

wire was secured to the side of the syringe with thermoplastic glue (Adhesive Tech, 

Hampton, NH).  The copper wire was threaded through one of the remaining holes in 

the plunger, wound tightly around the constantan wire three to four times, and 

threaded through the remaining hole (Fig. 7). The copper and constantan wires were 

glued in place to ensure bare wires did not touch before the intended connection (Fig. 

7).  Thermocouple wires leading out of the syringes were connected to multichannel 

data loggers (USB-TC, Measurement Computing, Norton, MA). 

2.2 Supercooling point measurements 

Supercooling points were measured for S. agrili, S. floridanus, and T. 

planipennisi adults reared from parasitized A. planipennis larvae  at 18:6 h 

thermoperiod (26.5:22.5°C) and photoperiod (L:D) at 60-70% RH.  All parasitoids 

were reared by the US Department of Agriculture-Animal and Plant Health Inspection 

Service (Brighton, MI) and shipped via overnight courier to St. Paul, MN. Each insect 

was placed in a 5 x 14 mm clear gelatin capsule (Capsuline, Pompano Beach, FL). 
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Capsules with insects to be cooled were held on the thermocouple with a small 

amount of high vacuum grease (Dow Corning, Midland, MI) at the first point of 

contact of the constantan and copper wires (Figs. 8 & 9). For coil and cradle designs, 

the syringe plungers were pushed to the bottom of the syringe barrel leaving about 2 

cm of open space, which was just enough room not to crush the insect (Fig. 8). 

The experiments followed a randomized complete block design, with 

thermocouple design and block as the main effects.  Thermocouples with insects were 

placed in polystyrene cubes calibrated to cool at a constant 1°C per minute inside a -

80°C reach-in freezer, and temperature was recorded every second (Carrillo et al. 

2004). After all individuals had cooled to -30°C, the cubes were removed from the 

freezer and the parasitoids were placed in an 80% ethanol: water (vol:vol) solution for 

preservation. One run (i.e., block) consisted of up to eight coil and eight cradle 

thermocouples (up to 16 insects in total) containing a single species placed randomly 

in the freezer. At least two runs were performed per species. Supercooling points were 

determined as the lowest temperature experienced before the largest increase in 

temperature over 0.05°C, which was the approximate threshold where increases in 

temperature could be differentiated from slight background temperature variations. 

Exotherm height was determined as the difference between the supercooling point and 

the maximum temperature measured during the exotherm. In some cases exotherms 

could not be reliably detected. A subset of parasitoids were later air dried for 1 wk at 

room temperature (~25°C) and weighed on a balance to obtain dry mass. However, 

individual T. planipennisi were <0.1 mg and could not be weighed with available 

equipment.  

Data were analyzed using SAS 9.3 (SAS Institute, 2012). Data were analyzed 

for normality (PROC UNIVARIATE) and homogeneity of variance (PROC GLM, 
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Levene’s test) to meet the assumptions for analysis of variance and linear regression. 

Supercooling points were normally distributed; potential effects of coil and cradle 

designs were tested with analysis of variance (ANOVA) blocked by run for each 

species (PROC GLM). Exotherm height for all three species and dry mass of S. agrili 

and S. floridanus were not normally distributed. A suitable transformation of 

exotherm height to correct for normality and unequal variance (df = 5; F = 5.77, P < 

0.01) could not be found, so a Friedman nonparametric two-way ANOVA was used to 

test the effects of block and thermocouple on exotherm height. A Bonferroni 

correction was applied to account for family-wise error and maintain an overall α of 

0.05 when comparing results from each ANOVA (Siegel 1956; Dunn 1961). Logistic 

regression (PROC LOGISTIC) was used to evaluate the effects of block and 

thermocouple type on the proportion of tests in which an exotherm was detected for 

each species. The effect of block could not be evaluated for S. agrili due to quasi-

complete separation. Linear regression (PROC REG) was used to determine if 

exotherm height on cradle thermocouples was correlated with dry mass (Box-Cox 

transformed with λ = -0.3) (Box & Cox 1964).  

3. Results 

Supercooling points were not significantly different when measured on a coil 

or cradle thermocouple design across all species (Table 1; Fig. 10a). Median exotherm 

height for T. planipennisi was significantly greater on the cradle thermocouples than 

on coil thermocouples (Table1; Fig. 10b). However, there was not a significant 

difference between coil and cradle exotherm heights for S. agrili or S. floridanus 

(Table 1). Supercooling points and exotherms were not significantly different between 

runs (Table 1). 
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Figure 10c illustrates the effect of thermocouple type on the proportion of tests 

in which an exotherm was detected. For T. planipennisi, exotherms were detected 

more frequently when measured with cradle thermocouples than coil thermocouples at 

Bonferonni adjusted α = 0.0167 (df = 1; Wald χ² = 7.24; P < 0.01); block had no 

effect (df = 1; χ² ≤ 4.5; P = 0.03). However, the proportion of tests in which an 

exotherm was detected was not affected by thermocouple type for S. agrili (df = 1; 

Wald χ² < 0.01; P = 0.94) or S. floridanus (df = 1; Wald χ² = 1.85; P = 0.17). Block 

had no effect for the latter species (df = 1; Wald χ² = 0.13; P = 0.72). 

Dry mass was not a reliable predictor of exotherm height for S. agrili (df = 

1,9; F  = 1.57, P = 0.24) or S. floridanus (df = 1,7; F = 0.94, P = 0.36]. Mean masses 

were 0.7 mg (n = 10, SEM = 0.1) and 1.1 mg (n = 10, SEM = 0.1), for S. agrili and S. 

floridanus, respectively. 

4. Discussion 

Our designs worked well to measure supercooling points of small insects. Both 

designs gave similar supercooling points, which suggests that design type and wire 

thickness do not bias the supercooling point measurement. For T. planipennisi, the 

smallest insect tested, larger exotherms were recorded and detected more 

supercooling points with the cradle design than the coil design. Because these larger 

exotherms were more readily distinguishable from random fluctuations in temperature 

readings, supercooling points were detected that might not have been observed with 

thicker gauge wire. This increase in efficiency can lead to fewer samples with no 

recorded supercooling point and less time required processing additional individuals 

to reach desired sample sizes. Because of the increased sensitivity of finer gauge wire, 

exotherms may also be detected if the insect is not in direct contact with the 

thermocouple wire, which can occur with the insect inside a gelatin capsule. 
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Each thermocouple design has particular advantages.  The coil design uses 

thicker gauge wire that maintains its shape when handling. Repairs were typically 

only needed when plastic insulation cracked.  The cradle design stabilizes finer gauge 

wire that tends not to form to a desired shape without support.  Cradles were prone to 

become broken or misshapen between uses. In both cases, insects were easily 

recovered after exposure to cold and could be observed without interference from 

grease.  These designs were extremely useful to measure supercooling points and 

recommend the cradle for small insects such as small parasitoids (e.g., <3 mm long) 

and the coil for larger insects when exotherms are easier to detect. 
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Table 1. Effects of blocking (run) and thermocouple type (coil vs. cradle) on 
supercooling point and exotherm height. 
    Run   Thermocouple type 
Response Species df F P   df F P 
Supercooling S. agrili 1, 15 0.01 0.93   1, 15 1.72 0.21 
point S. floridanus 1, 13 6.54 0.02   1, 13 1.85 0.20 
  T. planipennisi 3, 36 0.10 0.96   3, 36 0.58 0.45 
Exotherm height S. agrili 1, 15 6.54 0.17   1, 15 3.72 0.19 

 S. floridanus 1, 13 5.22 0.04   1, 13 3.05 0.10 
  T. planipennisi 3, 36 3.02 0.04   3, 36 13.57 <0.01* 

Asterisk indicates significant p-value at Bonferroni adjusted α = 0.017. 
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Figure 4. Syringe barrel with a coil thermocouple inside. 

2.5 cm 
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Figure 5. Coil thermocouple with an attached S. agrili in a gelatin capsule. The first 
point where the two bare wires touch after the insulation ends is where the 
temperature is detected. 

0.65 cm 
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Figure 6. Cradle thermocouple with holes made in the rubber plunger and the copper 
wire wrapped around the constantan. 

Copper 

Copper 

Constantan 

Constantan 

0.95cm 
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Figure 7. Cradle thermocouple with glue holding bare wires in place. The split 
between the wires can also be glued to prevent wires from twisting. 

2.0 cm 
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Figure 8. Thermocouple with plunger inserted to reduce direct contact with air 
outside the insulated polystyrene cube. 

2.5 cm 
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Figure 9. Cradle thermocouple with an attached S. agrili in a gelatin capsule. 
Temperature is detected in the middle of the loops or “cradle” where the two wires are 
wound together. 

2.0 cm 
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Figure 6. Mean (±95% CI) supercooling points (A), and median exotherm size (±95% 
CI) (B) and proportion (±95% CI) of exotherms detected (C) for adult parasitoids. 
Asterisk in (B & C) denotes a significant difference between values for the coil and 
cradle design for that species. Sample sizes were identical for supercooling point and 
exotherm measurement. 
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Chapter III 
Cold tolerance of Chinese emerald ash borer parasitoids 

 
1. Introduction 

Emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), is 

an Asian beetle that was first detected in North America (Michigan, USA and 

Ontario, Canada) in 2002 (McCullough and Katovich 2004), but may have been 

present since the mid-1990s (Siegert et al. 2009). Currently, A. planipennis occurs in 

18 US states and two Canadian provinces but may spread to 25 North American states 

and provinces over the next decade (Kovacs et al. 2010). The larvae feed on the 

cambium, phloem, and outer sapwood of ash (Fraxinus spp.). Under high larval 

densities, galleries from the tunneling larvae girdle the tree, thereby causing crown 

dieback and eventually tree death.  Large trees typically die three to four years after 

an infestation starts (Poland & McCullough 2006).  Agrilus planipennis has already 

killed at least 50 million ash trees in Michigan alone (Smith et al. 2009). The cost of 

removing infested trees on developed land to slow further infestation and prevent 

safety hazards caused by dead trees is estimated to be $10.7 billion from 2009-2019 in 

North America (Kovacs et al. 2010). However, A. planipennis is not a major pest in 

its native range of northeastern Asia. Damage from A. planipennis in North America 

has been attributed to the lack of natural enemies and host-plant resistance (Liu et al. 

2007). 

 The US Department of Agriculture conducted surveys in northeastern China 

for potential natural enemies of A. planipennis to initiate classical biological control 

in the United States (Liu et al. 2003; 2007; Gould et al. 2005; Bauer et al. 2008; in 

press). Three parasitoids were approved for release in North America: Oobius 

agrili Zhang and Huang (Hymenoptera: Encyrtidae), Spathius agrili Yang 

(Hymenoptera: Braconidae), and Tetrastichus planipennisi Yang (Hymenoptera: 
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Eulophidae) (Yang et al. 2005; 2006; Zhang et al. 2005; Yang et al. 2006). Spathius 

agrili, a gregarious ectoparasitoid, and T. planipennisi, a gregarious endoparasitoid, 

both oviposit through the bark where the offspring feed on and kill the host A. 

planipennis larva (Wang et al. 2010; Yang et al. 2010). Both T. planipennisi and S. 

agrili have previously been described as multivoltine (Yang et al. 2005; Liu et al. 

2007), but emergence of the overwintering generation of S. agrili may occur 

periodically throughout the spring and summer (Lelito, unpublished data). For both 

larval parasitoids, development from egg to adult is complete in 3-4 weeks in summer 

and adults exit the gallery by chewing through the bark (Ulyshen et al. 2010; Yang et 

al. 2010). Oobius agrili adults are parthenogenic and seek out A. planipennis eggs on 

the bark of ash trees. Oobius agrili eggs develop within the A. planipennis egg to 

emerge as adults in approximately one month (Liu et al. 2007; Bauer & Liu 2007). 

Each species of emerald ash borer parasitoid overwinters in a different stage.  

Spathius agrili overwinter as diapausing pre-pupae within the host gallery (Yang et al 

2010). Diapause in S. agrili can be induced in one or two generations; individuals 

with diapause induced over two generations have greater survival rates during storage 

at 4°C for 120 days, which is required to break diapause, than individuals that entered 

diapause in one generation (Gould et al. 2011; Lelito, unpublished data). Tetrastichus 

planipennisi has been described overwintering as late-instar larvae or pupae in the 

host gallery (Bauer et al. 2008; Ulyshen et al. 2011c). However, it has recently been 

found overwintering as young larvae inside the host (L. Bauer, personal comm.), but 

T. planipennisi is not known to enter diapause in any stage (Duan et al. 2011; Ulyshen 

et al. 2011c; Duan et al. in press). Oobius agrili overwinter as diapausing pre-pupae 

within the egg (Liu et al. 2007).  The parasitoids may reduce A. planipennis densities 

in North America because the parasitoids have high parasitism rates in China (Liu et 
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al. 2007), especially on North American ash trees planted in Asia (Yang et al. 2005, 

Duan et al. 2012b). However, cold may limit the northern distribution of the 

parasitoids in North America. The Chinese parasitoids have overwintered in initial 

release sites in Michigan, Maryland, Ohio, Indiana, and Illinois (Duan et al. in press; 

Bauer et al. in press.). However, Michigan and Maryland have relatively mild winters 

compared to other areas at similar latitudes (USDA 2012).   

For insects, three measures are commonly used to assess cold tolerance at the 

population level. The supercooling point is the temperature at which insect body 

fluids begin to change from a liquid to solid state and is the lowest temperature an 

insect reaches prior to an exotherm, an increase of temperature due to the heat 

released as water crystalizes (reviewed in Denlinger & Lee 2010). These temperatures 

are lethal for freeze intolerant species, though mortality can occur before, during, or 

after freezing for different individuals (reviewed in Sømme 1982).  Lower lethal 

temperature is a measure of mortality in a population after brief exposure to a given 

low temperature. Lower lethal time is similar to lower lethal temperature, but 

measures mortality at multiple lengths of exposure to a constant low temperature.  

The objective of this study was to measure the effect of different rearing treatments 

that did or did not induce cold acclimation on the supercooling point, lower lethal 

temperature, and lower lethal time for O. agrili, S. agrili, and T. planipennisi. 

Differences in cold tolerance among species were also examined to identify which 

species is likely to be the most cold tolerant. 

2. Materials and Methods 

2.1 Rearing 

Oobius agrili, T. planipennisi, and S. agrili were reared at the US Department 

of Agriculture-Animal and Plant Health Inspection Service Emerald Ash Borer 
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Biological Control Facility in Brighton, MI. Adults were allowed to parasitize the 

target life stage of A. planipennisi under temperature and photoperiod conditions that 

would mimic summer-like conditions and potential cold-acclimating or diapause-

inducing conditions in the fall and winter. Warm (26.5:22.5°C for 16:8 h) or cool 

(20:15°C for 8:16 h) rearing temperature regimes, and long (16:8 h L:D) or short 

(8:16 h L:D) photoperiod conditions were used in different combinations for each 

species (Fig 11). In all cases, relative humidity was maintained at approximately 60-

70%. Specific rearing conditions applied to each species are described below. 

Oobius agrili were allowed to parasitize A. planipennis eggs under diapause-

inducing conditions.  Agrilus planipennis eggs on coffee filter paper were presented to 

O. agrili under warm/short-photoperiod conditions to induce diapause (L. Bauer, 

personal comm.; Lelito unpublished data). Approximately 14 d after parasitism, O. 

agrili pupae within A. planipennis eggs were held at 4°C for 4 months to simulate 

potential long term cold acclimation. Because the number of O. agrili was limited, 

only individuals from diapause conditions were tested. 

Mated females of T. planipennisi were allowed to parasitize A. planipennis 

larvae manually placed under the phloem of ash bolts (Fraxinus spp.) approximately 

5cm diameter x 10cm in length (Yang 2008; Liu & Bauer 2007).  Three rearing 

treatments were tested for late-instar T. planipennisi: warm/long-photoperiod 

conditions to produce non-cold acclimated individuals, cool/short-photoperiod 

conditions to produce cold acclimated individuals, and cool/short-photoperiod 

conditions followed by 4°C for 4 months for long term cold acclimation (Fig. 11).  

Five rearing treatments were examined for S. agrili pre-pupae: warm/long-

photoperiod summer conditions, one-generation diapause, two-generation diapause, 

and one- and two-generation diapause groups acclimated at for 4°C for 4 months. 
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Diapause was induced in S. agrili in one generation by allowing adults to mate under 

cool/short-photoperiod conditions for 3-4 d before presenting them with a piece of ash 

artificially infested with A. planipennisi larvae (as described above for T. 

planipennisi). The resulting offspring entered diapause as pre-pupae.  Diapause was 

induced over two generations by allowing adults to mate under warm/short-

photoperiod conditions for 3-4 d and allowing them to oviposit (F1 generation) under 

those conditions. The F1 adults were then reared under cool/short-photoperiod 

conditions for 3-4 d before allowing them to oviposit. The resulting offspring (F2 

generation) entered diapause as pre-pupae.  

Approximately one week after being parasitized, A. planipennis with T. 

planipennisi or S. agrili larvae were removed from ash bolts. Parasitoids in hosts were 

shipped in Petri dishes without ice via overnight courier to St. Paul, MN for parasitoid 

cold-tolerance testing, all in accordance with the terms and conditions of USDA 

APHIS Permit P526P-11-00136. Upon arrival, individual immature parasitoids were 

separated into 1.5ml microcentrifuge tubes. Each parasitoid was inspected for damage 

or disease, and such individuals were discarded.  The remaining individuals were 

assigned arbitrarily to cold exposure treatments.  Individuals from warm/long-

photoperiod conditions were placed in a reach-in growth chamber with warm 

temperature and long-photoperiod conditions until they could be tested.  Spathius 

agrili and O. agrili in diapause, and T. planipennisi from cool/short-photoperiod 

conditions were placed in a reach-in refrigerator with no lighting at 10°C for 2 d and 

then into a  refrigerator at 4°C for 7 or 120 days before cold tolerance testing.  Oobius 

agrili pre-pupae, S. agrili pre-pupae, and late-instar T. planipennisi that had emerged 

from their host were used in all cold tolerance tests.  
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2.2 Cold Tolerance Testing 

For supercooling point determination and lower lethal temperature studies, 

“cradle” thermocouples were constructed from 0.127mm diameter copper and 

constantan wires and connected to a multichannel data logger (USB-TC, 

Measurement Computing, Norton, MA).  Temperatures (accuracy ± 0.17°C) were 

recorded once per second at the first point of contact between the copper and 

constantan wires (Carrillo et al. 2004). 

Constraints on the availability of insects only allowed us to test supercooling 

points and lower lethal temperature of one species and rearing condition at a time. 

Supercooling points were measured for all species and rearing combinations 

previously described (Fig. 11). Due to limited availability of T. planipennisi, lower 

lethal temperature was only measured for individuals reared under warm/long-

photoperiod and cool/short-photoperiod conditions, and lower lethal time was only 

measured for individuals from cool/short-photoperiod conditions.  For S. agrili, lower 

lethal temperature and time were measured from warm/long-photoperiod, one-

generation-, and two-generation-diapause conditions. Differences were compared 

among species and rearing treatments for each of the cold tolerance measures (Fig. 

11). Post hoc comparisons among species or rearing conditions must be interpreted 

with caution because logistics prevented us from testing multiple species or rearing 

conditions at the same time.  Thus, other factors which could not be controlled by our 

experimental design could influence apparent differences or lack thereof among 

treatments of interest. Lower lethal temperature and time were not measured for O. 

agrili because the number of parasitoids was limited. 

2.2.1 Supercooling Point. Each insect was placed in a 5 x 14mm clear gelatin 

capsule (Capsuline, Pompano Beach, FL). Capsules with insects to be cooled were 
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held on the thermocouple with a small amount of high vacuum grease (Dow Corning, 

Midland, MI). The thermocouples with insects were placed in polystyrene cubes 

calibrated to cool at a constant 1°C per minute inside a -80°C freezer (Carrillo et al. 

2004).  After detection of an exotherm, the individual cube was removed from the 

freezer once the temperature returned to the supercooling point as per Koch et al. 

(2004). The thermocouple was immediately removed from the cube and allowed to 

warm to room temperature (ca. 25°C). Individuals were removed from the gelatin 

capsules, each placed in a microcentrifuge tube, and returned to warm/long-

photoperiod rearing conditions to monitor development. One to sixteen cubes 

containing a single species x rearing combination were used per run. When more than 

one cube was used in a run, we considered the run to be a block, but when only one 

cube was used, all runs within a day were considered to be a block.  (Blocking by date 

only applied to S. agrili and T. planipennisi held at 4°C for 4 months.)  The number of 

blocks and total number of individuals tested are reported in Table 2, but in general 

supercooling points were measured for 10 – 58 individuals from each rearing 

treatment.  

Data were analyzed with SAS 9.3 (SAS Institute, 2012).  Supercooling point 

distributions were compared within species to test the effect of rearing condition and 

among species for the rearing condition that appeared to give the greatest cold 

tolerance. Initially, supercooling point data were analyzed for normality (PROC 

UNIVARIATE) and if data were not normally distributed, Box-Cox transformations 

(Box & Cox 1964) were attempted. Supercooling points, in general, were not 

normally distributed and appropriate Box-Cox transformations could not be found 

(data not shown).  Consequently, we first tested the effect of blocking within each 

species x rearing combination with a Kruskal-Wallis ANOVA with a critical α = 
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0.005 after a Bonferroni correction for multiple comparisons to maintain an overall α 

= 0.05.  No block effects were detected (Table 2), so data were pooled to test for 

effects of rearing condition or species on supercooling points. Supercooling-point 

distributions among rearing treatments or between species were compared using 

pairwise nonparametric two-sample tests for equality of probability distributions 

[Kuiper (1960) test in PROC NPAR1WAY].  Probability values were adjusted for 

multiple comparisons to maintain an overall α of 0.05 using a Bonferroni correction 

(critical α = 0.006 per comparison). Supercooling points of each rearing treatment 

within each species were compared, and the rearing treatment with the lowest median 

supercooling point for each species was selected for comparisons among species. 

2.2.2 Lower Lethal Temperature. Lower lethal temperature experiments 

followed a randomized block design.  Within each block (i.e., run of the test), 

parasitoids from one species x rearing-condition were assigned arbitrarily to one of 

four target temperature treatments.  Treatment temperatures were chosen to bracket 

the approximate mean supercooling point for each species x rearing group based on 

previously collected data.  Each treatment was replicated four times for a total of 16 

insects per run. Insects were placed individually into gelatin capsules, onto 

thermocouples, and cooled as described for supercooling point measures. Insects were 

not removed until the target temperature was reached, even if an exotherm was 

detected.  The duration of exposure to the target temperature was about 5 sec.  After 

removal, samples were immediately warmed to room temperature.  An additional four 

to ten insects in separate gelatin capsules were held at room temperature for the 

duration of the test as a control for each block and returned to warm/long-photoperiod 

conditions after completion of the run.  Between five and ten blocks were run for each 

species x rearing group (Table 2).  After cold exposure, individuals were removed 
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from the gelatin capsules, each placed in a microcentrifuge tube, and returned to 

warm/long-photoperiod rearing conditions for further observation.  

Individuals were inspected at least twice to evaluate the effects of exposure to 

a temperature treatment. Tetrastichus planipennisi and S. agrili were examined 3 d 

after cold exposure for black or brown discoloration and lack of movement.  Both 

species were also examined for eclosion 30 d after return to warm/long-photoperiod 

after cold exposure. Diapausing S. agrili were also examined at 12 and 16 weeks 

when eclosion was expected (Lelito, unpublished data). Discoloration by 16 weeks 

was noted to determine if non-eclosed individuals were healthy but still in diapause 

(creamy white) or likely dead (black or brown). Discoloration and eclosion were 

assessed for T. planipennisi and S. agrili reared at warm/long-photoperiod conditions 

by cooling individuals  to -15, -20, -25, or -30°C (n=35 to 38 per temperature for T. 

planipennisi and 30 to 37 per temperature for S. agrili) before being returned to 

warm/long-photoperiod conditions. Tetrastichus planipennisi from cool/short-

photoperiod conditions and S. agrili from one- and two-generation diapause 

conditions were cooled to -20, -25, -30, or -35°C (n=31 to 36 per temperature for T. 

planipennisi and 25 to 42 per temperature for S. agrili) before being returned to 

warm/long-photoperiod conditions. Some adult eclosion occurred for all T. 

planipennisi rearing treatments, so discoloration measures were not included in 

further analyses for this species.   

Cohen’s kappa (Cohen 1960) was used to measure agreement between the 

proportion of S. agrili from warm/long-photoperiod conditions that were discolored 

by 3 d after cold exposure and the proportion that failed to eclose. This test was meant 

to determine if discoloration and eclosion failure agreed. The proportion of 

individuals where both measures indicated possible cold injury (discoloration and 
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failure to eclose) or survival (normal color and development) was calculated as a 

coarse measure of overall agreement. 

Logistic regression (PROC LOGISTIC; SAS Institute, 2012) was used to 

express cold injury as a function of brief exposure to cold temperature.  Modified 

Abbott corrected injury measures (Appendix 1) were calculated for each cold 

exposure treatment to account for any discoloration or eclosion failure in the 

unexposed control group (Rosenheim & Hoy 1989). Treatment sample size was 

multiplied by the proportion of individuals surviving in the control group to give an 

adjusted sample size. The adjusted sample size was then multiplied by the adjusted 

injury percentage to calculate the number of injured individuals in the treatment group 

attributable to cold exposure. The adjusted number of deaths and adjusted sample size 

were used in logistic regression models. Initially, a logistic regression model was 

developed with block as the only main effect to determine if differences in cold injury 

occurred between runs. No block effects were detected (Table 2), so final logistic 

regression models followed the form: 

 

where b0 is the intercept, which reflects the projected degree of injury at 0°C, b1 

reflects the rate of change in injury with the change in the coldest temperature, t, to 

which an insect was exposed.  A separate regression model was estimated for each 

species and rearing combination. Differences between two models were tested in 

PROC LOGISTIC by including a binomial categorical variable, c, with values of 0 for 

a reference group and 1 for a test group (Suits 1957).  The resulting model followed 

the form: 
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where b0, b1, and t are as defined previously, but now for the reference group; b2 

measures the difference in injury at 0°C (i.e., intercept) between the test and reference 

group; and b3 measures the difference in rates of change in injury with change in 

exposure temperature between the test and reference group.  To measure differences 

in cold tolerance between species from similar rearing conditions, Tetrastichus 

planipennisi was assigned to 0 and S. agrili was assigned to 1. A Bonferroni 

correction was used to adjust probability values for the number of comparisons within 

species and rearing treatments to maintain an overall α = 0.05.  

2.2.3 Lower Lethal Time.  Species and rearing treatments for lower lethal time 

measures included T. planipennisi from cool/short-photoperiod conditions and S. 

agrili from warm/long-photoperiod, one-generation-, and two-generation-diapause 

conditions (Fig. 11). Lower lethal time studies followed a factorial design with four 

exposure temperatures (0, -5, -10, or -15°C) and five exposure periods (3, 14, 28, 56, 

or 84 d). A control group was also placed in warm/long-photoperiod rearing 

conditions. After receiving a shipment of parasitoids, insects were placed in 

microcentrifuge tubes, and individuals were randomly assigned to a temperature and 

time exposure. Additional blocks of the test were performed as more parasitoids 

became available. Before being placed in reach-in freezers (Freezer Concepts, 

Southbury, CT), S. agrili from warm/long-photoperiod conditions were held at 10°C 

for 24h to reduce the potential for cold shock, while T. planipennisi and diapausing S. 

agrili were moved from 4°C coolers to their respective freezers. Parasitoids were held 

at constant temperature (± 1°C) and removed at the end of each assigned exposure 

period. After the specified length of exposure, treatment individuals were held at 10°C 

for 24 h, followed by warm/long-photoperiod rearing conditions. Discoloration was 
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assessed for control and exposure groups 3 d after being placed in warm/long-

photoperiod conditions, and eclosion was monitored as described for lower lethal 

temperature studies.  The number of S. agrili from warm/long-photoperiod conditions 

was 26 to 33 individuals per treatment (i.e., time x temperature combination), 29 to 36 

individuals per treatment from one- generation-diapause conditions, and 30 to 34 

individuals per treatment from two-generation-diapause conditions.  The number of T. 

planipennisi from cool/short-photoperiod conditions was 25 to 41 individuals per 

treatment.   Due to the limited availability of S. agrili from one and two-generation 

diapause over time, individuals from the first shipment of each rearing condition were 

only assigned to 84-d exposures and room-temperature controls. This long exposure 

period had to be started first to have sufficient time for the treatment and time to break 

diapause (at least 192 days). After I noticed that none of the diapausing S. agrili were 

eclosing from the control or the three day exposure treatments, discoloration was 

noted at 16 weeks after removal from cold exposure for the remaining 14, 28, 56, and 

84 day time treatments.  

The proportion of S. agrili from warm/long-photoperiod conditions that were 

discolored or failed to eclose were compared with Cohen’s kappa to assess the extent 

of agreement between the two measures over the course of the long-term cold 

exposure. Logistic regression models were fitted to data to describe injury over time 

at a constant temperature after adjusting for control injury (Appendix 1). Logistic 

regression models for lower lethal time followed the form: 

 

where b0, b1, and t are as defined previously (see equation 1), b2 now measures the 

change in injury within increasing days of exposure, d, and b3 measures the 
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interaction of temperature and time (t*d) on changes in injury with respect to 

changing temperature and time exposures. The temperature by time interaction term 

was only included in the model for a species and rearing condition if there was a 

significant effect of both temperature and time, and the interaction term was also 

significant. A block effect was also included to determine if cold injury was different 

for each shipment of parasitoids received, but was excluded from the final model 

because no significant effect of block was detected (Table 2). The effects of rearing 

conditions on injury were compared as for lower lethal temperature by including the 

categorical variable c to test for differences between reference and test groups.   

Because few T. planipennisi from warm/long rearing conditions eclosed after 

lower lethal temperature exposures, the data from lower lethal temperature and 3-d 

observations from the lower lethal time studies were combined. Eclosion rates for 

room temperature controls from lower lethal temperature studies and lower lethal time 

studies were not different (data not shown).  The combined data were used to generate 

a logistic function to describe the probability of eclosion failure as a function of brief 

exposure to temperatures from 0°C to the lowest lower lethal temperature exposure. 

3. Results 

3.1 Supercooling Point 

The median supercooling point for late instar T. planipennisi was between -27.3 and 

-29.4°C and was not the same for all rearing conditions (Table 3).  Tetrastichus 

planipennisi reared in cool/short-photoperiod conditions with an additional 4 mo. at 

4°C had supercooling points that were 1.3°C lower than those individuals that had 

only been exposed to cool/short-photoperiod conditions (df = 1; test statistic Ka = 

2.233; p = 0.002; Table 3; Fig. 12A).  Supercooling points for T. planipennisi were 
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not different between warm/long-photoperiod and cool/short-photoperiod conditions 

(df = 1; Ka = 1.610, p = 0.105).  Supercooling points were also not significantly 

different between runs for each rearing combination (Table 2). 

The median supercooling point for S. agrili ranged from -25.2 to -29.2°C and 

was not the same for all rearing conditions (Table 3; Fig 12B).  Spathius agrili from 

warm/long-photoperiod conditions had supercooling points that were 3-4°C warmer 

than S. agrili from one or two generation diapause conditions without acclimation (df 

= 1; smallest Ka = 4.077; largest p ≤ 0.001; Table 3).  Supercooling points did not 

change when S. agrili from diapause conditions were acclimated at 4°C for 4 months 

(df = 1; largest Ka = 2.064; smallest p = 0.006; Table 3; Fig. 12C). Supercooling 

points were also not significantly different among runs for each rearing combination 

(Table 2). 

Diapausing O. agrili had a median supercooling point of -30.49 (Table 3; Fig 

12D).  When compared with the other parasitoid species from rearing conditions that 

yielded the lowest supercooling points, supercooling points of O. agrili were 1.3 °C 

lower than S. agrili from one-generation-diapause conditions with an additional 4 

mos. at 4°C (df = 1; Ka = 2.601, p < 0.001) (Table 3, Fig. 12D). Supercooling points 

for T. planipennisi reared under cool/short-photoperiod conditions with an additional 

4 mos. at 4°C were not different from S. agrili or O. agrili (df = 1; largest Ka = 1.463, 

smallest p = 0.209). Supercooling points were not significantly different among runs 

(Table 2). 

3.2 Lower lethal temperature  

For T. planipennisi from warm/long-photoperiod conditions, a greater 

proportion of adults failed to eclose as temperatures declined (Table 4; Fig. 13A). A 
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constant, high proportion of T. planipennisi from cool/short-photoperiod conditions 

failed to eclose as adults at all treatment temperatures (Table 4; Fig. 13A). Adult 

eclosion was not significantly different for T. planipennisi from warm/long-

photoperiod conditions than from cool/short-photoperiod conditions (Table 4).  There 

was not a significant difference between runs for both rearing treatments (Table 2).   

There was significant agreement between the proportion of S. agrili that were 

discolored 3 d after cold exposure and the proportion that failed to eclose as adults 

30d after cold exposure (Fig. 14). Discoloration increased with decreasing 

temperature for S. agrili from warm/long-photoperiod conditions and one- or two-

generation diapause, but discoloration rates after cold exposure were not significantly 

different among rearing treatments (Table 4; Fig. 13A). Adult eclosion also decreased 

with decreasing temperature for S. agrili from warm/long conditions (Table 4; Fig. 

13B). However, diapausing S. agrili did not eclose 16 weeks after being returned to 

warm/long-photoperiod conditions, so failure of diapausing S. agrili to eclose could 

not be analyzed as a function of cold exposure. Adult eclosion rates were lower for T. 

planipennisi compared with S. agrili, when both were reared under warm/long-

photoperiod conditions (Table 4). There was not a significant difference between runs 

for any rearing treatment (Table 2). 

3.3 Lower lethal time 

A smaller proportion of T. planipennisi reared under cool/short-photoperiod 

conditions eclosed as the duration of exposure to constant temperatures between 0 to -

15°C, inclusive, increased.  At any length of cold exposure, fewer adults eclosed as 

the treatment temperature declined (Fig. 15; Table 5). There was not a significant 

interaction between temperature and exposure time, so a temperature by time 
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interaction term, t *d, was not included in the model. No significant difference was 

found between shipment dates for each rearing treatment (Table 2). 

Some S. agrili from warm/long-photoperiod conditions, but not from one- or 

two-generation-diapause conditions, eclosed after exposure to 0 to -15°C, inclusive, 

for different lengths of time. The proportion of individuals from warm/long-

photoperiod conditions that failed to eclose 30 d after being removed from cold 

exposure was greater than the proportion that was discolored after 3 d, though there 

was some agreement between both measures (Fig. 16). The proportion of S. agrili 

reared under warm/long-photoperiod conditions with discoloration increased and 

eclosion decreased as exposure temperature decreased and exposure duration 

increased (Table 5; Fig 17A, B); adult eclosion was also affected by an interaction 

between temperature and time (b3 = -0.009; SE = 0.001; p < 0.001). The proportion of 

discolored S. agrili from one-generation-diapause also increased with increasing 

exposure duration, but decreasing temperature did not significantly affect 

discoloration (Table 5; Fig. 17C). Two-generation-diapause discoloration increased 

with both decreasing temperature and increasing exposure duration (Table 5; Fig. 

17D).  All S. agrili from 1 or 2 generation diapause conditions were discolored 16 

weeks after exposure. The proportion of discolored S. agrili from warm/long-

photoperiod conditions was significantly greater than from two-generation-diapause 

inducing conditions (Table 5). No significant difference was found between shipment 

dates for each rearing treatment (Table 2). 

Our assessment of the effects of rearing treatment on lower lethal temperature 

for T. planipennisi from cool/short-photoperiod conditions was initially incomplete as 

a significant change was not observed in the proportion of individuals that eclosed 

after brief exposures to temperatures between -20 to -35°C, inclusive. Eclosion failure 
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was >80% for all temperature treatments (Fig. 13A). However, as measured in our 

lower lethal time studies, eclosion failure was near zero after exposure to 

temperatures between 0 to -15°C, inclusive, even after 3 d (Fig. 15). The combined 

model suggested that the proportion of individuals that failed to eclose increased with 

brief exposure to colder temperatures, and eclosion rates were not significantly 

different than rates observed for T. planipennisi from warm/long-photoperiod 

conditions (Table 5; Fig. 13A). 

4. Discussion 

4.1 Previous research 

Other researchers have reported some supercooling points and lower-lethal-

time estimates for T. planipennisi and S. agrili, but measures of cold tolerance for O. 

agrili have not been published to date. Wu et al. (2007) reported that supercooling 

points of T. planipennisi ranged from -13.47 to -28.08°C and S. agrili ranged from 

-19.85 to -28.36°C. Our supercooling points of unacclimated individuals closely 

match these findings (Fig. 12). Lelito (unpublished data) also stored T. planipennisi 

larvae and S. agrili pre-pupae from warm/long-photoperiod rearing conditions inside 

ash bolts for extended periods of time at 4°C and observed 15% T. planipennisi 

mortality at 185 d of exposure and 25% S. agrili mortality at 255 d of exposure. If the 

lower lethal time model from this work is extrapolated to 4°C, 92% of S. agrili and 

>99% of T. planipennisi would be expected to fail to eclose.  This suggests that my 

projections of cold injury over time should not be extrapolated outside the 

temperature (0 to -15°C) and exposure time (3 to 84 d) ranges that were measured. 

Gould et al. (2011) also performed a lower lethal time study for non-diapausing S. 
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agrili pupae at 10°C and found that 41% eclosed upon return to normal rearing 

conditions after 3 months of exposure, but only 25% of females laid eggs.  

4.2 Interpretation of cold tolerance measures  

Supercooling points, lower-lethal temperature, and lower-lethal time address 

different mechanisms by which low temperatures might cause injury. Supercooling 

points indicate the temperatures at which insects freeze.  However, not all insects that 

freeze will die because some can survive freezing, while others die before they freeze 

(Sømme 1982). After freezing, T. planipennisi larvae and S. agrili pre-pupae turned 

black or brown and did not eclose. Discoloration could not be measured for O. agrili 

because the chorion of the emerald ash borer egg obscured view of the developing 

parasitoid, but one out of 21 frozen O. agrili did eclose. Because injury in our control 

(i.e., room temperature) treatments was high, the level of injury associated with 

freezing could not be determined confidently. Lower lethal temperature studies 

showed that T. planipennisi and S. agrili were injured after brief exposures to 

temperatures below -20°C. Such brief cold exposures might occur on the coldest day 

of the year in some locations. However, this measure does not account for cold stress 

that may have accrued from previous cold events and may underestimate injury when 

an insect experiences repeated low temperatures. Lower lethal time models can be 

used to forecast cold injury over an entire winter. However, these models often 

assume that an insect experiences a constant temperature, which is reasonable for 

many subterranean insects or insects that persist beneath a snowpack where 

temperatures changes can be buffered (reviewed by Sinclair et al. 2003). Daily 

variations in winter temperature can affect survival rates where many species have 

lower injury under fluctuating thermal regimes when compared to constant 

temperatures (Colinet et al. 2011).  
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4.3 Assessing mortality.  

My primary interest during lower-lethal-temperature or lethal–time 

experiments was to measure the effect of cold exposure on insect mortality. 

Discoloration and failure to eclose represent mortality. Eclosion of adults seemed to 

be obvious evidence of survival and failure to eclose as evidence of death, but it was 

later learned that diapausing S. agrili require up to 26 weeks at 4°C to break diapause 

(Lelito, unpublished data). Adult emergence was unable to be induced for individuals 

exposed to these conditions even after being placed in warm/long-photoperiod 

conditions. Individuals that failed to eclose also were discolored, so the possibility 

that pre-pupae were healthy but had not yet broken diapause can be ruled out. 

However, discoloration and adult eclosion failure rates for S. agrili from warm/long-

photoperiod conditions were similar. Diapausing and nondiapausing individuals that 

froze when supercooling points were measured also had obvious discoloration. Thus, 

discoloration is likely to be a useful indicator of mortality when death is caused by 

freezing.  However, discoloration after cold exposure during lower-lethal-time studies 

only weakly agreed with adult eclosion.  Many individuals that had normal coloration 

still failed to eclose and no indication was apparent that these pre-pupae entered 

diapause due to the cold exposure treatment.  All pre-pupae were discolored by 30 d 

after cold exposure if they did not eclose. These findings may indicate differences 

between acute and chronic cold injury in S. agrili (Sinclair & Roberts 2005). Acute 

injury may occur from cell lysis during freezing to cause the visible discoloration of 

the pre-pupae. Chronic injury may be due to cold stress where the insect uses 

resources to survive cold, but reaches the point where it is unable to continue 

development. 

4.4 Rearing condition effects.  
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Rearing conditions affected the cold tolerance of S. agrili and T. planipennisi. 

Supercooling points were warmest for individuals from warm/long-photoperiod 

conditions.  For T. planipennisi, supercooling points were unaffected by rearing under 

cool/short-photoperiod conditions; supercooling points were not lowered until 

individuals from cool/short-photoperiod were held at 4°C for four months.  For S. 

agrili, supercooling points were lowered when exposed to diapause-inducing 

conditions, but were not lowered further when exposed to other rearing treatments 

that were intended to induce cold acclimation.  Based on supercooling points, it 

appears that cold tolerance of S. agrili changes more quickly than T. planipennisi 

when environmental conditions changed. 

Lower lethal temperature models did not differ for T. planipennisi from 

warm/long-photoperiod conditions or cool/short-photoperiod conditions. This result 

suggests that the cold tolerance of T. planipennisi as measured by lower lethal 

temperature is not affected by exposure to cool/short-photoperiod conditions, a result 

similar to that observed with supercooling points.  These two results suggest that T. 

planipennisi can be released as late as fall because conditions experienced prior to 

winter do not seem to affect cold tolerance.  

An effect of rearing treatment on discoloration rates of S. agrili was not 

detected in lower-lethal-temperature studies. This finding is interesting because 

supercooling points were significantly different due to rearing treatments for S. agrili. 

This outcome suggests that while these insects lower supercooling points as rearing 

conditions more closely mimic fall than summer, there is not an associated increase in 

resilience to chilling. 
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In lower-lethal-time studies, S. agrili from two-generation-diapause conditions 

survived longer at a given temperature from 0 to -15°C, inclusive, than S. agrili from 

warm/long-photoperiod or one-generation-diapause conditions. Because diapause 

induction appears to increase S. agrili cold tolerance, releasing S. agrili earlier in the 

year so that it has time to complete at least two generations may improve its ability to 

overwinter after release. 

4.5 Differences in cold tolerance between species.  

Another objective of this study was to determine if any of the parasitoid 

species was more cold tolerant than the others. Lower supercooling points for O. 

agrili might be expected because the insect must survive on the surface of a tree, 

unlike the larval parasitoids that may be slightly buffered from extreme cold 

temperatures by the insulating effects of bark (Vermunt et al. 2012a). Oobius agrili 

may be the most cold tolerant of the three species based on supercooling points, but 

mortality measures are needed to further understand O. agrili cold tolerance. 

Significant differences were not expected in overwintering mortality for T. 

planipennisi and S. agrili based on similar supercooling points. However, after brief 

cold exposure, a higher proportion of S. agrili eclosed than T. planipennisi when both 

species were reared under warm/long-photoperiod conditions. This result suggests T. 

planipennisi may have higher overwintering mortality than S. agrili. These findings 

should be interpreted with caution as late-instar T. planipennisi are susceptible to 

handling stress (Lelito, unpublished data).  Since eclosion was near 50% in the control 

groups it seems factors other than cold exposure were causing mortality. However, 

handling stress was less of an issue for S. agrili because discoloration of controls was 

typically <10% and the percentage of individuals from warm/long-photoperiod 
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conditions that failed to eclose was only about 20%. If the larvae were already 

stressed, the results from this study may underestimate the level of eclosion that might 

occur in the field after cold exposure. 

At the time these studies were conducted, T. planipennisi had only been 

described overwintering as late-instars (Bauer et al. 2008). However, recent findings 

suggest T. planipennisi can be found overwintering as early-instars in the host or as 

late-instars, pupae, or pharate adults outside the host, (Duan et al. in press; L. Bauer, 

personal comm.). These additional stages may be of interest for additional cold 

tolerance research in case a different stage is more cold tolerant.  

4.6 Applications of models.  

Ultimately, the cold tolerance of these parasitoids could be considered by 

natural resource managers before selecting one or more parasitoids species to control 

emerald ash borer in an area. Species that are more likely to survive the winter are 

also more likely to successfully establish.  Forecasts for S. agrili from diapause-

inducing conditions and T. planipennisi from warm/long conditions could be based 

initially on lower lethal temperature models and the minimum winter temperature 

recorded at a site.  The amount of time spent at cold temperatures could be used to 

refine estimates of mortality at a location.  Interpreting these measures of cold 

tolerance also requires accounting for relevant ecological conditions. Daily minimum 

under-bark temperatures of Fraxinus spp. are typically warmer than the minimum air 

temperature and large daily temperature fluctuations may occur due to solar heating of 

a tree (Vermunt et al. 2012b). Using air temperature to predict mortality of T. 

planipennisi and S. agrili may overestimate mortality, so temperatures underneath the 

bark should be used to predict overwintering survival (Vermunt et al. 2012a).  
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Crosthwaite et al. (2011) measured supercooling points and lower lethal 

temperature for A. planipennis and determined that freezing was lethal; and mean 

supercooling points of overwintering pre-pupae ranged between -28 to -30°C. 

Discoloration of S. agrili during lower lethal temperature studies also appears to 

increase substantially within this temperature range. Tetrastichus planipennisi had 

similar supercooling points to A. planipennis, but appeared to have additional pre-

freeze mortality. These findings suggest S. agrili may have similar overwintering 

mortality as A. planipennis in a given location where both species are present, but T. 

planipennisi can experience higher overwintering mortality than A. planipennis. 

While supercooling points are similar for O. agrili and A. planipennis, Oobius agrili 

mortality needs to be measured at cold temperatures before determining the similarity 

in cold tolerance between the two species. Even though S. agrili appear likely to 

survive winters where A. planipennis is present, further research is needed to 

determine the minimum winter survivorship required for populations of each species 

to persist year-round. Nevertheless, our current results will improve efficiency in 

selecting parasitoids for a release site.
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Figure 7. Rearing conditions for O. agrili, T. planipennisi, and S. agrili. Species and rearing treatment combinations used during cold tolerance 
testing are shown on right: supercooling point (SCP), lower lethal temperature (LLTemp), and lower lethal time (LLTime). Each rearing 
condition occurs in a single generation excluding S. agrili diapause treatments where a new generation is marked with an asterisk.
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Table 2. Number of individual insects and blocks used in supercooling point, lower lethal 
temperature, and lower lethal time experiments. 
Measure Species Rearing or condition n Blocks df χ² p 
SCP T. planipennisi Warm/long 23 2 1 0.00 0.950 
  T. planipennisi Cool/short 32 2 1 1.32 0.250 
  T. planipennisi Cool/short, 4°C acc. 20 7 6 8.37 0.213 
  S. agrili Warm/long 47 4 3 0.44 0.932 
  S. agrili 1 gen. diapause 57 5 4 3.38 0.496 
  S. agrili 1 gen. diapause, 4°C acc. 10 4† 3 3.34 0.343 
  S. agrili 2 gen. diapause 38 3 2 5.32 0.070 
  S. agrili 2 gen. diapause, 4°C acc. 18 7† 6 3.68 0.720 
  O. agrili Diapause, 4°C acc. 21 3 2 4.81 0.090 
LLTemp T. planipennisi Warm/long 191 5† 4 9.75 0.021 
  T. planipennisi Cool/short 176 2† 1 5.29 0.873 
  S. agrili Warm/long 225 10 9 9.30 0.411 
  S. agrili 1 gen. diapause 162 5 4 1.12 0.890 
  S. agrili 2 gen. diapause 265 11 10 2.40 0.992 
LLTime T. planipennisi Cool/short 778 2† 1 5.56 0.018 
  S. agrili Warm/long 626 8† 7 15.29 0.033 
  S. agrili 1 gen. diapause 678 7† 6 14.53 0.069 
  S. agrili 2 gen. diapause 704 4† 3 8.48 0.037 

Numbers of individual insects are before the modified Abbott correction was applied. 
Blocks represent sets of up to 16 cubes placed in a freezer at a time in SCP and LLTemp 
experiments.  
†Blocks represent separate exposure dates for SCP and LLTemp and shipments in 
LLTime experiments.  
After Bonferroni corrections, adjusted α = 0.006, 0.010, and 0.013 for SCP, LLTemp, and 
LLTime experiments, respectively. 
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Table 3. Median and 90th percentiles for supercooling points of Tetrastichus 
planipennisi, and Spathius agrili, and Oobius agrili from different rearing conditions. 

Species Rearing 
Media

n 
90th 

percentile 
Within 

Sp.1 
Among 
Spp.2 

T. planipennisi Warm/long -27.34 -28.71 A - 
T. planipennisi Cool/short -28.14 -28.83 A - 
T. planipennisi Cool/short, 

4°C acc. 
-29.42 -31.11 B ab 

S. agrili Warm/long -25.19 -26.75 E - 
S. agrili 1 gen. diapause -28.77 -31.02 F a 
S. agrili 1 gen. 

diapause, 4°C 
acc. 

-29.17 -31.22 F - 

S. agrili 2 gen. diapause -29.06 -31.12 F - 
S. agrili 2 gen. 

diapause, 4°C 
acc. 

-28.09 -30.01 F - 

O. agrili Diapause, 4°C 
acc. 

-30.49 -31.40 - b 

 
Rearing conditions are summarized in Fig.11. 
1. Comparison of the statistical distributions of supercooling points within a species 
from different rearing conditions.  Rearing conditions marked with the same letter are 
not statistically different. Comparisons of distributions were based on pairwise Kuiper’s 
tests with a Bonferroni adjustment to maintain an overall α = 0.05.  
2. Comparison of the statistical distributions of supercooling points among species from 
rearing conditions that gave the most cold-tolerant individuals.  Rearing conditions 
marked with the same letter are not statistically different. Comparisons of distributions 
were based on pairwise Kuiper’s tests with a Bonferroni adjustment to maintain an 
overall α = 0.05.   
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Figure 8. Observed supercooling points for: (A) Tetrastichus planipennisi larvae from 
three rearing conditions; (B) Spathius agrili from three rearing conditions without an 
additional four months at 4°C (C) S. agrili from two diapause-inducing conditions with 
an additional four months at 4°C. (D) Oobius agrili and species from rearing 
combinations with the lowest supercooling points. 
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Table 4.   Results of lower lethal temperature studies for Tetrastichus planipennisi and Spathius 
agrili from different rearing conditions: estimated logistic-regression parameters to characterize 
discoloration or failure of adults to eclose as a function of brief exposure to low temperatures. 

Species & rearing Intercept (b0)   Temperature (b1) 
  Coefficient ± SE χ2 p   Coefficient ± SE χ2 p 
T. planipennisi                       
Eclosion:               
Warm/long -4.871 ± 1.3762B 12.53 <0.001   -0.270 ± 0.0679B 0.07 <0.001 
Cool/short -0.534 ± 2.123 0.06 0.802   -0.102 ± 0.0821 1.53 0.216 
Cool/short† -7.328 ± 1.349 29.5 <0.001   -0.369 ± 0.068 29.39 <0.001 
S. agrili                     

 Discoloration:                       
Warm/long -15.017 ± 2.744a 29.94 <0.001   -0.633 ± 0.115a 30.46 <0.001 
One gen. 
diapause -26.520 ± 5.408a 24.05 <0.001   -0.97 ± 0.199a 23.87 <0.001 

Two gen. 
diapause -15.651 ± 2.464a 40.35 <0.001   -0.542 ± 0.085a 41.01 <0.001 

Eclosion:                       
Warm/long -27.730±7.380A 14.12 <0.001   -1.186 ± 0.304A   15.22 <0.001 
†Model resulting from combined lower lethal temperature and lower lethal time data at 3 d. 

Coefficients followed by the same letter are not significantly different at Bonferroni adjusted α 
=0.05; lower case letters represent comparisons among rearing treatments based on discoloration; 
upper case letters represent the comparison between species based on eclosion. 

Coefficients are for Equation 1 in the text. 
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Figure 9. Observed (symbols) and predicted (lines) proportion of emerald ash borer parasitoids 
that were discolored or failed to eclose after brief exposure to low temperatures: (A) Tetrastichus 
planipennisi adult eclosion. (B) Spathius agrili discoloration and adult eclosion. Observations at 
26.5°C were used to adjust proportions at other temperatures.  
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Figure 10. Agreement between the proportion (not Abbott corrected) of Spathius agrili 
from normal rearing conditions that were discolored and those that failed to eclose in 
lower lethal temperature studies. 
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Figure 11. Mortality of Tetrastichus planipennisi due to length of exposure at constant 
temperature. Observed (symbols) and predicted (lines) proportion of T. planipennisi that 
failed to eclose over time at constant temperatures.  Observations at 26.5°C were used to 
adjust proportions at other temperatures and times. 
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Table 5. Results of lower lethal time studies for Spathius agrili and Tetrastichus planipennisi from different rearing conditions: estimated logistic-regression 
parameters to characterize discoloration or failure of adults to eclose as a function of exposure to low temperatures over time. 
Rearing   Intercept (b0)   Temperature (b1)   Days (b2) 

    Coefficient ± SE χ2 p   Coefficient ± SE χ2 p   Coefficient ± SE χ2 p 
T. planipennisi                                     
Eclosion:                                     
Cool/short     -7.286 ± 0.747   95.08 <0.001     -0.319 ± 0.042   56.48 <0.001     0.069 ± 0.008   78.24 <0.001 

S. agrili                                     
Discoloration:                                     
Warm/long -5.283 ± 0.458a 133.00 <0.001   -0.126 ± 0.025a 26.15 <0.001   0.059 ± 0.005a 114.44 <0.001 
One gen. diapause        -4.173 ± 0.376  102.81 <0.001   - - -       0.041 ± 0.006 53.36 <0.001 
Two gen. diapause   -4.087 ± 0.391a 109.37 <0.001   -0.091 ± 0.026a 11.04 <0.001   0.037 ± 0.005b 28.82 <0.001 
Eclosion:                                     
Warm/long   -4.103 ± 0.464 48.48 <0.001   0.065 ± 0.009 21.74 <0.001   -0.198 ± 0.0424 57.00 <0.001 

Coefficients followed by the same letter are not significantly different at Bonferroni adjusted α=0.05. 
Coefficients are for Equation 3 in the text. 
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Figure 12. Agreement between the proportion (not Abbott corrected) of Spathius agrili 
from normal rearing conditions that were discolored and those that failed to eclose in 
lower lethal time studies. Multiple points per temperature are independent observations 
through time. 
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Figure 13. Mortality of Spathius agrili due to length of exposure at constant temperature. 
Observed (symbols) and predicted (lines) mortality of S. agrili from different rearing 
conditions over time at constant temperatures: (A) warm/long-photoperiod conditions, 
(C) S. agrili one generation diapause (hashed line represents predicted mortality as a 
function of time; temperature did not have a significant effect on mortality), (D) S. agrili 
two generation diapause.  
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Chapter IV 
Forecasting overwintering mortality of emerald ash borer parasitoids in 

northeastern North America 

1. Introduction 

Emerald ash borer, Agrilus planipennis Fairmaire, is a new insect in North 

America. Agrilus planipennis larvae chew through the bark, phloem, cambium and outer 

sapwood of ash (Fraxinus spp.) where they will continue to feed in a serpentine pattern 

between the xylem and phloem, which forms a gallery. This feeding girdles the tree and 

eventually leads to tree death.  Various methods are being considered to control A. 

planipennis, including biological control using hymenopteran parasitoids from eastern 

Asia. The US Department of Agriculture (USDA) conducted surveys in Asia for potential 

natural enemies to initiate a classical biological control program for A. planipennis in 

North America (Liu et al. 2003). Several parasitoid species were screened under 

quarantine conditions to ensure non-target hosts would not be adversely affected (Liu & 

Bauer 2007; Bauer et al. 2008; Yang et al. 2008).  Three parasitoids were ultimately 

approved for release: Oobius agrili Zhang and Huang (Hymenoptera: Encyrtidae), 

Spathius agrili Yang (Hymenoptera: Braconidae), and Tetrastichus planipennisi Yang 

(Hymenoptera: Eulophidae) (Yang et al. 2005, 2006; Zhang et al. 2005).  The parasitoids 

originated from eastern China (Liaoning, Jilin, and Heliongjiang provinces for T. 

planipennisi and these three provinces plus Beijing for S. agrili) where they parasitized 

40-90% of A. planipennis larvae (Liu et al. 2007; Yang et al 2010). S. agrili and T. 

planipennisi both overwinter within the gallery of A. planipennis. For these parasitoids to 
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establish in North America and potentially reduce A. planipennis densities, they must be 

able to overwinter where they are released. 

Previous studies (Ch. 3) characterized the cold tolerance of the overwintering 

stage of three parasitoids.  Supercooling points, i.e., the temperature at which an insect 

begins to freeze, were measured for late instar S. agrili, T. planipennisi and O. agrili.  

Mortality was measured as a function of brief exposure to subzero temperatures, i.e., 

lower-lethal temperature studies, and extended exposures to low, constant temperatures, 

i.e., lower lethal time studies.  In general, acclimated O. agrili froze at significantly lower 

temperatures than acclimated S. agrili; T. planipennisi supercooling points were 

intermediate.  A greater proportion of S. agrili survived brief exposure to cold 

temperatures than T. planipennisi.  S. agrili also survived better over time at low 

temperatures than T. planipennisi.  

Laboratory studies of insect cold hardiness have been used to forecast where 

parasitoids might be able to overwinter.  For instance, Sorribas et al. (2012) measured 

survivorship of Encarsia perniciosi and Comperiella bifasciata at different combinations 

of constant temperature and humidity to determine what climates were most suitable for 

the parasitoids. Laboratory measures of cold mortality of Peristenus digoneutis were also 

used to generate cold stress parameters in CLIMEX to model the species distribution 

(Hay et al. 2013).  

The objective of this study was to evaluate regional variation in the overwintering 

potential of S. agrili and T. planipennisi.  Temperatures that would cause 50% or 90% 

mortality were estimated for both species.  Those thresholds were used with the climate 
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analysis software NAPPFAST to estimate the number of winters from 2002 – 2012 in 

which temperatures fell below these threshold temperatures. These results were compared 

with locality records of sites in which the parasitoids were released and recovered one or 

more years later.  Forecasts of overwintering mortality should be of use to natural 

resource managers as they chose if or where to release each species to control A. 

planipennis. 

2. Methods 

In previous studies (Ch. 3), the relationships between injury (i.e., discoloration or 

failure to eclose) and brief cold exposure were estimated for T. planipennisi and S. agrili. 

The current study relies on injury-temperature functions for T. planipennisi from 

cool/short photoperiod conditions and S. agrili from diapause-inducing conditions (over 

two generations).  These rearing conditions gave the most cold tolerant individuals for 

each species. Logistic regression models were solved to find temperatures that may be 

lethal to 50% or 90% of the overwintering individuals of each species. These temperature 

thresholds were chosen to represent levels of mortality that may prevent a population 

from persisting in an area.  Confidence intervals for temperatures causing 50 or 90% 

mortality were calculated from logistic regression parameters and the variance-

covariance matrix (Table 4) by using the delta method (Faraggi et al. 2003).  

Minimum winter temperatures for North America for 2002-2012 were analyzed 

using North Carolina State University-APHIS Plant Pest Forecast (NAPPFAST) 

software, which can be used to predict potential distributions of insects and pathogens 

based on climate (Borchert & Magarey 2005; Nietschke et al. 2007).  NAPPFAST 
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determines daily temperatures for each 38 x 38km grid cell using nearby weather stations 

and 3-dimensional interpolation, a method of interpolation that accounts for elevation. 

Vermunt et al. (2012a) determined that daily minimum temperatures underneath the bark 

were 1°C warmer than air temperature in winter, and adding 1°C to daily minimum air 

temperature predicted under-bark temperatures better than air temperature alone. The 

temperatures at which 50 and 90% mortality occur were adjusted for each species by 

subtracting 1°C to account for the insulating effect of the tree during winter. NAPPFAST 

then analyzed if temperatures fell below these adjusted threshold temperatures between 

each Oct. 1 and March 31 time period for 2002 to 2012. Results of each analysis were 

presented on a map depicting the number of years where temperatures fell below the 

threshold temperature and exported as a GeoTiff file.   

Overwintering forecast maps were compared with records of North American 

sites where parasitoids had been released into the environment and monitored for 

establishment after at least one winter.  Locations were not included where parasitoids 

were released and recaptured within the same growing season. Overwintering forecast 

maps were also determined for the native range of T. planipennisi and S. agrili in China 

(Yang et al. 2005; Yang et al. 2006; USDA 2007).  NAPPFAST maps were exported to 

ArcGIS 10.1 (ESRI, Redland, CA).  Longitude and latitude of release sites where 

parasitoids were able to establish were obtained from Juli Gould (USDA-APHIS) and 

included as an additional data layer.  
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3. Results   

Statistical models of the relationship between cold exposure and mortality 

(Chapter 3) suggest that 50% of T. planipennisi larvae would die after exposure to 

-19.9°C (95% CI: -18.1 to -21.7°C) and 90% would die after exposure to -25.8°C (-22.8 

to -28.8°C). For S. agrili pre-pupae, 50% were projected to die after exposure to -28.9°C 

(-27.8 to -29.9°C) and 90% would die after exposure to -32.9°C (-31.3 to -34.5°C).  

Winter temperatures in all of North Dakota, South Dakota, and  Minnesota, the 

western half of Wisconsin, the northern half of Iowa, New York, Vermont, New 

Hampshire, and Maine, and most of the Canadian provinces had low temperatures every 

winter from 2002-2012 that would be sufficient to cause 50% mortality in T. 

planipennisi. Most other states in the northeastern United States (here defined as those 

states from Maine to Minnesota, and Missouri to Maryland) had at least one winter 

within that time period that would have been sufficiently cold to cause 50% mortality 

(Fig. 18a). Winters cold enough to cause 90% mortality in T. planipennisi only occurred 

every year in northern North Dakota, northern Minnesota, and portions of Canada (Fig. 

18b). For S. agrili, 50% mortality was common in the same areas where 90% T. 

planipennisi mortality was common (Fig. 19a). However, 90% S. agrili mortality was not 

common except for northern Minnesota and North Dakota, and only occurred every year 

in portions of Canada. Years where 50 or 90% mortality occurred were less common for 

S. agrili than T. planipennisi at most locations (Fig. 19 & 20). Areas where T. 

planipennisi were recovered reached 50% mortality in as many as 3 or 4 years of the 

period from 2002-2012 and 90% mortality rarely was not forecasted in areas where T. 
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planipennisi have been recovered.  In all areas where S. agrili was recovered, 

temperatures were never low enough to achieve 50% mortality. 

Winter temperatures in northern China were cold enough to cause 50% mortality 

of T. planipennisi in each winter from 2002-2012 in all provinces in its known range in 

northern China except coastal areas of Liaoning province (Fig. 20a).  Temperatures were 

cold enough to cause 90% mortality in each winter over the same period only in portions 

of northern Heilongjiang and Jilin provinces (Fig. 20b). Winters that were cold enough to 

cause 50% mortality for S. agrili were less frequent in Liaoning province than in 

Heilongjiang and Jilin provinces (Fig. 21a). However, forecasts of 90% mortality of S. 

agrili were uncommon except for the northernmost areas of Heilongjiang province (Fig. 

21b). 

4. Discussion 

Previous climate modeling for T. planipennisi and S. agrili suggested these 

insects might be able to overwinter in different areas than the areas suggested by this 

study. USDA (2007) compared climates where S. agrili and T. planipennisi were found in 

Asia to North America using CLIMEX climate matching software. Similar climates to 

the native range of S. agrili were confined primarily to the United States, which matches 

our data relatively well. However, the climate matching for T. planipennisi showed its 

potential range extending into much of Canada, which suggested T. planipennisi is better 

suited for cold climates than S. agrili. Instead, forecasts show that T. planipennisi 

overwintering mortality is higher than S. agrili. This difference demonstrates the 

consequences of uncertainty associated with climate matching to infer a species’ 
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distribution.  In this case, the distribution data for T. planipennisi in Asia may have 

included a finding near the northern extent of its range in eastern Asia. This could result 

in CLIMEX determining climates similar to this northernmost point that are beyond the 

potential range of T. planipennisi. CLIMEX also matches climates throughout the year, 

so summer temperatures may have also been similar to locations where T. planipennisi 

has been found. However, climate matching models are appropriate for obtaining a rough 

approximation of species distribution in a new area when only distribution data is 

available for its native range, but measures of temperature related stress and growth due 

to temperature can be included to refine these models (de Villiers et al. 2013). 

Based on our forecasts of overwintering mortality, natural resource managers can 

decide whether they should consider releasing the parasitoids in their area. However, 

these models only describe the frequency of years in which 50% or 90% mortality might 

be expected to occur, not whether the parasitoids can establish. One option to evaluate the 

accuracy of these overwintering forecasts is to compare the overwintering mortality 

projections with locations in China where the parasitoids have been recovered. At least 

half of the winters in 2002-2012 over most of the area in the northernmost provinces of 

China were sufficiently cold to cause 90% mortality for T. planipennisi . If T. 

planipennisi overwinters in inland locations of these provinces, T. planipennisi 

populations may be able to tolerate a high degree of overwintering mortality. If this is the 

case, T. planipennisi may be able to overwinter in areas such as central Minnesota. The 

native range of S. agrili in China also includes areas that commonly reach temperatures 

that can cause 50% overwintering mortality, although 90% forecasted mortality is 
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relatively rare in most provinces where the species has been documented. This may 

indicate that commonly reaching 90% mortality may limit the distribution of S. agrili. 

Other factors should be considered before release such as the number of 

parasitoids present at a site at the start of winter and the minimum population level 

required for the parasitoids to find mates (i.e., prevent Allee effects; Suckling et. al 

2012). This threshold may also differ between species because T. planipennisi can 

produce up to 172 offspring per A. planipennis larva, while S. agrili produces 1-16 

offspring (Ulyshen et al. 2010).  T. planipennisi likely has three to four generations per 

year, but S. agrili might only have one or two.  Because T. planipennisi can produce so 

many offspring, its populations may quickly increase during the growing season.  Large 

numbers of individuals might allow for the species to persist in areas with high 

overwintering mortality. For example, T. planipennisi was found overwintering in areas 

that would cause at least 50% mortality in over half of the winters examined. This would 

suggest that T. planipennisi may be able to establish a population in areas where 50% of 

the population dies annually. The areas where T. planipennisi were recovered typically 

did not reach 90% mortality.. Since S. agrili was not recovered in any areas that 

experienced temperatures sufficient to cause 50% mortality, these models can only show 

that if mortality is <50% populations of S. agrili may be able to establish. However, it is 

unknown if populations can establish where higher overwintering mortality may occur. 

In areas where the parasitoids have not yet been released or documented to 

survive the winter, natural resource managers may not have sufficient information to 

determine how climatically suitable an area might be for the parasitoids. This can be 
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especially problematic for states such as Minnesota that experience a wide range of 

temperatures. In this case, our forecasts show that southern Minnesota may be more 

suitable for S. agrili to overwinter, but northern parts of the state may be less suitable. On 

the other hand, T. planipennisi would likely experience multiple years with up to 90% 

mortality in much of Minnesota. More research is needed to evaluate the consequences of 

overwintering mortality on the population dynamics of these parasitoids. In the 

meantime, more attention may be given to releasing S. agrili in broader areas of the state, 

while T. planipennisi releases may be confined to far southern Minnesota where the risk 

of high overwintering mortality is lower. 

Forecasted cold mortality appears less frequent in areas in the Midwest such as 

Michigan where the parasitoids have been recovered. However, years where winter 

temperatures may cause high overwintering mortality become more common in areas 

such as Minnesota and much of Canada. Ultimately, further research on the population 

dynamics of these parasitoids is needed to make further interpretations on our findings 

towards whether what degree of overwintering mortality may prevent population 

establishment and persistence. 
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Figure 14. Frequency of North American winters (2002-2012) cold enough to cause 50% 
mortality (A) and 90% mortality (B) in overwintering Tetrastichus planipennisi larvae.  
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Figure 19. Frequency of North American winters (2002-2012) cold enough to cause 50% 
mortality (A) and 90% mortality (B) in overwintering Spathius agrili larvae.  
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Figure 20. Frequency of Chinese winters (2002-2012) cold enough to cause 50% 
mortality (A) and 90% mortality (B) in overwintering Tetrastichus planipennisi larvae.  
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Figure 21. Frequency of Chinese winters (2002-2012) cold enough to cause 50% 
mortality (A) and 90% mortality (B) in overwintering Spathius agrili larvae. 
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Appendix 1 
Estimates of mortality were adjusted in response to cold exposure to account for 
mortality in control (i.e., room temperature) treatments, following methods developed by 
Rosenheim and Hoy (1989). Adjustments were based on: 

 
 
where 

 
 
 
Mortality in a treatment group of interest is adjusted using the observed mortality in that 
treatment (Mtreatment) and control group (Mcontrol).  Mtreatment and Mcontrol can vary between 0 
and 1, inclusive, but  Mtreatment must be greater than or equal to Mcontrol.  The variance of 
the control group,  Var(Mcontrol) = 4(Mcontrol *(1 - Mcontrol) / n), and (tdist) is the critical t-
value chosen from the t-distribution based on the of the lesser sample size of the 
treatment or control group.   

 


