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Summary

1. While rising global temperatures are increasingly affecting both species and their biotic

interactions, the debate about whether global warming will increase or decrease disease trans-

mission between individuals remains far from resolved. This may stem from the lack of

empirical data.

2. Using a tractable and easily manipulated insect host–pathogen system, we conducted a ser-

ies of field and laboratory experiments to examine how increased temperatures affect disease

transmission using the crop-defoliating pest, the fall armyworm (Spodoptera frugiperda) and

its species-specific baculovirus, which causes a fatal infection.

3. To examine the effects of temperature on disease transmission in the field, we manipulated

baculovirus density and temperature. As infection occurs when a host consumes leaf tissue on





2007; Gomez-Bonilla et al. 2013). Thus, any change in

disease transmission and epizootic intensity due to climate

change may have important consequences from both an

ecological and economic perspective.

For many lepidopteran and other insect species, bacul-

oviruses, which include nucleopolyhedroviruses (NPVs),

comprise the pathogen source responsible for a number of

large-scale epizootics (Miller 1997). Baculovirus-driven

epizootics begin when a larva consumes foliage contami-

nated with baculovirus occlusion bodies (OBs) (Cory &

Myers 2003). The OBs contain multiple virions sur-

rounded by a protein coat, which dissolves in the host

midgut. If enough OBs are consumed, a fatal infection

occurs. Prior to death, the virus replicates within the non-

moulting larva until the baculovirus triggers the dissolu-

tion of the larval integument (Miller 1997). The OBs are

released and contaminate the foliage on which the host is

feeding. Additional larvae eat the contaminated foliage,

and the infection cycle continues (Cory & Myers 2003).

Over time, ultraviolet light exposure causes virus particles

to degrade (Miller 1997). To investigate the effect of glo-

bal warming on disease transmission, we conducted a ser-

ies of field and laboratory experiments where the fall

armyworm, Spodoptera frugiperda, serves as the host and

its species-specific fatal baculovirus, Spodoptera fru-

giperda nucleopolyhedrovirus (SfNPV), serves as the

pathogen.

Materials and methods

the system

The multivoltine fall armyworm is polyphagous and overwinters

in Florida and Texas (Pitre & Hogg 1983). The pupae cannot

survive freezing temperatures. During the spring, the fall army-

worm reinvades the northern areas of its range as it migrates

northward. The life cycle begins with adult females laying eggs in

clusters. After the eggs hatch, there are six larval instars that col-

lectively last 14–30 days depending upon temperature (Pitre &

Hogg 1983). Fall armyworms then pupate for 7–37 days also

depending upon temperature (Sparks 1979), emerge to mate and

continue their life cycle. The species, like many lepidopterans,

exhibits boom and bust dynamics, which have been recorded as

early as 1845 (Hinds & Dew 1915). As the population increases

in size during the boom phase, fall armyworm infestations occur,

which can be large and widespread (Fuxa 1982).

For the fall armyworm, SfNPV represents an important mor-

tality source (Richter, Fuxa & Abdelfattah 1987). Prior to an epi-

zootic, a viral reservoir in the soil provides the initial inoculation

of baculovirus into the system (Fuxa & Geaghan 1983). After

4–6 days, initially infected first-instar larvae die (De Oliveira 1999),

while uninfected larvae grow to third or fourth instars (Pitre &

Hogg 1983). The older instars become infected by consuming the

contaminated foliage on which the first instars have died.

In baculovirus systems, virus transmission is primarily depen-

dent upon the host consuming leaf tissue on which the virus

resides (Miller 1997). For our experiments, we used soybean
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(i.e. future cadavers) were placed on each plant. The infected lar-

vae treatments were assigned in equal proportions across control

and warmed plots. By using infected first-instars rather than

spraying a set amount of virus on the plant, the virus would be

spread about the leaf tissue in a manner close to that seen in

natural environments.

To infect larvae, we allowed recently hatched larvae to feed on

artificial diet that had been inoculated with SfNPV derived from

field-collected fall armyworms. The infected fall armyworms were

collected from corn fields in Southeastern Louisiana near Ham-

mond by Jim Fuxa and Art Richter (A. Richter, pers. comm.).

We processed the field-collected virus by feeding fifth-instar lar-



virus-killed cadaver density. By fitting this equation to the data

from field transmission experiments, we can estimate the mean

transmission rate �b and the variability in transmission K. If we

assume that there is no heterogeneity in the population, the

above equation becomes S(T)=Sð0Þ ¼ expð�bV0T). This is the

solution for eqn 1 when integrating from 0 to T. Using the exper-

imental data to calculate the fraction infected, 1�S(T)/S(0), we

can compare between models that assume no heterogeneity

between individuals to models that assume heterogeneity exists.

As we show, heterogeneity is important for describing disease

transmission. Given that, we can then determine whether or not

temperature changes the mean transmission rate �b , the coeffi-

cient of variation associated with the transmission rate K, or

both.

the analyses

First, we calculated the effects of the OTCs on temperature and

humidity using the iButton data. For each of the three experi-

mental trials, we calculated the daily average of daytime and

night-time temperatures as well as humidity. Humidity measure-

ments were transformed using the empirical logit (Warton & Hui

2011). The effects of the OTC treatment on the daily and nightly

averages were analysed using a mixed-effect repeated measures

analysis of variance (rmANOVA), in which plot was treated as a

random effect. All assumptions of the analysis were met (Pinheiro

& Bates 2004). Each of the experimental trials were analysed sep-

arately, as was true for all analyses conducted.

To test for the effects of temperature on transmission, we fit a

suite of candidate models (Table 1) to the data using eqn 3 and

its linear counterpart. If there was virus mortality in the controls,

we used Abbott’s method to correct the data (Morgan 1992). We

assumed a binomial error distribution (McCullagh & Nelder

1989) to calculate the likelihood of the data. To choose which

model best fits the data, we used the small sample correction of

the Akaike Information Criterion, AICc. AICc scores, in turn,

were compared using ΔAICc and AIC weights. ΔAICc was

defined as the difference between the AICc score and the lowest

AICc score of the models being compared. Thus, the best-fit

model had a ΔAICc of zero. ΔAICc scores were used to calculate

the AICc weights associated with each model, which was defined



(CI202 Leaf Area Meter, CID) from the Gasoy 17 variety. The

larvae were placed in two growth chambers. One maintained the

temperature at the current average and the other at the projected





effects of changes in the coefficient of variation could be

best seen by examining how infection rates change as

virus-killed cadaver density increases. Across experimental

trials, as temperature rose, the fraction infected increased

for a given pathogen-killed cadaver density (Fig. 5). In



experiments, which were conducted in four growth cham-

bers, were relatively small given the non-significance of

the likelihood ratio test (LRT) between a model that

contained a random effect for chamber and one that did

not (LRT time to pupation ratio = 6�65 9 10�9,

P = 0�9999; LRT weight at pupation ratio = 2�44 9 10�8,

P = 0�9999). Thus, the potential effect of the growth

chamber on our feeding rate results should also be rela-

tively low.

Insect physiology may also be important for determin-

ing infection rate as it can affect the probability of

becoming infected after consuming the pathogen. A
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