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Abstract

Insect pest species are generally expected to become more destructive with climate change because 
of factors such as weakened host tree defences during droughts and increased voltinism under rising 
temperatures; however, responses will vary by species due to a variety of factors, including altered 
interactions with their natural enemies. Entomopathogens are a substantial source of mortality in 
insects, but the likelihood of epizootics can depend strongly on climatic conditions. Previous research 
indicates that rates of infection of the spongy moth (Lymantria dispar) by its host-specific fungal 
pathogen, Entomophaga maimaiga, increase with environmental moisture and decrease as tempera-
tures rise. High temperatures may have direct and indirect (due to the associated drying) effects on 
the fungus, but the interactive effects between temperature and moisture level on larval infection are 
unclear. Here, we test the hypothesis that warmer, drier conditions will decrease rates of infection of 
spongy moth larvae by E. maimaiga. We evaluated the effects of precipitation and temperature on 
larval mortality caused by E. maimaiga with a manipulative field experiment, conducted in one of the 
northernmost and coldest parts of the spongy moth’s non-native range in North America. We caged 
laboratory-reared spongy moth larvae in experimentally warmed open-air forest plots, exposing the 
larvae to soil inoculated with E. maimaiga resting spores during two consecutive trials. Caged larvae 
were exposed to three temperature treatments — ambient, 1.7 °C above ambient and 3.4 °C above 
ambient — and either supplemental precipitation (+173 mm per trial) or ambient precipitation. 
Opposite to our hypothesis, there was no significant effect of supplemental precipitation, nor an 
interaction between precipitation and temperature. There was, however, a significant positive effect of 
increasing temperature on the number of larvae infected. On average, in each respective trial, larval 
infection increased by 44% and 50% under the elevated temperature treatments compared to ambi-
ent temperature. Experimental warming may have increased infections because ambient temperatures 
at the field site were suboptimal for fungal germination. The results from this experiment suggest that, 
in colder portions of the spongy moth’s invasive range, increasing temperatures due to climate change 
may enhance the ability of E. maimaiga to help control populations of the spongy moth.
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Introduction

Climate change is generally expected to amplify the overall impacts of forest insect 
pest species worldwide due to factors including increased voltinism and survival un-
der higher temperatures, drought-induced weakening of tree defences and changes 
in foliage quality for defoliators (Jactel et al. 2019), although responses will vary 
amongst species (Pureswaran et al. 2018; Lehmann et al. 2020; Halsch et al. 2021) 
in part due to interactions with natural enemies (Frank 2021). Entomopathogens 
(i.e. bacteria-, fungi-, viruses- and nematodes-attacking insects) are extremely sus-
ceptible to changes in the environment, particularly temperature and moisture (e.g. 
precipitation, soil moisture, relative humidity) (Dara et al. 2019). These pathogens 
are major mortality agents of insects (Roy et al. 2009) and climate conditions that 
inhibit the transmission of pathogens may increase the probability that insect pest 
populations grow to outbreak levels (Skendžić et al. 2021). Most studies on the 
potential effects of climate change on host-pathogen systems have focused solely 
on the impacts of rising temperatures (Altizer et al. 2013; MacDonald et al. 2023). 
There are few manipulative field studies that test the independent and interactive 
effects of multiple abiotic variables on host-pathogen relationships. An exception is 
a manipulative microcosm study by van Doan et al. (2021) who found that elevated 
CO2, increased temperature and decreased precipitation predicted by the extreme 
climate change scenario Representative Concentration Pathway 8.5 (RCP 8.5) did 
not directly compromise different natural enemies of herbivores. Their results sug-
gest the potential for short term adaptations of natural enemies of herbivores to cli-
matic change conditions (van Doan et al. 2021). As the effects of climate change are 
not limited to increasing air temperatures, we need to understand effects of other as-
pects of climate change, such as predicted increases in the frequency and severity of 
drought events (IPCC 2022), on insect pests and their pathogens (St. Leger 2021).

Increasing drought could have important implications for a host-pathogen in-
teraction involving one of the most damaging forest pests in North America, the 
spongy moth (Lymantria dispar). Springtime drought may create favourable con-
ditions for outbreaks of the spongy moth by inhibiting infections by the host-spe-
cific fungal pathogen Entomophaga maimaiga (Pasquarella et al. 2018). Results 
from laboratory and field observational studies have consistently demonstrated a 
positive effect of environmental moisture on germination of E. maimaiga resting 
spores, sporulation and infection of spongy moth larvae by both spore types—azy-
gospores (resting spores) and conidia (Hajek et al. 1990b; Hajek and Soper 1992; 
Weseloh and Andreadis 1992b; Hajek and Humber 1997; Reilly et al. 2014). In 
addition, manipulative field experiments have shown that the addition of artificial 
rain increases rates of infection by both conidia and resting spores (Hajek and Rob-
erts 1991; Weseloh and Andreadis 1992a; Smitley et al. 1995; Hajek et al. 1996), 
the latter needing water to germinate (Hajek and Humber 1997). High tempera-
tures, especially in lab studies with constant exposure to ≥ 30 °C, generally have 
a negative effect on E. maimaiga germination, sporulation and infection (Hajek 
1999). However, results from field studies with exposure to variable temperatures 
are not consistent. For example, results from two-year observational field studies 
showed that increasing soil temperature can have opposite effects on E. maimaiga 
infection levels (Hajek and Humber 1997) or may have a positive effect in the first 
year and no effect in the following year (Siegert et al. 2008). In another observa-
tional field study, Reilly et al. (2014) found that mortality of field-collected larvae 
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due to E. maimaiga infections decreased with increasing temperature, but no clear 
relationship for laboratory-reared larvae exposed to field conditions. These past 
studies highlight the important role of weather for this host-pathogen relationship, 
but the effects of climate change remain unclear as no studies have investigated the 
independent and interactive effects of temperature and precipitation under field 
conditions. Additionally, most past field studies occurred in regions with more 
moderate climates compared to the coldest portions of the spongy moth’s range 
(e.g. upper mid-western States, eastern Canada, Maine), making it difficult to ex-
trapolate effects of weather across the L. dispar range.

Here, we experimentally tested the effects of temperature and precipitation on 
the relationship between the spongy moth and E. maimaiga. The spongy moth is 
a non-native defoliator of hardwood forests in north-eastern North America and 
causes approximately $3.2 billion of damage per year in the United States and 
Canada (Bradshaw et al. 2016). Entomophaga maimaiga is the dominant source 
of spongy moth larval mortality (Liebhold et al. 2013; Hajek et al. 2015) and 
can cause high rates of mortality in both high and low-density spongy moth pop-
ulations (Hajek et al. 1990a; Elkinton et al. 1991). As epizootics can occur in 
low-density host populations, it is possible that the fungus can slow or stop the 
invasive spread of spongy moth in North America by causing mortality along the 
insect pest’s expanding range front.

The goals of this study were to understand whether and how predicted climate 
changes, specifically rising temperatures and increasing summertime drought 
(IPCC 2022), may affect spongy moth mortality caused by E. maimaiga infec-
tion. The effects of soil and plant canopy temperature and precipitation on larval 
infection initiated from resting spores were evaluated in a manipulative field exper-
iment. Warmer and drier conditions are generally associated with lower infection 
levels because E. maimaiga resting spores require high soil moisture to germinate 
and infect larvae (Hajek 1999). Temperatures of 15–25 °C are optimal for resting 
spore germination and high temperatures, especially those ≥ 30 °C, can direct-
ly reduce infection levels (Hajek and Humber 1997). However, our experiment 
was conducted in one of the northernmost parts of the spongy moth’s range in 
North America (Fig. 1), where typical springtime and early summer conditions 
may be too cold to support germination (Siegert et al. 2009). In cold ecoregions 
of the spongy moth’s range (e.g. Mixed Wood Shield (MWS), Fig. 2), above-aver-
age temperatures would likely increase germination, whereas above-average tem-
peratures may have the opposite effect in the warmest ecoregions (e.g. Southern 
United States Plains (SUP), Fig. 2, H1). Therefore, we predicted that infection 
levels would increase under experimentally elevated temperatures; in other words, 
alleviation of low temperature metabolic limitation would overwhelm any effects 
of warmer temperatures on enhanced soil water deficits, especially under the cold 
temperature range being tested. To better test the sensitivity of fungal infection 
to moisture levels, we added supplemental precipitation and predicted that add-
ing supplemental precipitation would increase infection rates (Fig. 2, H2). Under-
standing the effects of these abiotic conditions in the north-westernmost portion 
of its U.S. range is important because spongy moth spread is occurring more rap-
idly in this region than anywhere else (National Slow the Spread (STS) Program 
2022). Furthermore, a climatic suitability study predicted that this region would 
become more suitable for the spongy moth under a 1.5 °C increase in mean daily 
temperature compared to historical averages (Gray 2004).
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Materials and methods

Study system

The infection cycle of E. maimaiga begins in the spring, when overwintering 
resting spores in the forest soil begin to germinate approximately 1–2 weeks 
before spongy moth larvae emerge (Hajek and Humber 1997). Resting spores 
are always responsible for the primary infection cycle of the season, which oc-
curs when infectious germ conidia are released from germinating resting spores. 
These germ conidia can become airborne and, when they land on spongy moth 
larvae, they germinate, infect and then kill a larva in approximately five days 
(Hajek et al. 1995). Prior to larval death, E. maimaiga grows inside of the insect 
and, after host death, it grows outwards through the cuticle and produces and 
ejects thousands to millions of new conidia (Shimazu and Soper 1986; Hajek et 
al. 1993). Infections initiated by germ conidia released from resting spores (e.g. 
the primary infection cycle) only produce conidia, never resting spores (Hajek 
1997). Conidia released from dead spongy moth larvae (cadavers) are responsi-
ble for all subsequent infection cycles during that season. When spongy moth 
larvae reach later instars (5th–6th), infected larvae begin to produce resting spores 
as opposed to conidia (Hajek and Shimazu 1996). The exact environmental cues 

Figure 1. Location of the experimental site. The star represents the Hubachek Wilderness Research Center near Ely, Minnesota. Hatched 
area represents the non-native, established range of the spongy moth in the United States. Solid beige areas represent the spongy moth 
regulated areas in provinces and territories in Canada. In Canada, the entire Province of Quebec is regulated for the spongy moth, but the 
pest is only found in southern Quebec. Data for the spongy moth range in the United States were sourced from the USDA APHIS PPQ 
spongy moth quarantine records (National Slow the Spread (STS) Program 2022). Data for the regulated areas of Canada were sourced 
from the Canadian Food Inspection Agency (CFIA 2020).
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that cause spore production to switch from conidia to resting spores are un-
known, but temperature and larval instar are both contributing factors (Hajek 
and Humber 1997; Hajek 1999). Resting spores produced in later instar spongy 
moth cadavers go dormant and overwinter, adding to the reservoir of resting 
spores in the soil. Resting spores are typically dormant for 1–2 years prior to ger-
mination and can survive for at least 6 years in the field (Weseloh and Andreadis 
1997; Hajek et al. 2004; Hajek et al. 2018).

Manipulative field experiment

The experiment was conducted in 2022 at the University of Minnesota’s Hubachek 
Wilderness Research Center (HWRC; (47.9481, -91.7583) near Ely, Minnesota. 
The HWRC is in the north-westernmost portion of the spongy moth’s expanding 
range front (Fig. 1), at an elevation of 415 m a.s.l. We used experimentally warmed 
forest (closed canopy) plots that were part of a long-term climate change experi-
ment, the Boreal Forest Warming at an Ecotone in Danger (B4WarmED) project 
(Rich et al. 2015). The plots were within 40- to 60-year-old stands of mixed aspen 
— birch — fir on coarse-textured upland soils. Tree saplings of various species that 
were planted for the B4WarmED project, natural understorey herbs and shrubs, 
as well as fallen leaves and moss, were generally found within each plot (Reich 
et. al 2022). The open-air plots were simultaneously warmed aboveground and 
belowground via ceramic heating lamps and buried resistance-type heating cables, 
respectively (Rich et al. 2015).

Figure 2. Hypothetical response curves of Entomophaga maimaiga resting spore germination. Each curve represents how resting spore ger-
mination would likely respond to different temperature and precipitation conditions during the spongy moth larval period (spring-time). 
The points on the average precipitation curve represent five ecoregions that are within the spongy moth’s range in the North America—
Mixed Wood Shield (MWS), Mixed Wood Plains (MWP), Central United States Plains (CUP), Appalachian Forest (AF) and Southern 
United States Plains (SUP) — based on the Environmental Protection Agency’s Level II Ecoregions (Omernik 1987; Omernik and Griffith 
2014). The Hubachek Wilderness Research Center is located in the MWS ecoregion.
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Larvae for the field experiment were reared from eggs obtained from a dis-
ease-free spongy moth colony from the United States Department of Agriculture’s 
Forest Pest Methods Laboratory (Buzzards Bay, MA). Larvae were reared on an 
artificial diet (Bell et al. 1981) to the 4th instar in an environmental chamber at 25 
°C, 70% relative humidity and 15 hours of light/d. We used 4th instar larvae for the 
experiment in alignment with established procedures (Reilly et al. 2014). To align 
the timing of the experiment with when wild spongy moths at the field site would 
be in the 4th instar, we estimated when wild larvae would reach this stage in 2022 
using the spongy moth phenology model, which consists of a suite of tempera-
ture-dependent sub-models (Régnière and Sharov 1997, 1998, 1999; Gray et al. 
2001). We conducted replicate trials when 5%, 50% and 95% of larvae at HWRC 
were predicted to have reached the 4th instar. Matching the trials with larval phe-
nology also helped ensure the experiment aligned with E. maimaiga’s resting-spore 
germination period, which begins approximately 2 weeks before larval emergence 
and ends when spongy moth larvae reach later instars (e.g. 5th–6th instars) (Hajek 
and Humber 1997).

To ensure the presence of E. maimaiga in the study plots, we inoculated the 
plots in the summers of 2019 and 2021 with cadavers of spongy moth larvae 
that contained resting spores. The 2019 inoculation event was necessary because 
spongy moth densities were likely very low at the field station, as determined from 
data from the Slow the Spread (STS) Foundation (National Slow the Spread (STS) 
Program 2022). Due to the low spongy moth densities at HWRC, it was uncertain 
whether E. maimaiga was already present at HWRC. Originally, the experiment 
was planned for summer 2020, but the COVID-19 pandemic prevented the ex-
periment from occurring 2020–2021. As some spores released in the 2019 inoc-
ulation event likely germinated (without reproducing) in the subsequent seasons, 
an augmentative 2021 inoculation event was necessary to ensure enough resting 
spores were present in 2022 when the experiment occurred. Based on our resting 
spore release estimates of 3.6 × 106 and 4.0 × 106 resting spores per cage site in 
2019 and 2021, respectively (Hajek and Humber 1997; see Supplementary file 1: 
Details on soil inoculation procedure with Entomophaga maimaiga), the number 
of resting spores added to the soil at each cage site by the year 2022 was estimated 
to be 7.6 × 106. This estimate considers that all of the resting spores from the 2021 
inoculation were present and viable in 2022.

For the inoculation events, we obtained resting spore-filled cadavers from Mas-
sachusetts and Virginia, U.S. when E. maimaiga epizootics were ongoing. The 
cadavers were found hanging upside down on the trunks of trees with prolegs 
extended at 90°, a visual cue that demonstrates death from infection by the fun-
gus (Blackburn and Hajek 2018). The inoculations were carried out using proce-
dures previously shown to be effective (A. Diss-Torrance personal correspondence; 
Hajek et al. 2021). In each inoculation year, first, we ground the field-collected 
spongy moth cadavers in a food processor and divided the ground material into 36 
equal portions (0.54 grams each), one for each experimental plot. We then mixed 
each portion with 30 g of sterile potting soil. For each inoculation, we spread the 
mixture on top of the forest soil in the same two randomly selected locations in 
each plot. Each inoculation site was roughly 31 × 23 cm2; the sites were where we 
would place caged spongy moth larvae during the experiment. Additional details 
about the inoculation procedures are provided in Supplementary file 1: Details on 
soil inoculation procedure with Entomophaga maimaiga.
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The effects of temperature on the infection of spongy moth larvae by E. maimaiga 
were examined by caging larvae within 7.1 m2 circular plots that were assigned to 
three different temperature treatments (ambient temperature, 1.7 °C above ambient 
and 3.4 °C above ambient). However, we note that the cages and the larvae experi-
enced approximately 5–10% lower temperature increases than the overall tempera-
ture increases of 1.7 °C and 3.4 °C above ambient achieved by the system (for more 
details on the system performance and achieved temperatures see Rich et al. (2015)). 
The plots were arranged in a block design with two replicate plots of each tempera-
ture treatment in each of the three blocks (Fig. 3). Plots within a block were separat-
ed by 4–13 m and were 8 m apart on average. The blocks were spaced approximately 
15–23 m from each other, with an average separation of 19 m, within the same 
closed canopy habitat. Temperature was manipulated in the plots annually from ap-
proximately the beginning of April until the end of November every year since 2009.

Caged larvae were exposed to temperature and precipitation treatments in three 
separate four-day Trials; 30 June to 04 July (trial one); 06 July to 10 July (trial two); 
12 July to 16 July (trial 3). We introduced simulated rainfall to one of two cages 
per plot (randomly selected), creating two precipitation treatments: ambient and 
supplemental (Fig. 3). To determine an appropriate amount of additional, simu-
lated precipitation, we obtained long-term daily precipitation records from two 
nearby NOAA weather stations (https://www.ncdc.noaa.gov/) in Ely, Minnesota, 
which, together, provided coverage from 2000 to 2021 (USC00212561 47.9056, 
-91.8283; USC00212543 47.9239, -91.8586). From these data, we calculated the 
long-term (2000–2021) mean and standard deviation (SD) of precipitation for the 
date range of the experiment, 30 June to 17 July. The total volume of water added 
was equal to 1 SD of the long-term mean, with this volume calculated as:

water volume (ml ) = catchment area (cm2) × rainfall depth (mm)	 (1)

where catchment area was the area of a single cage (31 × 23 cm2) and rainfall depth 
was 1 SD of the long-term mean of 7 mm. The total volume of water added to a cage 
receiving supplemental precipitation was 518 ml. The rationale for choosing to sup-
plement precipitation by this amount (1 SD of the long-term mean for the duration 
of the experiment) was that we wanted to substantially increase soil moisture without 
increasing the total amount of precipitation (ambient + supplemental) by an amount 
that was unusually high in recent history. We applied one-third of the total volume of 
water during each four-day trial, with half of the water added at dusk on the first and 
third days of each trial by sprinkling with a watering can. To reduce confounding ef-
fects from water contaminants (e.g. minerals, pollutant, etc.), we used deionised water.

We tested the effects of temperature and precipitation on fungal infection by 
deploying two cages, each containing 19 early 4th-instar larvae, in each plot; for a 
total of 684 larvae per trial (Figs 2, 3). The cages were made by folding aluminium 
window screening to a dimension of 31 × 23 cm2, with a 2-cm high interior cavity, 
after which the seams were stapled and taped closed (Hajek and Humber 1997; 
Reilly et al. 2014; Fig. 4). To ensure contact with the soil, we brushed aside the leaf 
litter at each cage site and then installed the cages flush with the soil. Each cage was 
protected from vertebrate predators and weather-related hazards (e.g. fallen limbs) 
by a covering box of 12-mm2 hardware mesh and both the cage and cover were 
anchored to the soil with landscape staples (Reilly et al. 2014; Fig. 4). Two 0.5 g 
cubes of artificial wheat germ diet (Bell et al. 1981) were provided in every cage.

https://www.ncdc.noaa.gov/
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Following each field trial, we transferred the larvae to the lab and secured them 
individually in lidded 30 ml plastic cups containing a 0.20 g piece of artificial wheat 
germ diet (Blackburn and Hajek 2018). We maintained larvae at 18–22 °C and 
monitored them for 10 days or until death, whichever occurred first (Blackburn and 
Hajek 2018). Larvae that died within the 10-day monitoring period were placed on 
1.5% water agar plates and checked daily for 3 days for conidial production (Hajek 
et al. 1990b). Although conidia are often visible without magnification, we noticed 
during the first trial’s observation period that conidia were sometimes only apparent 
under a dissecting microscope. We did not analyse trial one results because of the 
possibility that we missed conidia on cadavers that we inspected without a dissect-
ing microscope, as conidia are very short lived. We examined cadavers from trials 
two and three under both a dissecting and a phase contrast microscope. For phase 

Figure 3. Diagram of one experimental block. Within each of three experimental blocks, we in-
stalled two cages of spongy moth larvae per plot (figure adapted from Rich et al. (2015)).

Figure 4. The cage design used to expose larvae to Entomophaga maimaiga resting spores in the soil 
(Reilly et al. 2014).
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contrast microscopy, we macerated and smeared a larva on a microscope slide and 
observed the specimen at 200–400× magnification (Blackburn and Hajek 2018). We 
counted a larva as infected by E. maimaiga if we saw conidia either externally or via 
phase contrast. It is also possible for larvae to have resting spores present instead of, 
or in addition to, conidia (Hajek 1999), but we did not expect this because previous 
research indicated that infections initiated by germ conidia from resting spores only 
produce conidia, not resting spores (Hajek 1997).

To understand how the weather conditions prior to and during the trials com-
pared to average climatic conditions, we obtained long-term climate data for 2000 
to 2022 from the same two NOAA weather stations used to calculate the amount 
of supplemental precipitation. Plot-level daily data on soil moisture for 20 June to 
17 July was measured via automated, permanently installed water reflectometers 
(Model CS616 from Campbell Scientific), with one reflectometer per plot that 
collected measurements on an hourly interval for the top 30 cm soil profile.

Data analysis

We tested the hypotheses that temperature, precipitation and their interaction 
would affect the number of spongy moth larvae infected (and almost certainly 
killed) by E. maimaiga. We built a model with these variables and also included a 
fixed effect of block and random effect of plot. Including plot as a random effect 
allowed for the model to account for variance amongst plots, for example, potential 
non-independence of values within a given plot (Crawley 2013). Block was mod-
elled as a fixed effect because there were only three levels in block and estimates 
of variance of random effects with so few levels are inaccurate (Arnqvist 2020). A 
linear mixed effects model with all of these variables was over-parameterised. There-
fore, we assessed that block or plot could be dropped without adversely affecting 
model parsimony (fit balanced by a penalty for the number of parameters), with 
parsimony quantified using AIC values. Models with ΔAIC < 2 were considered 
to have substantial support (Burnham and Anderson 2002), where ΔAIC of mod-
el i equal to AICi – min(AIC) and min(AIC) is the AIC of the highest-ranking 
model. For both trials, we selected the model that was not over-parameterised, had 
substantial support (ΔAIC < 2) and the fewest number of variables dropped (See 
Suppl. material 2: Model selection using AIC scores). For both trials, a model that 
included block, but not plot was selected (Suppl. material 2). We assessed the ef-
fects of temperature, precipitation, the temperature × precipitation interaction and 
block on the number of infected larvae using generalised linear models (GLM). 
For each model, we specified a Poisson distribution and a log link. We performed 
all statistical analyses in R (R Core Team 2022). The models were fitted using the 
‘glmer’ function of the ‘lme4’ package (Bates et al. 2015). To conduct pairwise com-
parisons, we performed Tukey’s tests using the package ‘emmeans’ (Lenth 2022).

Results

Baseline climatic and abiotic conditions at the field site

Compared to the long-term mean from 2000 to 2021, NOAA weather station data 
(USC00212561 47.9056, -91.8283; USC00212543 47.9239, -91.8586) indicated 
that mean daily minimum and maximum temperatures during this experiment were 
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near-average and slightly below-average, respectively (Table 1). Air temperature grad-
ually increased over the course of the experiment; the average minimum and maxi-
mum daily air temperatures recorded by the NOAA weather stations during the sec-
ond trial were 11.4 °C and 23.5 °C; and 12.4 °C and 24.5 °C during the third trial.

Mean daily precipitation during the experiment was 72% lower than the long-
term mean (Table 1). However, prior to the experiment, mean daily precipitation 
in May was 38% higher than the long-term average for this month (Table 1). Soil 
moisture decreased during the experiment and, on the last day, average soil mois-
ture across all plots was 0.18 Ɵ (cm3H2O cm-3soil), compared to 0.25 Ɵ at the 
start of the experiment. On average, plots under the high temperature treatment 
(3.4 °C above ambient) had the driest soil (Ɵ = 0.20 ± 0.01) and plots under the 
low (1.7 °C above ambient) and ambient temperature treatments had similar soil 
moisture, Ɵ = 0.24 ± 0.02 and Ɵ = 0.23 ± 0.02, respectively. Soil moisture in the 
region of the supplemental precipitation was not measured.

Effects of temperature and simulated precipitation on numbers of 
infected larvae

Increasing temperature had a significant, positive effect on the number of infected 
larvae in the second (P = 0.004) and third (P = 0.001) trials (Table 2; Fig. 5). In trial 
two, averaging across the precipitation treatments, the numbers of infected larvae were 
24% and 65% higher in cages where temperature was elevated by 1.7 °C and 3.4 °C, 
respectively, compared to cages in plots at ambient temperature (Fig. 5). In trial three, 
the numbers of infected larvae were 56% and 44% higher under temperatures elevated 
by 1.7 °C and 3.4 °C, respectively, compared to ambient temperature. In both trials, 
very few infections occurred under ambient temperatures (Fig. 5). There were no sig-
nificant effects of supplemental precipitation or interactive effects of temperature and 
precipitation or block on number of infected larvae in either trial (Table 2).

Table 1. Climate data for 2000 to 2022, sourced from NOAA stations USC00212561 and USC00212543 (Ely, Minnesota; https://www.
ncdc.noaa.gov/). Values reported are mean daily averages ± standard deviation, during the dates of the experiment (30 June – 17 July) 
for the long-term (2000–2021) and in 2022. Precipitation is also reported during May because above-average rainfall in 2022 may have 
influenced Entomophaga maimaiga germination.

Year May 30 June – 17 July

Precipitation (mm) Minimum temperature (°C) Maximum temperature (°C) Precipitation (mm)

Long-term mean (2000 to 2021) 2.5 ± 5.4 12.7 ± 3.1 26.7 ± 4.2 0.9 ± 1.5
2022 4.0 ± 8.2 12.3 ± 3.1 24.3 ± 2.4 3.3 ± 7.1

Table 2. Results from generalised linear models on effects of temperature and precipitation on infection of spongy moth larvae by Ento-
mophaga maimaiga in trials two and three.

Trial Explanatory Variable Degrees of Freedom Chi-Square P value
2 Block 2 2.6 0.272

Precipitation 1 0.22 0.637
Temperature 2 11.23 0.004

Temperature × Precipitation 2 4.45 0.108
3 Block 2 3.67 0.16

Precipitation 1 0.25 0.617
Temperature 2 13.23 0.001

Temperature × Precipitation 2 0.91 0.634

https://www.ncdc.noaa.gov/
https://www.ncdc.noaa.gov/
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Discussion

Multiple studies have reported positive effects of environmental moisture on 
spongy moth larval infections by E. maimaiga (Hajek 1999; Reilly et al. 2014), but 
using a manipulative field experiment, we found that only the temperature treat-
ments, not supplemental precipitation, affected larval infections by this pathogen. 
We found that larval infections increased where temperatures were elevated above 
ambient. This finding aligns with our prediction, based on a climate suitability 
study (Siegert et al. 2009), that cold temperatures may inhibit E. maimaiga in 
the north-westernmost portions of the spongy moth’s invasive range. These results 
suggest that rising temperatures associated with climate change may increase larval 
mortality by E. maimaiga in cold portions of the spongy moth’s range (e.g. Minne-
sota, northern Wisconsin and eastern Canada).

Contrary to our predictions, supplemental precipitation and its interaction with 
temperature, did not affect the number of larvae that became infected by the fun-
gus. This finding was surprising given that multiple past studies have found posi-
tive associations between rainfall and larval infections from resting spores (Wesel-
oh and Andreadis 1992a; Weseloh and Andreadis 1992b; Hajek et al. 1996; Reilly 
et al. 2014). One potential explanation for the lack of a precipitation effect in this 
study is that moisture requirements for resting spore germination were fulfilled 
before the experiment began, given that precipitation was above average during 
the month of May prior to the start of the experiment (Table 1). Supporting this 
possibility, a past study modelled the relationships between rainfall, temperature 
and the phenology of infection and found that the timing of rainfall, not just 
amount of rainfall, is a critical factor influencing infection rates (Weseloh et al. 
1993). Additionally, using empirical data on E. maimaiga epizootics, Hajek et al. 
(2015) found that infection increased significantly with May rainfall, whereas the 
relationships between infection and precipitation in June and April were nega-
tive and not significant, respectively. Future field experiments that incorporate a 

Figure 5. Results of manipulative field experiment. Effect of temperature and precipitation treat-
ments on number of spongy moth larvae infected by Entomophaga maimaiga (mean ± SE) in (a) trial 
two and (b) trial three. The precipitation treatment consisted of adding +173 mm water to each cage 
over the course of a trial.
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reduced-moisture treatment along with an increased-moisture treatment could 
help resolve how infection levels will change with increasing drought severity.

Results from this study highlight the importance of considering geographic lo-
cation when assessing the impacts of temperature and moisture conditions on lar-
val infection. The general consensus of past research on the role of weather for this 
host-pathogen relationship is that warmer and drier conditions inhibit infections 
by E. maimaiga (Hajek 1999). Prior field studies on the effect of temperature on 
the spongy moth-E. maimaiga interaction were conducted in areas with warmer 
climates compared to the present study (Hajek et al. 1996; Hajek and Humber 
1997; Reilly et al. 2014), which may explain why the positive effect of increas-
ing temperature found in this experiment contrasts with that found in warm-
er regions. For example, mean daily air temperatures during the spongy moth’s 
larval period are consistently lower in Ely, Minnesota (USC00212555 47.9746, 
-91.4495) compared to other portions of the spongy moth’s non-native range — 
for example, Ithaca, New York (USC00304174 42.4491, -76.4491); Oakland, 
Maryland (USC00186620 39.4131, -79.4003); and Gassaway, West Virginia 
(USC00463361 38.6649, -80.7672) (Fig. 6).

While epizootics have occurred during years that were warmer and drier than av-
erage (Hajek et al. 1996), host densities must be high enough to offset the negative 
effects of reduced fungal germination under these abiotic conditions. A past mod-
elling study showed that the threshold host density at which epizootics occurred 
changed under different abiotic environmental conditions (Kyle et al. 2020). Fun-
gal density is also an important determinant of epizootics and, together, the in-
teraction between host and fungal densities with weather drive epizootics (Hajek 
and Shapiro-Ilan 2018). While often overlooked, fungal density may be critical to 
understanding why epizootics can occur even when host densities are low.

Certain caveats should be considered in extrapolating our findings to the effects 
of climate on the host-pathogen interaction between the spongy moth and E. mai-
maiga. First, like many experimental studies on the spongy moth (Williams et al. 

Figure 6. Mean daily temperature at different locations within the spongy moth’s non-native range. 
Locations include: Ithaca, New York (USC00304174 42.4491, -76.4491); Oakland, Maryland 
(USC00186620 39.4131, -79.4003); Gassaway, West Virginia (USC00463361 38.6649, -80.7672); 
and Ely, Minnesota (USC00212555 47.9746, -91.4495). Temperature data are from 2000–2022 
(https://ncdc.noaa.gov/). Ely, Minnesota (MN) is the weather station nearest to the experimental 
site. The lines are dashed during the spongy moth’s larval period at each location, based on phenology 
model predictions (Régnière and Sharov 1997, 1998, 1999; Gray et al. 2001).

https://ncdc.noaa.gov/
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2003; Mason et al. 2014), our study was conducted using spongy moths obtained 
from USDA’s Forest Pest Methods Laboratory and reared using artificial diet. It is 
not known whether this lab strain and wild spongy moths differ in their suscepti-
bility to infection by E. maimaiga or if larval diet influences susceptibility to this 
pathogen. Therefore, wild spongy moths under the same conditions may be infect-
ed at lower or higher rates. Second, because there is evidence that temperature can 
alter rates of larval infection (i.e. susceptibility; Shimazu and Soper (1986)) by the 
fungus, we cannot rule out the possibility that changes in larval susceptibility, rath-
er than changes in fungal germination and sporulation, influenced the observed 
temperature-driven changes in rates of infection.

Conducting multi-year manipulative experiments that assess the effects of an-
nual variability in weather on this host-pathogen relationship could help quantify 
the range of temperature and precipitation conditions under which larval infection 
rates may be high enough to spark epizootics. If rising temperatures lead to in-
creased infections of E. maimaiga in the colder regions of the spongy moth’s range 
in North America, as is suggested by the results of this experiment, it is possible 
that rates of spongy moth range expansion in these regions could decrease in the 
future. However, temperatures in the north-westernmost portion of the spongy 
moth’s range are expected to become more suitable for the pest under a 1.5 °C 
warming scenario (Gray 2004). Therefore, the overall effects of climate warming 
on spongy moth populations in these colder ecoregions is unclear. To provide in-
formation for management decisions on slowing the spread of spongy moth, par-
ticularly in the north-westernmost region of this non-native range, where rates of 
range expansion are fastest, it is imperative that we untangle the independent and 
interactive effects of temperature and precipitation on the relationship between 
the spongy moth and E. maimaiga. Doing this will help managers identify when 
and where climatic conditions are expected to inhibit or enhance larval mortality 
due to E. maimaiga, which in turn, would provide information for decisions on 
employing methods to slow the spread of the spongy moth.

Acknowledgements

We thank Dr Joseph Elkinton for E. maimaiga inoculum (University of 
Massachusetts-Amherst), Christine McCallum for the spongy moth colonies 
(USDA-APHIS) and Andrea Diss-Tolerance for advice on working with the fun-
gus (Wisconsin Department of Natural Resources). We also thank the entire team 
at the University of Minnesota’s Hubachek Wilderness Research Center (HWRC) 
for support with the experimental manipulations and maintenance of the research 
plots; in particular, we thank Beckie Prange, who provided invaluable assistance 
and guidance. P.B.R acknowledges support from the U.S. NSF Biological Integra-
tion Institutes grant NSF-DBI-2021898. This material is also based upon work 
that was partly supported by the Animal and Plant Health Protection Inspection 
Service, U.S. Department of Agriculture. Mention of products does not constitute 
endorsement by the U.S.D.A.

Additional information
Conflict of interest
The authors have declared that no competing interests exist.



304NeoBiota 95: 291–308 (2024), DOI: 10.3897/neobiota.95.126311

Clare A. Rodenberg et al.: Rising temperatures may affect funal epizootics of the invasive spongy moth

Ethical statement
No ethical statement was reported.

Funding
This study was supported by two research grants — the Exploratory Research Award and the Jefferson 
Conservation Award — from the Department of Environmental Sciences at the University of Virginia. 

Author contributions
Conceptualization: KJH, PBBR, CAR. Data curation: AS, CAR. Formal analysis: CAR. Method-
ology: HN, KJH, AEH, PBBR, AS, CAR. Project administration: CAR, KJH, PBBR. Supervision: 
KJH, AEH. Visualization: CAR. Writing - original draft: CAR. Writing - review and editing: KJH, 
AEH, PBBR, CAR, HN, AS.

Author ORCIDs
Clare A. Rodenberg  https://orcid.org/0009-0002-1457-2950
Ann E. Hajek  https://orcid.org/0000-0001-5740-4717
Artur Stefanski  https://orcid.org/0000-0002-5412-1014

Data availability
The data underpinning the analysis reported in this paper are deposited in the Dryad Data Repository 
at https://doi.org/10.5061/dryad.44j0zpcp4.

References

Altizer S, Ostfeld RS, Johnson PTJ, Kutz S, Harvell CD (2013) Climate change and infectious 
diseases: From evidence to a predictive framework. Science 341(6145): 514–519. https://doi.
org/10.1126/science.1239401

Arnqvist G (2020) Mixed models offer no freedom from degrees of freedom. Trends in Ecology & 
Evolution 35(4): 329–335. https://doi.org/10.1016/j.tree.2019.12.004

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-effects models using lme4. 
Journal of Statistical Software 67(1): 1–48. https://doi.org/10.18637/jss.v067.i01

Bell RA, Owens CD, Shapiro M, Tardif JR (1981) Development of mass rearing technology. In: 
Doane CC, McManus ML (Eds) The gypsy moth: Research toward integrated pest manage-
ment. Technical Bulletin 1584. U.S. Department of Agriculture, Forest Service, Washington, 
DC, 599–633.

Blackburn LM, Hajek AE (2018) Gypsy moth larval necropsy guide general. Forest Service Northern 
Research Station Technical Report NRS-179: 1–30. https://doi.org/10.2737/NRS-GTR-179

Bradshaw CJA, Leroy B, Bellard C, Roiz D, Albert C, Fournier A, Barbet-Massin M, Salles J-M, Si-
mard F, Courchamp F (2016) Massive yet grossly underestimated global costs of invasive insects. 
Nature Communications 7(1): 12986. https://doi.org/10.1038/ncomms12986

Burnham KP, Anderson DR (2002) Model selection and inference: a practical information-theoretic 
approach. 2nd edn, Springer-Verlag, New York, 1–512.

Canada Food Inspection Agency (CFIA) (2020) North American gypsy moth regulated areas of Can-
ada. D- 98-09: Comprehensive policy to control the spread of the LDD moth (Lymantria dispar 
dispar) in Canada and the United States, Appendix 1.

Crawley MJ (2013) The R book. Wiley, Chichester, 1–884.
Dara SK, Montalva C, Barta M (2019) Microbial control of invasive forest pests with entomo-

pathogenic fungi: A review of the current situation. Insects 10(10): 341. https://doi.org/10.3390/
insects10100341

https://orcid.org/0009-0002-1457-2950
https://orcid.org/0000-0001-5740-4717
https://orcid.org/0000-0002-5412-1014
https://doi.org/10.5061/dryad.44j0zpcp4
https://doi.org/10.1126/science.1239401
https://doi.org/10.1126/science.1239401
https://doi.org/10.1016/j.tree.2019.12.004
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2737/NRS-GTR-179
https://doi.org/10.1038/ncomms12986
https://doi.org/10.3390/insects10100341
https://doi.org/10.3390/insects10100341


305NeoBiota 95: 291–308 (2024), DOI: 10.3897/neobiota.95.126311

Clare A. Rodenberg et al.: Rising temperatures may affect funal epizootics of the invasive spongy moth

Elkinton JS, Hajek AE, Boettner GH, Simons EE (1991) Distribution and apparent spread of En-
tomophaga maimaiga (Zygomycetes: Entomophthorales) in gypsy moth (Lepidoptera: Lymantrii-
dae) populations in North America. Environmental Entomology 20(6): 1601–1605. https://doi.
org/10.1093/ee/20.6.1601

Frank SD (2021) Review of the direct and indirect effects of warming and drought on scale insect 
pests of forest systems. Forestry 94(2): 167–180. https://doi.org/10.1093/forestry/cpaa033

Gray DR (2004) The gypsy moth life stage model: Landscape-wide estimates of gypsy moth estab-
lishment using a multi-generational phenology model. Ecological Modelling 176(1–2): 155–171. 
https://doi.org/10.1016/j.ecolmodel.2003.11.010

Gray DR, Ravlin FW, Braine JA (2001) Diapause in the gypsy moth: A model of inhibition and 
development. Journal of Insect Physiology 47(2): 173–184. https://doi.org/10.1016/S0022-
1910(00)00103-7

Hajek AE (1997) Entomophaga maimaiga reproductive output is determined by the spore type 
initiating an infection. Mycological Research 101(8): 971–974. https://doi.org/10.1017/
S0953756297003638

Hajek AE (1999) Pathology and epizootiology of Entomophaga maimaiga infections in Forest Lepi-
doptera. Microbiology and Molecular Biology Reviews 63(4): 814–835. https://doi.org/10.1128/
MMBR.63.4.814-835.1999

Hajek AE, Humber RA (1997) Formation and germination of Entomophaga maimaiga azygospores. 
Canadian Journal of Botany 75(10): 1739–1747. https://doi.org/10.1139/b97-888

Hajek AE, Roberts DW (1991) Pathogen reservoirs as a biological control resource: Introduction of 
Entomophaga maimaiga to North American gypsy moth, Lymantria dispar, populations. Biological 
Control 1(1): 29–34. https://doi.org/10.1016/1049-9644(91)90098-K

Hajek AE, Shapiro-Ilan DI (Eds) (2018) Ecology of invertebrate diseases. John Wiley & Sons, 
Oxford, 1–680. https://doi.org/10.1002/9781119256106.ch1

Hajek AE, Shimazu M (1996) Types of spores produced by Entomophaga maimaiga infecting the gyp-
sy moth Lymantria dispar. Canadian Journal of Botany 74(5): 708–715. https://doi.org/10.1139/
b96-089

Hajek AE, Soper RS (1992) Temporal dynamics of Entomophaga maimaiga after death of gypsy moth 
(Lepidoptera: Lymantriidae) larval hosts. Environmental Entomology 21(1): 129–135. https://
doi.org/10.1093/ee/21.1.129

Hajek AE, Humber RA, Elkinton JS, May B, Walsh SRA, Silver JC (1990a) Allozyme and restric-
tion fragment length polymorphism analyses confirm Entomophaga maimaiga responsible for 
1989 epizootics in North American gypsy moth populations. Proceedings of the National Acad-
emy of Sciences of the United States of America 87(18): 6979–6982. https://doi.org/10.1073/
pnas.87.18.6979

Hajek AE, Carruthers RI, Soper RS (1990b) Temperature and moisture relations of sporulation 
and germination by Entomophaga maimaiga (Zygomycetes: Entomophthoraceae), a fungal patho-
gen of Lymantria dispar (Lepidoptera: Lymantriidae). Environmental Entomology 19(6): 85–90. 
https://doi.org/10.1093/ee/19.1.85

Hajek AE, Larkin TS, Carruthers RI, Soper RS (1993) Modeling the dynamics of Entomophaga 
maimaiga (Zygomycetes, Entomophthorales) epizootics in gypsy moth (Lepidoptera, Lymant-
riidae) populations. Environmental Entomology 22(5): 1172–1187. https://doi.org/10.1093/
ee/22.5.1172

Hajek AE, Renwick JAA, Roberts DW (1995) Effects of larval host plant on the gypsy moth (Lepi-
doptera: Lymantriidae) fungal pathogen, Entomophaga maimaiga (Zygomycetes: Entomophtho-
rales). Environmental Entomology 24(5): 1307–1314. https://doi.org/10.1093/ee/24.5.1307

Hajek AE, Elkinton JS, Witcosky JJ (1996) Introduction and spread of the fungal pathogen 
Entomophaga maimaiga (Zygomycetes: Entomophthorales) along the leading edge of gypsy moth 

https://doi.org/10.1093/ee/20.6.1601
https://doi.org/10.1093/ee/20.6.1601
https://doi.org/10.1093/forestry/cpaa033
https://doi.org/10.1016/j.ecolmodel.2003.11.010
https://doi.org/10.1016/S0022-1910(00)00103-7
https://doi.org/10.1016/S0022-1910(00)00103-7
https://doi.org/10.1017/S0953756297003638
https://doi.org/10.1017/S0953756297003638
https://doi.org/10.1128/MMBR.63.4.814-835.1999
https://doi.org/10.1128/MMBR.63.4.814-835.1999
https://doi.org/10.1139/b97-888
https://doi.org/10.1016/1049-9644(91)90098-K
https://doi.org/10.1002/9781119256106.ch1
https://doi.org/10.1139/b96-089
https://doi.org/10.1139/b96-089
https://doi.org/10.1093/ee/21.1.129
https://doi.org/10.1093/ee/21.1.129
https://doi.org/10.1073/pnas.87.18.6979
https://doi.org/10.1073/pnas.87.18.6979
https://doi.org/10.1093/ee/19.1.85
https://doi.org/10.1093/ee/22.5.1172
https://doi.org/10.1093/ee/22.5.1172
https://doi.org/10.1093/ee/24.5.1307


306NeoBiota 95: 291–308 (2024), DOI: 10.3897/neobiota.95.126311

Clare A. Rodenberg et al.: Rising temperatures may affect funal epizootics of the invasive spongy moth

(Lepidoptera: Lymantriidae) spread. Environmental Entomology 25(5): 1235–1247. https://doi.
org/10.1093/ee/25.5.1235

Hajek AE, Strazanac JS, Wheeler MM, Vermeylen FM, Butler L (2004) Persistence of the fun-
gal pathogen Entomophaga maimaiga and its impact on native Lymantriidae. Biological Control 
30(2): 466–473. https://doi.org/10.1016/j.biocontrol.2004.02.005

Hajek AE, Tobin PC, Haynes KJ (2015) Replacement of a dominant viral pathogen by a fungal 
pathogen does not alter the collapse of a regional forest insect outbreak. Oecologia 177(3): 785–
797. https://doi.org/10.1007/s00442-014-3164-7

Hajek AE, Steinkraus DC, Castrillo LA (2018) Sleeping beauties: Horizontal transmission via resting 
spores of species in the Entomophthoromycotina. Insects 9(3): 102. https://doi.org/10.3390/
insects9030102

Hajek AE, Diss-Torrance AL, Siegert NW, Liebhold AM (2021) Inoculative releases and natural 
spread of the fungal pathogen Entomophaga maimaiga (Entomophthorales: Entomophthoraceae) 
into US populations of gypsy moth, Lymantria dispar (Lepidoptera: Erebidae). Environmental 
Entomology 50(5): 1007–1015. https://doi.org/10.1093/ee/nvab068

Halsch CA, Shapiro AM, Fordyce JA, Nice CC, Thorne JH, Waetjen DP, Forister ML (2021) Insects 
and recent climate change. Proceedings of the National Academy of Sciences of the United States 
of America 118(2): 1–9. https://doi.org/10.1073/pnas.2002543117

IPCC (2022) Climate change 2022: impacts, adaptation, and vulnerability. Contribution of 
Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change. Cambridge University Press, Cambridge, UK and New York, NY, USA, 1929–2042. 
https://dx.doi.org/10.1017/9781009325844

Jactel H, Koricheva J, Castagneyrol B (2019) Responses of forest insect pests to climate change: 
Not so simple. Current Opinion in Insect Science 35: 103–108. https://doi.org/10.1016/j.
cois.2019.07.010

Kyle CH, Liu J, Gallagher ME, Dukic V, Dwyer G (2020) Stochasticity and infectious disease dy-
namics: Density and weather effects on a fungal insect pathogen. American Naturalist 195(3): 
504–523. https://doi.org/10.1086/707138

Lehmann P, Ammunét T, Barton M, Battisti A, Eigenbrode SD, Jepsen JU, Kalinkat G, Neuvonen 
S, Niemelä P, Terblanche JS, Økland B, Björkman C (2020) Complex responses of global in-
sect pests to climate warming. Frontiers in Ecology and the Environment 18(3): 141–150. 
https://doi.org/10.1002/fee.2160

Lenth RV (2022) emmeans: Estimated Marginal Means, aka Least-Squares Means. R package version 
1.8.1-1. https://CRAN.R-project.org/package=emmeans

Liebhold AM, Plymale R, Elkinton JS, Hajek AE (2013) Emergent fungal entomopathogen does 
not alter density dependence in a viral competitor. Ecology 94(6): 1217–1222. https://doi.
org/10.1890/12-1329.1

MacDonald P, Myers JH, Cory JS (2023) Warmer temperatures reduce the transmission of a virus in 
a gregarious forest insect. Ecology 104(10): 1–12. https://doi.org/10.1002/ecy.4159

National Slow the Spread (STS) Program (2022) https://www.slowthespread.org/
Mason CJ, Cannizzo Z, Raffa KF (2014) Influence of diet and density on laboratory cannibalism behav-

iors in gypsy moth larvae (Lymantria dispar L.). Journal of Insect Behavior 27(6): 693–700. https://
link.springer.com/article/10.1007/s00442-003-1327-z. https://doi.org/10.1007/s10905-014-9458-0

Omernik JM (1987) Ecoregions of the conterminous United States. Annals of the Association of 
American Geographers 77(1): 118–125. https://doi.org/10.1111/j.1467-8306.1987.tb00149.x

Omernik JM, Griffith GE (2014) Ecoregions of the conterminous United States: Evolution of a 
hierarchical spatial framework. Environmental Management 54(6): 1249–1266. https://doi.
org/10.1007/s00267-014-0364-1

https://doi.org/10.1093/ee/25.5.1235
https://doi.org/10.1093/ee/25.5.1235
https://doi.org/10.1016/j.biocontrol.2004.02.005
https://doi.org/10.1007/s00442-014-3164-7
https://doi.org/10.3390/insects9030102
https://doi.org/10.3390/insects9030102
https://doi.org/10.1093/ee/nvab068
https://doi.org/10.1073/pnas.2002543117
https://dx.doi.org/10.1017/9781009325844
https://doi.org/10.1016/j.cois.2019.07.010
https://doi.org/10.1016/j.cois.2019.07.010
https://doi.org/10.1086/707138
https://doi.org/10.1002/fee.2160
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1890/12-1329.1
https://doi.org/10.1890/12-1329.1
https://doi.org/10.1002/ecy.4159
https://www.slowthespread.org/
https://link.springer.com/article/10.1007/s00442-003-1327-z
https://link.springer.com/article/10.1007/s00442-003-1327-z
https://doi.org/10.1007/s10905-014-9458-0
https://doi.org/10.1111/j.1467-8306.1987.tb00149.x
https://doi.org/10.1007/s00267-014-0364-1
https://doi.org/10.1007/s00267-014-0364-1


307NeoBiota 95: 291–308 (2024), DOI: 10.3897/neobiota.95.126311

Clare A. Rodenberg et al.: Rising temperatures may affect funal epizootics of the invasive spongy moth

Pasquarella VJ, Elkinton JS, Bradley BA (2018) Extensive gypsy moth defoliation in Southern New 
England characterized using Landsat satellite observations. Biological Invasions 20(11): 3047–
3053. https://doi.org/10.1007/s10530-018-1778-0

Pureswaran DS, Roques A, Battisti A (2018) Forest insects and climate change. Current Forestry 
Reports 4(2): 35–50. https://doi.org/10.1007/s40725-018-0075-6

R Core Team (2022) R: a language and evironment for statistical computing. R Foundation for 
Statistical Computing, Vienna. https://www.r-project.org/

Régnière J, Sharov A (1997) Forecasting gypsy moth flight in the northeastern US with BioSIM. 
Integrating Spatial Information Technologies for Tomorrow. GIS-97 Conference Proceedings, 
Vancouver, British Columbia, 99–103.

Régnière J, Sharov A (1998) Phenology of gypsy moth, Lymantria dispar (Lepidoptera: Lymantrii-
dae), flight and the effect of moth dispersal in heterogeneous landscapes. International Journal of 
Biometeorology 41(4): 146–152. https://doi.org/10.1007/s004840050070

Régnière J, Sharov A (1999) Simulating temperature-dependent processes at the sub-continental 
scale: Male gypsy moth flight phenology as an example. International Journal of Biometeorology 
42(3): 146–152. https://doi.org/10.1007/s004840050098

Reich PB, Bermudez R, Montgomery RA, Rich RL, Rice KE, Hobbie SE, Stefanski A (2022) 
Even modest climate change may lead to major transitions in boreal forests. Nature 608(7923): 
540–545. https://doi.org/10.1038/s41586-022-05076-3

Reilly JR, Hajek AE, Liebhold AM, Plymale R (2014) Impact of Entomophaga maimaiga (Ento-
mophthorales: Entomophthoraceae) on outbreak gypsy moth populations (Lepidoptera: Erebi-
dae): the role of weather. Environmental Entomology 43(3): 632–641. https://doi.org/10.1603/
EN13194

Rich RL, Stefanski A, Montgomery RA, Hobbie SE, Kimball BA, Reich PB (2015) Design and per-
formance of combined infrared canopy and belowground warming in the B4WarmED (Boreal 
Forest Warming at an Ecotone in Danger) experiment. Global Change Biology 21(6): 2334–
2348. https://doi.org/10.1111/gcb.12855

Roy HE, Hails RS, Hesketh H, Roy DB, Pell JK (2009) Beyond biological control: Non-pest in-
sects and their pathogens in a changing world. Insect Conservation and Diversity 2(2): 65–72. 
https://doi.org/10.1111/j.1752-4598.2009.00046.x

Shimazu M, Soper RS (1986) Pathogenicity and sporulation of Entomophaga maimaiga HUMBER, 
SHIMAZU, SOPER and HAJEK (Entomophthorales: Entomophthoraceae) on larvae of the 
gypsy moth, Lymantria dispar L. (Lepidoptera: Lymantriidae). Applied Entomology and Zoology 
21(4): 589–596. https://doi.org/10.1303/aez.21.589

Siegert NW, McCullough DG, Hajek AE, Andresen JA (2008) Effect of microclimatic conditions on 
primary transmission of the gypsy moth fungal pathogen Entomophaga maimaiga (Zygomycetes: 
Entomophthorales) in Michigan. Great Lakes Entomologist 41(3–4): 111–128.

Siegert NW, McCullough DG, Venette RC, Hajek AE, Andresen JA (2009) Assessing the climatic 
potential for epizootics of the gypsy moth fungal pathogen Entomophaga maimaiga in the North 
Central United States. Canadian Journal of Forest Research 39(10): 1958–1970. https://doi.
org/10.1139/X09-117

Skendžić S, Zovko M, Živković IP, Lešić V, Lemić D (2021) The impact of climate change on agri-
cultural insect pests. Insects 12(5): 440. https://doi.org/10.3390/insects12050440

Smitley DR, Bauer LS, Hajek AE, Sapio FJ, Humber RA (1995) Introduction and establishment of 
Entomophaga maimaiga, a fungal pathogen of gypsy moth (Lepidoptera: Lymantriidae) in Michi-
gan. Environmental Entomology 24(6): 1685–1695. https://doi.org/10.1093/ee/24.6.1685

St. Leger RJ (2021) Insects and their pathogens in a changing climate. Journal of Invertebrate 
Pathology 184: 107644. https://doi.org/10.1016/j.jip.2021.107644

https://doi.org/10.1007/s10530-018-1778-0
https://doi.org/10.1007/s40725-018-0075-6
https://www.r-project.org/
https://doi.org/10.1007/s004840050070
https://doi.org/10.1007/s004840050098
https://doi.org/10.1038/s41586-022-05076-3
https://doi.org/10.1603/EN13194
https://doi.org/10.1603/EN13194
https://doi.org/10.1111/gcb.12855
https://doi.org/10.1111/j.1752-4598.2009.00046.x
https://doi.org/10.1303/aez.21.589
https://doi.org/10.1139/X09-117
https://doi.org/10.1139/X09-117
https://doi.org/10.3390/insects12050440
https://doi.org/10.1093/ee/24.6.1685
https://doi.org/10.1016/j.jip.2021.107644


308NeoBiota 95: 291–308 (2024), DOI: 10.3897/neobiota.95.126311

Clare A. Rodenberg et al.: Rising temperatures may affect funal epizootics of the invasive spongy moth

van Doan C, Pfander M, Guyer AS, Zhang X, Maurer C, Robert CA (2021) Natural enemies of 
herbivores maintain their biological control potential under short‐term exposure to future CO2, 
temperature, and precipitation patterns. Ecology and Evolution 11(9): 4182–4192. https://doi.
org/10.1002/ece3.7314

Weseloh RM, Andreadis TG (1992a) Epizootiology of the fungus Entomophaga maimaiga, and 
its impact on gypsy moth populations. Journal of Invertebrate Pathology 59(2): 133–141. 
https://doi.org/10.1016/0022-2011(92)90023-W

Weseloh RM, Andreadis TG (1992b) Mechanisms of transmission of the gypsy moth (Lepidop-
tera: Lymantriidae) fungus, Entomophaga maimaiga (Entomophthorales: Entomophthoraceae) 
and effects of site conditions on its prevalence. Environmental Entomology 21(4): 901–906. 
https://doi.org/10.1093/ee/21.4.901

Weseloh RM, Andreadis TG (1997) Persistence of resting spores of Entomophaga maimaiga, a fungal 
pathogen of the gypsy moth, Lymantria dispar. Journal of Invertebrate Pathology 69(2): 195–196. 
https://doi.org/10.1006/jipa.1996.4645

Weseloh RM, Andreadis TG, Onstad DW (1993) Modeling the influence of rainfall and temperature 
on the phenology of infection of gypsy moth, Lymantria dispar, larvae by the fungus Entomophaga 
maimaiga. Biological Control 3(4): 311–318. https://doi.org/10.1006/bcon.1993.1040

Williams RS, Lincoln DE, Norby RJ (2003) Development of gypsy moth larvae feeding on red maple 
saplings at elevated CO2 and temperature. Oecologia 137(1): 114–122. https://doi.org/10.1007/
s00442-003-1327-z

Supplementary material 1

Details on soil inoculation procedure with Entomophaga maimaiga

Authors: Clare A. Rodenberg, Ann E. Hajek, Hannah Nadel, Artur Stefanski, Peter B. Reich, 
Kyle J. Haynes

Data type: pdf
Copyright notice: This dataset is made available under the Open Database License (http://opendata-

commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement 
intended to allow users to freely share, modify, and use this Dataset while maintaining this same 
freedom for others, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.95.126311.suppl1

Supplementary material 2

Model selection using AIC scores

Authors: Clare A. Rodenberg, Ann E. Hajek, Hannah Nadel, Artur Stefanski, Peter B. Reich, 
Kyle J. Haynes

Data type: pdf
Copyright notice: This dataset is made available under the Open Database License (http://opendata-

commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement 
intended to allow users to freely share, modify, and use this Dataset while maintaining this same 
freedom for others, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.95.126311.suppl2

https://doi.org/10.1002/ece3.7314
https://doi.org/10.1002/ece3.7314
https://doi.org/10.1016/0022-2011(92)90023-W
https://doi.org/10.1093/ee/21.4.901
https://doi.org/10.1006/jipa.1996.4645
https://doi.org/10.1006/bcon.1993.1040
https://doi.org/10.1007/s00442-003-1327-z
https://doi.org/10.1007/s00442-003-1327-z
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.95.126311.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.95.126311.suppl2

	Rising temperatures may increase fungal epizootics in northern populations of the invasive spongy moth in North America
	Abstract
	Introduction
	Materials and methods
	Study system
	Manipulative field experiment
	Data analysis

	Results
	Baseline climatic and abiotic conditions at the field site
	Effects of temperature and simulated precipitation on numbers of infected larvae

	Discussion
	Acknowledgements
	Additional information
	References

