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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• On average, Spathius galinae larvae 
begin to freeze at − 25 ◦C. 

• Most Spathius galinae larvae die after 
initiating freezing, but some survive. 

• Almost all Spathius galinae larvae died 
after exposure to − 29 ◦C in the field. 

• Spathius galinae may not survive winters 
where temperatures are regularly below 
− 28 ◦C.  
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A B S T R A C T   

Evaluating the cold tolerance of biological control agents is often necessary to optimize their release and per
formance. We used field and laboratory assays to determine the cold hardiness of the parasitoid Spathius galinae 
Belokobylskij & Strazanac, an approved classical biological control agent of emerald ash borer (Agrilus plani
pennis Fairmaire) in North America. Supercooling points and lower lethal temperature of mature (cocooned) 
S. galinae larvae were measured in controlled cooling assays in the laboratory. Most S. galinae larvae died after 
reaching their supercooling point, which occurred at − 25.0 ◦C on average. Several larvae, however, initiated 
freezing but later eclosed, suggesting S. galinae may be partially freeze tolerant. Supercooling points were not 
affected by chilling rate. In the winter of 2019 – 2020, we monitored development of mature S. galinae larvae in 
ash segments above and beneath the snow in three locations in Minnesota, USA. Nearly 100% of S. galinae larvae 
died after air temperatures reached − 29 ◦C in Minnesota. Using models developed from our data, we forecast 
eclosion rates of S. galinae based on minimum winter temperatures across the range of ash (Fraxinus spp.) in 
North America. Our results indicate that S. galinae populations may suffer high overwintering mortality in areas 
where winter temperatures regularly decrease below − 28 ◦C, but a small portion of the population may be able 
to survive lower temperatures.   
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1. Introduction 

One important component in the success and optimization of a bio
logical control program is identifying how well-suited a potential bio
logical control agent is to the environment into which it will be 
introduced (Hance et al., 2007; Heimpel and Mills, 2017). Typically, 
climate matching is used to compare a suite of abiotic factors between a 
potential biological control agent’s native range and the proposed range 
of introduction to delineate novel locations in which these agents may 
perform well (Robertson et al., 2008). Failure of a biological control 
agent to establish a persistent population due to a climate mismatch is 
thought to be the main factor in 34.5% of attempted introductions 
(Stiling, 1993). However, climate matching methods alone are not suf
ficient to predict success or establishment (Stiling, 1993; Hart et al., 
2002; Bauer et al., 2015). More specifically, insect adaptation to climate, 
such as the cold tolerance of a potential biological control agent could be 
examined as part of this evaluation (Stiling, 1993; van Lenteren et al., 
2006), especially if releases are intended in northern latitudes. Evalu
ating the cold tolerance of a potential biological control agent provides 
information that can be used in selecting optimal release locations while 
also reducing the risk of non-target effects (Hopper, 1998; Hoelmer and 
Kirk, 2005; Kenis et al., 2017). 

Evaluating the cold hardiness of the parasitoid Spathius galinae 
Belokobylskij & Strazanac (Hymenoptera: Braconidae) is of particular 
interest for the optimization of the classical biological control program 
for emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: 
Buprestidae) in North America. Spathius galinae is one of four parasitoids 
that have been approved for release against emerald ash borer in North 
America (Duan et al., 2018). Three are larval parasitoids: Tetrastichus 
planipennisi Yang (Hymenoptera: Eulophidae), Spathius agrili Yang (Hy
menoptera: Braconidae), and Spathius galinae. The fourth, Oobius agrili 
Zhang and Huang (Hymenoptera: Encyrtidae), is an egg parasitoid. 
Spathius galinae was the parasitoid most recently approved for release in 
2015 (Federal Register, 2015a), while the other three insects were 
approved in 2007 (Federal Register, 2007). Spathius galinae is an idio
biont ectoparasitoid that attacks third and fourth instars of emerald ash 
borer. Larvae of S. galinae develop through five instars and overwinter as 
a cocooned fifth instar underneath the bark of ash trees. The over
wintering stage of S. galinae does not enter a diapause (Chandler et al., 
2020). Larvae of S. galinae will resume development once temperatures 
reach approximately 15 ◦C. In the spring, S. galinae larvae complete 
development and emerge as adults. 

Spathius galinae has unique features that may improve biological 
control of emerald ash borer. For example, S. galinae has a longer 
ovipositor than T. planipennisi so it should be able to reach emerald ash 
borer larvae deeper beneath the bark than T. planipennisi (Murphy et al., 
2017). Additionally, Spathius agrili did not establish well in northern 
climates likely due to a phenological mismatch with emerald ash borer 
(Hooie et al., 2014; Jennings et al., 2016; Gould et al., 2020). In New 
York, USA, S. agrili emerged a month later than T. planipennisi and 
S. galinae, by which time there were fewer parasitoid-susceptible 
emerald ash borer larvae (Jones et al., 2020). As such, releases of 
S. agrili have since been restricted to south of the 40th latitudinal par
allel. Spathius galinae may not suffer from this phenological mismatch in 
part because it is native to the Russian Far East (Belokobylskij et al., 
2012). Climate matching suggests S. galinae is well suited to regions 
north of the 40th parallel, where it will complement established pop
ulations of T. planipennisi (Federal Register, 2015b). Spathius galinae may 
have up to three or four generations per year in the northeastern and 
midwestern USA (Duan et al., 2014; Watt et al., 2016). The cold 
hardiness of S. galinae has not been fully evaluated to date. 

Cold temperatures can cause both metabolic injury or sub-lethal ef
fects to insects (Storey and Storey, 1988; Tussey et al., 2018), as well as 
mechanical injury when fluids inside the insect body freeze (Denlinger 
and Lee, 2010). However, many insects have evolved various mecha
nisms or strategies to avoid freezing or control where freezing occurs 

(Zachariassen, 1985; Turnock and Fields, 2005; Toxopeus and Sinclair, 
2018). For example, some insects can reduce the freezing temperature of 
fluids inside their body by producing cryoprotectant polyols such as 
glycerol. The temperature at which these insects begin to freeze is 
termed the supercooling point. Other strategies for surviving subzero 
temperatures include removing ice nucleating agents, lowering body 
water content, producing thermal hysteresis proteins, or selecting 
favorable overwintering locations (Baust and Rojas, 1985; Zachariassen, 
1985; Sinclair, 1999; Bale, 2002). Insects that tolerate freezing may 
freeze at higher temperatures than those that avoid freezing (Sinclair, 
1999). Laboratory assays with a controlled rate of cooling are often used 
in conjunction with field studies to evaluate supercooling point, lower 
lethal temperature (the minimum temperature to which an insect can 
survive exposure), and lower lethal time (the length of time an insect can 
survive exposure to a particular temperature) (Sinclair et al., 2015). 

Understanding the cold hardiness of S. galinae will aid in identifying 
regions where it may not perform well. To date, two studies have 
evaluated localized cold tolerance and overwintering mortality of 
S. galinae (Chandler et al., 2020; Duan et al., 2020). Chandler et al. 
(2020) evaluated the supercooling point and overwintering survival of 
S. galinae at sites in Massachusetts, Connecticut, Rhode Island, and 
Delaware, USA. Spathius galinae demonstrated the ability to lower its 
supercooling point throughout the winter as it acclimated to lower 
temperatures (Chandler et al., 2020). Duan et al. (2020) took advantage 
of the extreme cold temperatures due to a polar vortex in January 2019 
to compare mortality of S. galinae, T. planipennisi, and emerald ash borer 
populations in Michigan and Connecticut. In Michigan, where temper
atures reached as low as − 26 ◦C, S. galinae populations displayed as 
much as 50% mortality, whereas in Connecticut, where temperatures 
only reached − 18 ◦C, the highest mortality observed was 7.3%. No study 
has yet evaluated the overwintering survival of S. galinae in the upper 
Midwest region of the United States where winters are generally colder 
than the locations in the aforementioned studies. In this paper, we 
describe experiments carried out to evaluate the ability of S. galinae to 
survive winters in Minnesota, USA in USDA Plant Hardiness Zones that 
are colder than those used in previous studies. We also investigate the 
supercooling point and lower lethal temperature of S. galinae in the 
laboratory and study how different cooling rates affect the supercooling 
point. We compare predictions from lab assays on lower lethal tem
perature with observed field mortality at three locations in Minnesota. 
Finally, we develop geographically explicit forecasts from these exper
iments to predict winter mortality across the USA based on minimum 
winter temperatures. 

2. Materials and methods 

2.1. Lower lethal temperature assays 

All S. galinae larvae used in these assays originated from a colony 
established in 2010 from approximately 100 individual cocoons 
collected from the Russian Far East. For these assays, these parasitoids 
were reared on late-instar emerald ash borer larvae infesting green ash 
(Fraxinus pennsylvanica Marsh) logs at the United State Department of 
Agriculture (USDA) Beneficial Insects Introduction Research Unit in 
Newark, DE. The green ash logs containing late instars of emerald ash 
borer larvae for rearing S. galinae were produced according to methods 
described in Duan et al. (2013). Green ash logs, freshly cut from trunks 
of naturally growing trees, were artificially infested with emerald ash 
borer eggs (~10 eggs per log, each log ~ 7 cm in diameter × 20 cm long) 
and then incubated in an environmental chamber at 30 ◦C for approxi
mately 5 weeks so that most EAB larvae would have reached late instars 
suitable to S. galinae attacks. These green ash logs containing late instars 
of EAB larvae were then exposed for 7 days to gravid females of S. galinae 
(along with some males) in ventilated-clear polystyrene crisper boxes 
(each 17.6 by 12.6 by 10 cm, Tri-State Plastics, Latonia, KY) in an 
environmental chamber (Percival Scientific, Perry, IA) at 25 ◦C (±1◦C), 
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with 65 ± 10% relative humidity and a photoperiod of 16:8 L:D h). 
Parasitoid-exposed logs were then maintained in the same environ
mental chamber for approximately 7 more days to allow the develop
ment of immature parasitoids to mature (cocooned) larval stages (Duan 
et al., 2014). The logs were then cold acclimated for a week at 1.7 ◦C. 
Late-instar S. galinae larvae were dissected from ash logs and placed into 
Petri dishes with moist paper towels. 

The insects were shipped overnight to Saint Paul, MN, where they 
were held at 4 ◦C until used in laboratory assays. A bath of silicon 180 oil 
(A40; Thermo Fisher Scientific, Waltham, Massachusetts) was used to 
control temperatures in these laboratory assays. Insects were placed in 
1.5 ml microcentrifuge tubes before a plastic dowel fitted with an O-ring 
was placed in the opening of each tube. A 1.27-mm diameter (36 AWG) 
type-T copper-constantan thermocouple was threaded through the 
plastic dowel so that the end of the thermocouple was in contact with the 
insect (Stephens et al., 2015). Each microcentrifuge tube was placed into 
an 18 × 150 mm Kimax glass test tube in a plastic rack in the silicon oil 
bath. Temperature was recorded every 0.5 s using TRACERDAQ PRO 
software (Measurement Computing, Bourne, MA, USA). 

To determine the lower lethal temperature and supercooling point, 
insects were chilled in 33 batches of 20 larvae at one of three rates, as 
cold hardiness metrics may vary with the rate at which the insects are 
cooled (Miller, 1978; Wang and Kang, 2005; Terblanche et al., 2007). 
We chose cooling rates of 1 ◦C/minute, 0.5 ◦C/minute, and 0.1 ◦C/ 
minute. Cooling at 1 ◦C/min is a common laboratory standard (Salt, 
1966), but others have argued that such a fast cooling rate is not 
ecologically relevant (Bale, 1986, 1987; Sinclair et al., 2003). The 
0.1 ◦C/minute cooling rate closely matches the average rate of cooling 
observed between the daily high temperature and the following daily 
low temperature in our field studies, which was 0.015 ◦C/minute. Three 
insects in each batch were designated as control insects and left at room 
temperature during the duration of the assay. The remaining 17 insects 
in a batch were randomly assigned a temperature between 0 ◦C and 
− 32 ◦C inclusive, in two-degree increments. Initially, insects were to be 
cooled as low as − 40 ◦C, however the silicon bath had difficulties 
cooling below − 32 ◦C. Insects that had been designated to cool lower 
than − 32 ◦C were instead pulled from the bath at − 32 ◦C. There were 16 
insects cooled to each temperature, except − 32 ◦C, which had a sample 
size of 73 insects. In total, 329 late-instar larvae were used in these 
assays. 

Each insect was removed from the chiller bath once its corresponding 
thermocouple recorded the previously designated low temperature, 
even if an exotherm (the release of heat that occurs when water freezes) 
was observed prior to reaching the designated temperature, and placed 
on ice until the end of the batch. The insects were then returned to 
storage at 4 ◦C for three days. Insects were stored in their micro
centrifuge tubes with a small piece of moist cotton added to prevent 
desiccation. During this storage period, larvae were checked daily for 
signs of discoloration. After three days, larvae were transferred to in
cubators held at 25 ◦C with a 16:8 L:D cycle. Humidity was not held 
constant in these incubators due to mechanical issues and as a result, 
relative humidity in the incubators mirrored the ambient relative hu
midity in the incubator room. After an additional four weeks, larvae 
were checked to record how many had successfully developed to the 
adult life stage, which we will refer to throughout as successful eclosion. 
Supercooling points of S. galinae were estimated by visual inspection of 
plots of the temperature recordings from the lower lethal temperature 
assays for evidence of an exotherm, and the lowest temperature 
observed prior to the exotherm was recorded as the supercooling point. 

2.2. Overwintering field study 

All insects used in these field studies were reared in the same manner 
as those used in the laboratory study. After cold acclimation, the green 
ash bolts were shipped overnight from Delaware on 12 December 2019 
in a cooler on an ice pad to Saint Paul, MN. These bolts were placed in 

4 ◦C storage until they were deployed in the field on 16 – 17 December 
2019. Six bolts were immediately placed into incubators at 25 ◦C and 
16:8H L:D cycle as a control without exposure to the cold. Additionally, 
six bolts were placed in an outdoor open-air insectary at the USDA 
Beneficial Insects Introduction Research Unit in Newark, DE as a control. 
The number of insects in each treatment group was not even across all 
treatments due to the inability to identify the number of larvae in log 
segments without removing the bark. 

Bolts were placed outside in Mullen Woods at the Saint Paul campus 
of the University of Minnesota (44.98 ◦N, 93.18 ◦W) and in small 
forested areas at the University’s Southern Research and Outreach 
Center in Morris, MN (44.59 ◦N, − 95.87 ◦W) and Western Research and 
Outreach Center in Waseca, MN (44.07 ◦N, 93.53 ◦W). At each location, 
half of the bolts were tied around the circumference of a tree trunk at 
approximately breast height (ca. 1.5 m above the soil line) using twine. 
Trees were chosen on the interior of the stands to limit the effect of 
direct sunlight. The other half of the bolts were placed nearby on the 
ground so that they would be insulated by any snow that fell. If snow 
was already present at the site, the snow was temporarily displaced 
before placing the bolts on the ground and recovering with snow. Spa
thius galinae that attack emerald ash borer near the base of the tree trunk 
may overwinter below the snow line if sufficient snowfall occurs, so 
these bolts on the ground serve as an assessment of how this thermal 
refuge may affect the survival of these parasitoids. A HOBO data-logger 
(Onset Computer Corporation, Bourne, Massachusetts) was placed 
adjacent to each group of bolts to record ambient temperature and 
relative humidity. 

Bolts were retrieved on 25 March 2020 when the mean daily tem
perature was approximately 2 ◦C in the previous week. We had hoped to 
leave the bolts in the field until temperatures were regularly warm 
enough (approximately 15 ◦C) for the insects to continue their devel
opment to adults (Watt et al., 2016), but they were retrieved earlier as 
the University of Minnesota was preparing to restrict employee travel 
due to the COVID-19 pandemic. Thus the bolts were retrieved to prevent 
the loss of data if travel restrictions remained in place past the emer
gence of S. galinae adults. The control segments in Delaware remained 
outdoors until adult parasitoids emerged in mid-May. Once removed 
from the outdoors, all log segments were placed in emergence cages in 
incubators held at 25 ◦C on a 16:8H L:D cycle. Additionally, we placed a 
saturated sodium nitrite (NaNO2) solution in the base of incubators to 
hold relative humidity between 60 and 70%, which was recorded with 
HOBO data loggers (Winston and Bates, 1960). Cages were monitored 
thrice weekly and emerging adults counted. Several weeks after the last 
emergence, bark was peeled off the bolts to tally any larvae that failed to 
eclose (i.e. they failed to complete development to the adult life stage) 
and any adults that failed to emerge (i.e. those that eclosed but failed to 
exit the bolt). Insects that showed partial adult morphology were 
recorded as failing to eclose. 

2.3. Statistical analysis 

The primary goals of the laboratory assays were to determine lower 
lethal temperature (LLT) for S. galinae, to find the proportion of insects 
that froze at sub-zero temperatures, and to see if the rate at which larvae 
were chilled affected either of these values. Specifically, we wished to 
estimate LLT50 and LLT90, which are the temperatures at which 50% and 
90% of the insects tested would die from acute cold exposure. We used 
both discoloration of larvae 3d post-chilling and eclosion as proxies for 
insect death. Lower lethal temperature was estimated by using logistic 
regression. Two logistic regression models were made: one model used 
discoloration of larvae (yes/no) 3d after chilling as the response variable 
while other used eclosion as the response. A modified Abbott’s correc
tion was applied to adjust for discoloration or failure to eclose in insects 
in the experimental control that was cooled to 0 ◦C in each chill rate 
group (Rosenheim and Hoy, 1989). In each model, the rate at which the 
insects were chilled and the minimum temperature to which the insect 
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was exposed were included as parameters, along with their interaction. 
If the interaction term was significant, that would indicate that the rate 
at which insects were chilled may alter the effect of the minimum 
temperature on the lower lethal temperature outcome. Because no effect 
of chill rate was found in these experiments, the modified Abbott 
correction was reapplied using the insects in the control group chilled to 
0 ◦C across all chill rates as the control treatment. 

We also wanted to estimate the temperatures necessary for 50% and 
90% of the insects to reach their supercooling point. To avoid censor bias 
in our estimates of average supercooling points and the temperatures at 
which 50% and 90% of the insects froze, only insects that were cooled to 
the minimum − 32 ◦C were used in these calculations (n = 73). To test 
the effect of chill rate on supercooling points, we fit a mixed effects 
model with a term for chill rate as the sole explanatory variable and a 
term for batch as a random effect. Additionally, to estimate the per
centage of insects that would freeze at a given temperature, we fit a 
logistic regression to the cumulative distribution of supercooling points. 
Model coefficients reported from these models are on the log odds scale. 
To determine LLT estimates, we used the predict function provided with 
base-R (R Core Team, 2020) to identify the temperature at which the 
model predicted eclosion or discoloration rates of 50% and 90% and the 
concomitant confidence interval for these estimates. 

For the field assays, we were interested in verifying the lower lethal 
temperature results of our laboratory work and assessing the over
wintering mortality of S. galinae in Minnesota. We again constructed 
logistic regression models to quantify overwintering mortality. We 
created two sets of two models: one set used eclosion as the response 
variable (insects that eclosed were recorded as 1, insects that did not 
were coded as 0), while the other model used successful adult emergence 
from the log as the response variable (insects that emerged were coded 
as 1, insects that did not were coded as 0). These models were fit only to 
the data from Minnesota. No Abbott correction was applied to data 
collected from these experiments because there was no analogous con
trol group for such an adjustment. Within each set, the response was 
treated as a function of one of minimum temperature or average relative 
humidity; both recorded by the HOBO data loggers. These variables 
were highly correlated with each other so we did not include these 
variables in a model together. These models were fit as generalized 
estimating equations with a unique identifier for brood used as the 
grouping variable and an exchangeable correlation structure (Lee et al., 
2004; Yan and Fine, 2004; Halekoh et al., 2006). Generalized estimating 
equations can be used to estimate population-level regression model 
coefficients when data are correlated within groups. Additionally, we fit 
generalized estimating equation models to compare rates of eclosion and 
emergence among the two treatments (i.e., below and above snow). A 
term for treatment was fit as a categorical variable and the unique 
identifier for brood was used as the grouping variable. All model re
siduals were visually assessed to ensure model assumptions of homo
scedasticity and normality of residuals were met. 

2.4. Geographic forecast 

We sought to forecast survival of S. galinae across the United States 
and Canada. We used the models from our lab assays to estimate eclo
sion rates and the proportion of S. galinae that would begin to freeze 
given a minimum temperature and the model from our field study to 
estimate eclosion rates from the minimum temperature recorded. To 
limit predictions to the distribution of ash in the USA and Canada, we 
obtained a raster layer of the distribution of Fraxinus species in the USA 
at 250 m2 resolution from Wilson et al. (2013). We also obtained a raster 
layer of estimated percent species composition of Fraxinus species in 
Canadian forests at 250 m2 resolution (Beaudoin et al., 2014). These two 
ash raster datasets were combined to approximate the distribution of ash 
in the USA and Canada. We also obtained raster files from WorldClim 
containing minimum winter temperatures at approximately 21 km2 

resolution across USA and Canada in the years 2013 – 2014 and 2017 – 

2018 to use as the predictor variable in the aforementioned models (Fick 
and Hijmans, 2017). These specific years were chosen because 2013 – 
2014 included the occurrence of a polar vortex, during which cold air 
from the Arctic circle caused unusually cold temperatures in much of the 
northern United States, while the winter of 2017 – 2018 was relatively 
mild. We then extracted from the minimum temperature rasters only 
those cells that overlapped a cell from the ash layers with a non-zero 
value. This step resulted in a minimum temperature layer with tem
perature values only where ash was present. These minimum tempera
tures were then used in our three models to calculate the proportion of 
S. galinae larvae that would be expected to freeze or eclose based on the 
minimum temperature in that cell. These three models were chosen in 
order to compare the predictions from the laboratory assays with our 
field observations, as well as other results in the literature (see Results 
and Discussion). 

All analyses were carried out in R v4.0.2 (R Core Team, 2020). Lo
gistic regression models were fit using the glm function provided in the 
stats package (R Core Team, 2020). Generalized estimating equations 
were fit using the package geepack (Yan, 2002). Data cleaning and 
organizing was performed with the packages dplyr and purrr (Henry and 
Wickham, 2020; Wickham et al., 2020), figures were created using the 
package ggplot2 (Wickham, 2016), and multiplot figures were assem
bled with the patchwork package (Pedersen, 2020). All raster processing 
was done using the raster package (Hijmans, 2020). 

3. Results 

3.1. Lower lethal temperature and supercooling point laboratory assays 

The average supercooling point was − 25.0 ◦C (95% CI: − 24.8 ◦C – 
− 25.2 ◦C). Approximately 50% of S. galinae began to freeze at − 24.9 ◦C 
(95% CI: − 24.2 ◦C – − 25.5 ◦C), while 90% of the insects began to freeze 
at − 26.7 ◦C (95% CI: − 26.0 ◦C – − 29.1 ◦C) (Fig. 1). Cooling rate had no 
effect on discoloration (Z = 1.16, P = 0.245) or eclosion of larvae (Z =
-1.16, P = 0.244) so the models were refit without chill rate as a pre
dictor. Additionally, the ΔAIC for the full model, which included mini
mum temperature, cooling rate, and their interaction, compared to the 
model that included minimum temperature as the only covariate 
was<0.2, suggesting that the addition of the chill rate as a variable in the 
model did not improve the fit of the model. Supercooling point was also 
unaffected by the rate of chilling (F2,13 = 0.052, P = 0.950). 

As temperature decreased, the odds of both appearing normally 
colored and eclosing as an adult decreased significantly (Table 1). It was 
not possible to estimate a LLT50 or LLT90 from the laboratory assay 
models using discoloration as the response as neither 50% or 90% of the 
insects became discolored even after exposure to the lowest tempera
tures (Fig. 2A). Similarly, it was not possible to estimate the LLT90 from 
the lab assay models using eclosion as the response, as only 70.8% of the 
insects exposed to the lowest temperature failed to eclose. However, the 
model of eclosion suggests that 50% of the insects would fail to eclose at 
− 27.0 ◦C (95% CI: − 25.1 ◦C – − 29.2 ◦C) (Fig. 2B). While most insects 
that initiated freezing later failed to eclose, three insects cooled to 
− 30 ◦C and four insects cooled to − 32 ◦C exhibited exotherms but later 
successfully eclosed. 

3.2. Overwintering field study 

The three overall coldest days at each site in Minnesota occurred on 
12, 13, and 20 February 2020. Minimum air temperatures averaged 
across our three sites on those days were − 27.0 ◦C, − 25.9 ◦C, and 
− 25.4 ◦C, respectively. The coldest air temperature recorded across our 
three Minnesota sites was − 29.5 ◦C on 20 February 2020 at Waseca, MN. 
Fig. 3 displays the ambient temperature at our study site in Delaware 
and averaged across the three Minnesota sites under the snow and in the 
air, respectively. Temperatures were similar among treatments in sites 
in Minnesota; the average standard deviation of temperatures under the 
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snow at any time was 1.7 ◦C, while the average standard deviation of 
temperatures in the air from every time point was 2.4 ◦C. All three MN 
sites had at least 2.5 cm of snow cover until the second week of March. 
The average temperature two weeks prior to logs being retrieved from 
the field was 3.4 ◦C. 

Across all sites and treatments, there were 558 larvae in the over
wintering portion of the study. Table 2 displays the proportion of 
S. galinae that successfully eclosed or emerged in each group. Larvae that 
were exposed to the ambient air temperature at our field sites in Min
nesota were significantly less likely to eclose than those that over
wintered underneath the snow (odds ratio = 0.0947, Z = -11356, P = <

0.0001, Table 2). Similarly, the odds of eclosing were 0.149 times lower 
among larvae exposed to the ambient air than those that overwintered 
under the snow (odds ratio = 0.149, Z = -14.08, P = <0.0001). The 
difference in air temperature between the Delaware site and each site in 
Minnesota averaged over time was 12 ◦C. Despite the fact that bolts in 
Delaware were exposed to temperatures that were on average 12 ◦C 

warmer than those underneath the snow in Minnesota (Fig. 3), the 
probability of eclosion was lower in Delaware (60.0%, 95% CI: 49.9% – 
70.1%) than under the snow in Minnesota (74.7, 95% CI: 69.9% – 
79.5%). 

The odds of successfully eclosing (Fig. 4A) or emerging (Fig. 4B) 
decreased significantly as the minimum winter temperature decreased 
(Table 3). Based on the eclosion model from the overwintering experi
ment, we estimate the LLT50 for S. galinae to be − 22.4 ◦C (95% CI: 
− 19.6 ◦C – − 25.7 ◦C). Estimates of the LLT90 are not available as the 
model predicts 82.9% mortality at − 30 ◦C, which is the lowest tem
perature observed in the field study. The model of emergence suggests 
the LLT50 may be − 14.0 ◦C. The lower 95% confidence limit on this 
estimate is − 17.0◦, however, an upper limit cannot be estimated as it 
would be beyond the range of observed temperatures. The LLT90 esti
mated from the emergence model is − 28.6 ◦C. Similar to the confidence 
limit on the LLT50 estimate, it is not possible to estimate a lower bound 
as that estimate extends beyond the range of our observed temperatures, 
but the upper bound on this estimate is − 24.6 ◦C. As average relative 
humidity increased by one unit, we saw the probability that an insect 
would eclose increased by 11%, while the probability that they would 
emerge increased by 10% (Table 3). 

3.3. Geographic forecast 

Fig. 5 displays three different model predictions of the proportion of 
S. galinae that would be predicted to survive overwintering based on 
minimum winter temperatures experienced. Each column of maps rep
resents a different proxy for survival. It should be noted that using 
supercooling points as a proxy for mortality carries the assumption that 
all insects that freeze will die (see Discussion). Fig. 5A – 5B and Fig. 5C – 
5D display predicted rates of eclosion from the laboratory-based and 

Fig. 1. Distribution of supercooling points observed in larvae of Spathius galinae (n = 73) cooled in a silicon cooling bath.  

Table 1 
Summary of models evaluating the association between minimum temperature 
and the probability an insect would appear discolored after three days or would 
eclose. Estimates are presented on the log odds scale, while values in parenthesis 
are the 95% confidence interval for each estimate. Log odds estimates of slopes 
greater than zero indicate a positive relationship between response and the 
predictor (i.e for every 1 ◦C increase in minimum temperature, the log odds of 
appearing normally colored increase by 0.16).  

Response Coefficient Estimate Z Value P Value 

Normally Colored Intercept 6.02 (4.4, 8.17)  6.3  0.001 
Slope 0.16 (0.1, 0.23)  4.8  0.001 

Eclosion Intercept 3.84 (3.02, 4.77)  8.6  0.001 
Slope 0.14 (0.11, 0.18)  8.2  0.001  

J.T. Wittman et al.                                                                                                                                                                                                                             



Biological Control 160 (2021) 104694

6

Fig. 2. Probability that larvae of Spathius galinae (n = 427) would appear discolored (A) or eclose (B) after being cooled in the laboratory to a sub-zero temperature. 
Points are the Abbott corrected proportion of S. galinae that were normally colored (1 = 100% normally colored, 0 = 0% normally colored) or eclosed (1 = 100% 
eclosion, 0 = 0% eclosion) at a given temperature, while error bars are ± two standard errors. The solid line are predicted response rates from the models fit to these 
data. The grey band represents the 95% confidence interval for the fitted line. 

Fig. 3. Time series of the average ambient temperature recorded near bolts placed at three sites in Minnesota underneath the snow, in the air above the snow, as well 
as one site in an open air insectary in Delaware. Temperatures were recorded from 16 December 2019–25 March 2020 by a HOBO data logger. 

J.T. Wittman et al.                                                                                                                                                                                                                             



Biological Control 160 (2021) 104694

7

field-based models of eclosion, respectively. Fig. 5E – 5F display pre
dictions of the proportion of S. galinae that would be expected to remain 
unfrozen based on our laboratory measurements of supercooling point. 
Maps in the top row of Fig. 5 use minimum winter temperatures from a 
relatively mild northern winter (2017 – 2018 winter) as the predictor 
variable, while maps in the bottom row of Fig. 5 use minimum tem
peratures from a severe northern winter (2013 – 2014 winter) as the 

predictor variable. 
Both models of eclosion predict that at least some proportion of 

S. galinae will be able to eclose across the range of Fraxinus spp. in North 
America in either winter scenario. The field model predicts slightly 
lower rates of eclosion than the laboratory based model at more 
northern locations. The predictions of both eclosion models begin to 
move lower along a south-north gradient in Minnesota and Wisconsin 
which corresponds to USDA plant hardiness zones 4a − 2b and the de
ciduous forest to boreal forest ecotone (Goldblum and Rigg, 2010). 
There are no noticeable differences in the model predictions of eclosion 
between the mild and severe winters. 

Spathius galinae is unlikely to experience air temperatures that would 
trigger the onset of freezing across most of the United States, except for 
the most northern part of Minnesota and a portion of North Dakota in 
the severe winter scenario. The proportion of insects that might begin to 
freeze increases as lower minimum temperatures are reached in Sas
katchewan, Manitoba, and Ontario than in more southern parts of the 
continent. There appears to be a slight moderating effect on freezing 
along the coast of Lake Superior (i.e. northeastern Minnesota, northern 
Wisconsin, the northern portion of the Upper Peninsula of Michigan, and 
south central Ontario). 

4. Discussion 

We observed extensive mortality of S. galinae overwintering in areas 
with temperatures below the supercooling point of S. galinae larvae. We 
found that the average supercooling point of S. galinae in our assays was 

Table 2 
Proportion of Spathius galinae eclosing or emerging after overwintering from 16 
December 2019 – 25 March 2020 at three locations in Minnesota and in Dela
ware. Larvae in Minnesota either overwintered in bolts underneath the snow or 
tied at breast height to a tree trunk and exposed to the ambient air. The sample 
size used in calculating each proportion is listed in parenthesis.  

Location Under Snow Air  

Proportion 
Eclosed 

Proportion 
Emerged 

Proportion 
Eclosed 

Proportion 
Emerged 

Newark, 
DE 

– – 0.6 (91) 0.34 (91) 

Morris, 
MNa 

0.99 (199) 0.62 (199) 0.02 (49) 0 (49) 

St. Paul, 
MN 

0.49 (87) 0.3 (87) 0.85 (48) 0.38 (48) 

Waseca, 
MN 

0.72 (43) 0.4 (43) 0 (41) 0 (41)  

a A small group of bolts that were shipped to Minnesota was placed immedi
ately at 25 ◦C (70% RH). Of the 177 larvae present in these segments, 98% 
eclosed and 72% emerged. 

Fig. 4. Relationship between the probability of eclosing (A) or emerging from underneath the bark (B) for Spathius galinae (n = 558) and the lowest temperature 
experienced over the winter of 2019–2020. Larvae were overwintering in bolts under the snow or tied to a treek trunk above the snowline in Minnesota, USA. Open 
points are the proportion of each brood that eclosed (A) or emerged (B) and have been jittered to facilitate viewing. Solid black points are the overall proportion of 
S. galinae eclosing (A) or emerging (B) at a given temperature, while error bars are ± one standard error. The solid line is the fitted population model. Grey bands 
represent 95% confidence interval for the fitted line. 
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− 25.0 (95% CI: − 24.8 ◦C – − 25.2 ◦C), although S. galinae appears to be 
able to further reduce its average supercooling point as low as − 28 ◦C 
with prior exposure to colder temperatures than temperatures in our 
study (Chandler et al., 2020). This lower average supercooling point is 
within the range of the supercooling points we recorded. These results 
suggest that S. galinae may not exhibit significant mortality where 
extreme low winter temperatures are > -25 ◦C (up to USDA Plant 
Hardiness Zones 4b). Mortality will increase as temperatures drop below 
− 25 ◦C, although our results also suggest that some S. galinae may 
survive temperatures as cold as − 32 ◦C (USDA Plant Hardiness Zone 4a). 
These results suggest that S. galinae may be able to survive winters in the 
northern range of Fraxinus spp. and emerald ash borer. In fact, cold 
acclimation appears to help synchronize S. galinae populations with the 
presence of third and fourth instar emerald ash borer (Ragozzino et al., 
2020). 

Interestingly, while most of the larvae in the lab study that exhibited 
exotherms failed to eclose, seven S. galinae larvae that exhibited an 
exotherm when cooled to − 30 ◦C or − 32 ◦C later successfully completed 
development. This finding suggests that some proportion of S. galinae 
larvae may be capable of partial freeze tolerance (Baust and Rojas, 1985; 
Sinclair, 1999; Morey et al., 2016). Partial freeze tolerance may take 
several forms, including insects that survive the initial onset of freezing 
but not complete freezing (Block et al., 1988), the ability to switch be
tween freeze avoidance and freeze tolerance strategies (Duman, 1984; 
Horwath and Duman, 1984), or some proportion of an insect population 
being able to survive a complete freeze event (Todd and Block, 1995). It 
is difficult to estimate the true proportion of S. galinae that may exhibit 
some tolerance to freezing due to mortality observed in our control 
treatment. The observed percentage of insects that initiated freezing and 
later eclosed was 1%, while the percentage expected to eclose based on 
the mortality-adjusted model displayed in Fig. 2B is approximately 30%. 
The true percentage of S. galinae that may survive partial freezing likely 
lies somewhere between these two percentages. If most S. galinae die 

when freezing occurs but some proportion of these insects are able to 
tolerate freezing then we may expect the proportion of S. galinae that die 
due to freezing to fall somewhere between the predicted proportions 
displayed in Fig. 5A – 5D and Fig. 5E – 5F. 

The models fit to eclosion rates in both the laboratory and the field 
forecast at least 43% and 63% failure to eclose at temperatures below 
− 25 ◦C, respectively. The latter prediction is slightly higher mortality 
than what was observed in S. galinae populations in Michigan after the 
polar vortex in January 2019 (Duan et al., 2020). Temperatures during 
this polar vortex reached as low as − 26 ◦C, after which cold mortality of 
S. galinae populations ranged between 15 and 50%. The mortality 
observed in Michigan falls within the range predicted from our super
cooling point model (20%) and field eclosion model (63%) at − 26 ◦C. 
While overwintering survival ultimately depends on the complex 
interaction of factors such as duration of exposure, minimum exposure 
temperature, and the frequency and length of warming events (Ter
blanche et al., 2011; Marshall and Sinclair, 2014; Cohen et al., 2018), 
the models of eclosion produced from laboratory assays and the super
cooling point model described in this paper appear to approximately 
bracket observed mortality in Michigan, while the model of eclosion 
rates in the field appears to slightly overestimate the observed mortality. 
The S. galinae used in the field study in Minnesota overwintered in small 
logs (~5 cm in diameter) cut from green ash trunks, which likely dried 
out over the winter, while S. galinae in Duan et al. (2020) were sampled 
from mostly large whole ash trees (diameter at breast height 8 – 21 cm). 
The dry host tree material may have led to excess desiccation of 
S. galinae larvae, which in turn may have led to mortality in excess of 
what would have been experienced in a whole tree (Duan et al., 2014). 
Additionally, winter 2018–2019 in Michigan may have overall been less 
stressful than winter 2019–2020 in Minnesota. Our sites experienced 
several days with temperatures lower than − 20 ◦C and reached a colder 
absolute low minimum temperature than what was recorded during the 
polar vortex in Michigan. Alternatively, the insects used in the field 
study may simply have been less cold hardy than those used in the 
laboratory experiments or observed in the study in Michigan. 

Populations of emerald ash borer in Michigan, in contrast to those of 
S. galinae, exhibited 26.2% mortality after the same polar vortex in 
2019. Emerald ash borer appears to be able to survive cold temperatures 
better than S. galinae. Other work has shown that the average super
cooling point of emerald ash borer may be as low as − 32 ◦C, with some 
individuals supercooling to even colder temperatures (Venette and 
Abrahamson, 2010; Christianson and Venette, 2018). Due to this dif
ferential in mortality, there are northern locations where winter tem
peratures are sufficient to cause severe S. galinae mortality without 
equally impacting emerald ash borer populations, although this differ
ence may be moderated by host effects. In some instances, parasitoids 
that feed on more cold hardy hosts will tolerate lower temperatures than 
parasitoids that feed on less cold hardy hosts through the accumulation 
of host cryoprotectants (Rivers et al., 2000; Li et al., 2015; Amiresmaeili 
et al., 2020). Additionally, the small number of partially freeze tolerant 
S. galinae we observed in our laboratory assays suggest that variation in 
cold tolerance strategy may exist within the colony of these parasitoids. 
Some insect populations exhibit variation in cold hardiness or cold 
tolerance strategy and this variation is typically correlated with local 
climate conditions (Mausel et al., 2011; Sinclair et al., 2012; Cira et al., 
2016; Zhang et al., 2017). For example, populations of the parasitoid 
Lysiphlebus testaceipes Cresson (Hymenoptera: Braconidae) from the 
northern region of its range had lower adult mortality at cold temper
atures than populations from more southern regions of its range (Royer 
et al., 2001). Future work may seek to determine the amount of variation 
in cold hardiness present in geographically separate populations of 
S. galinae from across its range, as well as the potential for this variation 
to result in fitness differences in different cold thermal regimes. 

Tetrastichus planipennisi populations also displayed higher mortality 
than emerald ash borer in Michigan during the polar vortex (Duan et al., 
2020), but Gould et al. (2020) posit that the reproductive biology of 

Table 3 
Summary of models evaluating the association between minimum temperature 
or average relative humidity and the probability that Spathius galinae larvae 
would eclose or emerge after overwintering. Estimates are presented on the log 
odds scale, while values in parenthesis are the 95% confidence interval for each 
estimate. The intercept in each model can be exponentiated to estimate the odds 
ratio of eclosing or emerging when temperature is 0 ◦C or relative humidity is 0. 
A slope coefficient greater than 0 indicates a positive relationship between the 
predictor variable and the response (i.e. for every 1 ◦C increase, we expect the 
log odds of eclosion to increase by 0.2.).  

Response Predictor Coefficient Estimate Z 
Value 

P Value 

Eclosion Minimum 
temperature 
(◦C) 

Intercept 4.484 
(2.799, 
6.169)  

27.206  <0.001 

Slope 0.200 
(0.124, 
0.276)  

26.420  <0.001 

Average 
relative 
humidity 

Intercept − 8.172 
(-16.468, 
0.124)  

3.728  0.054 

Slope 0.100 
(0.008, 
0.192)  

4.540  0.033 

Emergence Minimum 
temperature 
(◦C) 

Intercept 2.127 
(0.851, 
3.403)  

10.671  0.001 

Slope 0.151 
(0.085, 
0.217)  

19.903  <0.001 

Average 
relative 
humidity 

Intercept − 9.170 
(-16.519, 
− 1.822)  

5.983  0.014 

Slope 0.097 
(0.015, 
0.179)  

5.428  0.020  
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T. planipennisi provides a mechanism by which their populations can 
recover quickly. Populations of T. planipennisi exhibit a 3:1 female- 
biased sex ratio, and females produce on average 57 – 86 progeny in a 
lifetime. Moreover, T. planinpennisi are multivoltine, with up to four 
generations per year (Liu et al., 2007; Ulyshen et al., 2010; Duan et al., 
2011). It remains to be seen if this differential in mortality will nega
tively affect the ability of S. galinae to control emerald ash borer in 
northern climes, but the reproductive biology of S. galinae is similar to 
T. planipennisi (Duan et al., 2014; Watt et al., 2016). A potential avenue 
for future work would explore demographics of these insects pop
ulations in the aftermath of an extreme winter temperature event. 

Microclimate refuges, such as those provided by overwintering under 
the snowline, inside the bark of a tree or different habitat types on the 
landscape scale, play an important role in the overwintering strategies of 
many insects by providing thermal buffering or increased humidity, 
which can increase the survival of insects that overwinter in these lo
cations (Chen et al., 1999; Sinclair et al., 2003; Suggitt et al., 2011; 
Rozsypal et al., 2013; Tougeron et al., 2016). Spathius galinae larvae 
placed underneath the snow in our study had higher eclosion and 
emergence rates than those in the warmer open air insectary in Dela
ware (Table 2), despite experiencing lower minimum temperatures. 
These insects also benefit from overwintering underneath the bark, as 
temperatures underneath the bark of ash trees are between 0 and 4 ◦C 
warmer than ambient air temperature (Vermunt et al., 2012). Without 
knowing underbark temperatures, it is possible that our estimates of the 
lower lethal temperature from the field are slightly high due to the 
microclimate provided by the bark. 

The rate at which our insects successfully eclosed was consistent with 
or greater than eclosion rates reported in Chandler et al. (2020). How
ever, few S. galinae emerged from the bolts used in our field studies, 
especially compared to emergence typically seen in lab rearing scenarios 
(Duan et al., 2014). Because emergence was so low across all treatments 
in the overwintering study, precise estimates of LLT50 and LLT90 are 
unavailable. Like the low eclosion rates noted previously, this low 
emergence may be attributable to the cut bolts drying out over the 
winter months, making it difficult for the insects to chew out. Low 
eclosion rates may also be caused by sublethal effects of cold exposure 
(Hutchinson and Bale, 1994; Koštál et al., 2019). For example, the 
production of polyols such as glycerol, which lower the supercooling 
point of an insect, come at an energetic cost resulting in a reduction in 
glycogen (Chino, 1960). Surviving cold exposure may decrease fat body 
stores in insects (Chino, 1960; Colinet et al., 2006, 2018; Colinet and 
Boivin, 2011), and preclude the ability to complete development as that 
requires a minimum fat body lipid content (Nijhout, 1975; Mirth and 
Riddiford, 2007; Arrese and Soulages, 2010). Sub-lethal effects of cold 
exposure may explain both the low adult emergence and the small 
number of partially developed adults noted in our samples; the cold 
exposure may have left the insects without sufficient energy reserves to 
finish development or chew exit holes to facilitate exit from underneath 
the bark. 

While our supercooling point and lower lethal temperatures char
acterized for S. galinae are similar to those found for S. agrili, the effect of 
long term exposure to low temperatures may differ as S. agrili has an 
overwintering diapause while S. galinae does not (Hanson et al., 2013; 

Fig. 5. Predictions and confidence intervals of the percent of S. galinae that will eclose or initiate freezing based on minimum winter temperatures. Figures A - C 
display the lower 95% confidence interval prediction, predicted value, and the upper 95% confidence interval prediction, respectively, for a winter with relatively 
mild minimum temperaures (2017–2018), while figures D - F represent the same values for a winter with extreme minimum temperatures due to a polar vor
tex (2013–2014). 
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Chandler et al., 2020). Hanson et al. (2013) showed that 50% or less of 
diapausing S. agrili died when exposed to − 15 ◦C temperatures for 80 
days. Further work could explore the effect of exposure time to low 
temperatures on S. galinae populations. 

We found no significant effect of chill rate on the responses measured 
in our laboratory assays. Much of the literature suggests that cooling at 
slower, more ecologically relevant rates produces a stronger cold 
hardiness response (Miller, 1978; Bale et al., 1989; Block, 1990; Ter
blanche et al., 2011). Although no effect of cooling rate on supercooling 
point, discoloration, or eclosion of S. galinae was noted in the results, it is 
possible that subtle effects could emerge with sample sizes greater than 
the several hundred insects we studied. 

4.1. Conclusions 

Optimizing release of biological control agents requires assessment 
of the ability of a biological control agent to establish in the target 
location (Debach and Rosen, 1991; Cullen et al., 2011; Fischbein et al., 
2019). Cold tolerance and the ability to successfully overwinter are one 
component of climate matching (Hance et al., 2007). We found evidence 
that S. galinae exhibits a mixed freeze tolerance strategy, with all but a 
few insects failing to eclose upon initiating freezing. Results from our 
laboratory assays suggest S. galinae larvae are able to survive tempera
tures as low as − 32 ◦C, although we saw extensive mortality below 
− 25 ◦C in our field studies. This cold hardiness may contribute to the 
ability of S. galinae to survive in northern climates. Research has shown 
that established S. galinae populations are contributing significantly to 
emerald ash borer mortality; S. galinae appears to be playing a strong 
role in the biological control program in parts of the United States (Duan 
et al., 2019). While our results suggest that S. galinae may survive in 
USDA cold hardiness zones up to 4a, it remains to be seen if the differ
ential cold mortality documented between emerald ash borer and 
S. galinae in some regions will significantly affect the biological control 
of emerald ash borer in those regions. 
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