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secondary host (Lafferty 1992). However, many ingested 
pathogens do not infect predators when consumed. In this 
instance, the predator has consumed an intraguild prey (i.e., 
the pathogen) and the pathogen is removed from the commu-
nity (Johnson et al. 2010). This removal potentially changes 
disease transmission dynamics (Finke 2012). From the 
predator’s perspective, these interactions may also influence 
the predator’s fitness (Flick et al. 2016). While questions 
concerning predator–prey/host-parasite interactions have 
been tackled from a theoretical standpoint (e.g., Borer et al. 
2007; Hilker and Schmitz 2008; Bate and Hilker 2014), few 
studies have empirically examined how both predator health 
and parasite transmission dynamics change in the same com-
munity (but see Rohr et al. 2015).

From the perspective of the pathogen, consumptive effects 
of predators can change population densities of infected and 
healthy prey (Packer et al. 2003). Density-dependent disease 
transmission rates or epizootic frequency may thus decline 
due to reduced host availability (Packer et al. 2003; Strauss 
et al. 2016). Conversely, predators can also increase disease 
incidence via sloppy predation (Strauss et al. 2016). Sloppy 
predators help spread disease through messy eating or def-
ecation (Cáceres et al. 2009). For instance, without a preda-
tor in the system, pathogens can be unevenly distributed in 
the environment, resulting in heterogeneous transmission 
(D’Amico et al. 2005). Specifically, patchy distributions 
of pathogens could cause heterogeneous rates of exposure 
among hosts. If a predator is a sloppy eater, it could homog-
enize exposure among hosts by spreading the pathogen more 
evenly across the environment. Regardless of whether the 
predator reduces or increases transmission when feeding 
on infected prey, the consumptive effects of predators on 
the intraguild/infected prey, or the prey itself, may play an 
important role in determining disease dynamics.

While the main focus of much IGP research is on the con-
sumptive effects of the intraguild predator, non-consumptive 
effects that alter the behavior of the intraguild prey can also 
influence disease transmission. In general, non-consumptive 
effects of predators change prey development and behav-
ior (Preisser et al. 2005; Orrock et al. 2008). For example, 
prey may decrease movement to avoid detection by preda-
tors (Thiemann and Wassersug 2000; Reed and Levine 
2005), which increases exposure (Thiemann and Wassersug 
2000). Decreased movement could also decrease the contact 
between healthy hosts and pathogens in the environment, 
which also decreases the exposure (Finke 2012). Examples 
of developmental changes include instances where indi-
vidual Daphnia dentifera increased in size due to chemi-
cal cues from Chaoborus predators. Larger individuals also 
increased their feeding rates leading to greater exposure to 
a yeast parasite resulting in increased parasite loads (Duffy 
et al. 2011). However, the empirical results are equivocal 
as predators can increase (Ramirez and Snyder 2009; Duffy 

et al. 2011; McCauley et al. 2011) or decrease (Coors and De 
Meester 2011) the likelihood of pathogen infection in their 
prey. Regardless of the direction, non-consumptive effects 
potentially play an important role in changing transmission 
dynamics.

From the perspective of the predator, many pathogens and 
parasites decrease the energetic value of the prey (Thieltges 
et al. 2013), which reduces predator survival and reproduc-
tion (Flick et al. 2016). For example, the predator Podisus 
nigrispinus was unable to survive more than three genera-
tions, when consuming only virus-infected Anticarsia gem-
matalis (de Nardo et al. 2001). However, predators may pre-
fer infected prey if they are easier to capture (Lafferty1992; 
Thomas et al.2005). Thus, in IGP systems, predators may 
affect disease transmission dynamics and prey infection sta-
tus may affect predator fitness.

Using a tractable IGP system, consisting of an intraguild 
predator, an intraguild prey/pathogen, and a prey/host, we 
fit a series of disease transmission models to test if the pres-
ence of an intraguild predator, via consumptive and non-
consumptive means, altered disease transmission dynamics. 
We also examined how changes in prey quality, via pathogen 
infection, affected predator preference and fitness. By assess-
ing the influence of pathogen-infected prey on predators and 
predator influence on disease spread, the net effects of IGP 
community dynamics may emerge.

Materials and methods

Study system

We conducted a series of laboratory experiments to test how 
virus-infected larvae influenced predator fitness proxies and 
preference. We also conducted field experiments that tested 
consumptive and non-consumptive effects of predators on 
virus transmission. The system consisted of a single prey/
host species, the soybean looper (Pseudoplusia includens 
Walker, Lepidoptera: Noctuidae), that can be consumed by 
a generalist predator, the spined soldier bug (Podisus macu-
liventris Say, Heteroptera: Pentatomidae), and infected by 
a lethal baculovirus, Autographa californica multicapsid 
nuclear polyhedrovirus (AcMNPV). The soybean looper 
is a widespread polyphagous multivoltine pest in soybean 
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food web, we quantified how IGP interactions affect both 
the intraguild predator and the pathogen.

In this system, pathogen transmission occurs when the 
host, the soybean looper, consumes a lethal dose of virus. 
At the beginning of a disease outbreak, first-instar larvae 
hatch and a subset become infected by consuming con-
taminated leaf tissue; the leaf tissue can become inoculated 
via virus particles residing in the soil (Young and Yearian 
1986). Once infected, the virus halts the host’s growth and -
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a fully factorial, randomized block study design. Each of the 
five blocks consisted of 12 soybean plants (60 plants total) 
one meter apart and individually bagged with insect-resistant 
mesh. The mesh prevents larvae from escaping the treatment 
and degradation of virus by UV light (Elderd et al. 2013). 
Each soybean plant was similar in size (approximately five 
trifoliate leaves) and had one of four virus (i.e., cadaver) 
densities (0, 15, 60, or 75 infected, first-instar larvae).

We infected newly-hatched, first-instar soybean loopers 
with a lethal dose of virus  (105) in the lab. After three days, 
we placed them into the mesh bag and allowed them to freely 
move about the plant before they died of the viral infection. 
This ensured that the virus would be distributed more natu-
rally across the plant’s leaf tissue, as compared to spraying 
virus directly on plants (Elderd and Reilly 2014).

Each plant also received one of three-spined soldier bug 
treatments: consumptive predator, non-consumptive preda-
tor, and no predator. To test the non-consumptive effects 
of IGP on disease transmission, we snipped off the mouth 
parts before releasing the soldier bug into non-consumptive 
predator treatments. Surgically altering soldier bugs, so that 
they will hunt but not eat, has been shown to be an effec-
tive means for inducing prey behavioral responses, without 
significantly altering predator behavior (Thaler et al. 2012; 
Hermann and Thaler 2014). For the consumptive and non-
consumptive predator treatments, one soldier bug was added 
to the plant.

After 4 days, during which the infected first-instar lar-
vae died, we released 30 healthy, fourth-instar larvae on 
each plant along with the appropriate predator given the 
treatment. Soybean loopers fed for 4 days, after which we 
collected the soldier bugs and surviving soybean loopers. 
The soybean loopers were placed into individual one-ounce 
cups with artificial diet and monitored until death or pupa-
tion. Since infected individuals liquefy upon death, bacu-
lovirus infections were easily diagnosed. If any doubt as 
to the cause of death, the presence of occlusion bodies in 
the hemolymph, when viewed under a light microscope, 
confirmed baculovirus infection (Elderd et al. 2013). To 
ensure an adequate sample size to measure transmission, 
plots were included only if more than five of the original 30 
soybean loopers survived the duration of the experiment. 
This resulted in two replicates of the consumptive predator 
treatment being excluded.

Data analysis

For the predator preference data, we used a Chi-square good-
ness of fit test for binomial distributions. We predicted that 
soldier bug fitness would decrease following previous find-
ings (Flick et al. 2016). Thus, we analyzed fecundity, longev-
ity, and developmental time data using Welch two sample, 
one-tailed t tests.

To understand the transmission process in communities 
with pathogens, ecologists have long relied on the Sus-
ceptible-Infected-Recovered or SIR model, which quanti-
fies infection dynamics during a disease outbreak (e.g., 
Anderson and May 1980; Borer et al. 2007; Roy and Holt 
2008). For our analysis, we used two transmission equations 
(Dwyer et al. 1997) that assumed either individuals do not 
vary in their susceptibility to the virus (i.e., all individuals 
are the same) or individuals vary (i.e., individuals are heter-
ogenous). If we assume that all larvae are equally susceptible 
to the pathogen, the change in susceptible individuals over 
time, dS∕dt , is governed by the equation, dS∕dt = −�t

�
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Each of the treatments—consumptive predator, non-con-
sumptive predator, and no predator—were fit to the linear 
(Eq. 1) and the non-linear (Eq. 2) equations. To examine 
whether consumptive effects alone affected transmission, we 
compared the consumptive predator treatment to the pooled 
data from the non-consumptive and no predator treatment. 
Non-consumptive effects may also be important in deter-
mining transmission. To quantify these effects, we tested 
the pooled data from the consumptive and non-consumptive 
predator treatments against the no predator treatment. Addi-
tionally, the null models, consisting of all the data pooled, 
were also fit to either the linear or non-linear equations, 
which assume no effect of predation on disease transmis-
sion. Given binary data (infected or healthy individuals), we 
used a binomial error distribution (McCullagh and Nelder 

1989) to calculate the log-likelihood of the data. Akaike 
Information Criteria, which was corrected for small sample 
sizes (AICc), along with ∆AICc, AICc weights, and evi-
dence ratios (Table 1) between models were used to com-
pare across models (Burnham and Anderson 2003). We also 
calculated the variance inflation factor for the full model 
(Model 17 in Table 1) to check for overdispersion since 
binomial count data may be prone to overdispersion (Rich-
ards 2008). Given that the factor was close to 1, we did not 
correct the AICc scores for overdispersion (Burnham and 
Anderson 2003). To estimate the confidence intervals for 
the parameters associated with the linear and the non-linear 
equations (Eqs. 1 and 2, respectively) given the experimental 
treatments, we used mle2 in the bbmle package (Bolker & R 
Development Core Team 2017). The confidence intervals are 

Table 1  The eighteen models considered to assess whether intraguild predation via consumptive and non-consumptive interactions affects patho-
gen transmission

The data collected were tested by fitting the linear (Eq. 1) or the non-linear heterogeneous (Eq. 2) equation to individual treatments or groups 
of treatments. The first column (Model) indicates the model tested, the second column (k) indicates the number of parameters, the third column 
(AICc) is the Akaike Information Criterion corrected for small sample sizes, the fourth column (ΔAICc) indicates the difference from the model 
and the highest-ranked model, and the penultimate column (AICc wt) is the weight of evidence for that model. The final column is the evidence 
ratio or relative likelihood of each model as compared to the model with the lowest AICc score or the top-ranked model (Burnham and Anderson 
2003). For example, the top-ranked model is 1.32 times more likely than the model with the second-lowest AICc score. The model with the low-
est AICc score is in bold. “No” refers to the no predator treatment. Treatments pooled for the analysis are denoted by a slash (“/”)

Model k AICc ΔAICc AICc wt Evidence ratio

1 No treatment effect (nonlinear) 2 105.77 0.00 0.24 1.00
2 Consumptive predator (linear), 3 106.32 0.55 0.18 1.32

Non-consumptive/no (nonlinear)
3 No treatment effect (linear) 1 107.79 2.02 0.09 2.75
4 Consumptive predator (linear) 4 108.04 2.27 0.08 3.11

Non-consumptive (nonlinear), no (linear)
5 Consumptive predator/non-consumptive (linear), no (linear) 2 108.65 2.88 0.06 4.22
6 Consumptive predator/non-consumptive (nonlinear), no (linear) 3 108.75 2.98 0.05 4.44
7 Consumptive predator (nonlinear), non-consumptive/no (nonlinear) 4 108.94 3.17 0.05 4.88
8 Consumptive predator (linear) 5 109.25 3.48 0.04 5.70

Non-consumptive (nonlinear), no (nonlinear)
9 Consumptive predator (linear), non-consumptive (linear), No (linear) 3 109.34 3.57 0.04 5.96
10 Consumptive predator/non-consumptive (linear), no (nonlinear) 3 109.48 3.71 0.04 6.39
11 Consumptive predator (linear), non-consumptive/No (linear) 2 109.52 3.75 0.04 6.52
12 Consumptive predator/non-consumptive (nonlinear), no (nonlinear) 4 109.75 3.98 0.03 7.32
13 Consumptive predator (linear) 4 110.34 4.57 0.02 9.83

Non-consumptive (linear), no (nonlinear)
14 Consumptive predator (nonlinear) 5 110.87 5.10 0.02 12.81

Non-consumptive (nonlinear), no (linear)
15 Consumptive predator (nonlinear) 4 111.96 6.19 0.01 22.09

Non-consumptive (linear), no (linear)
16 Consumptive predator (nonlinear), Non-consumptive/no (linear) 3 111.97 6.20 0.01 22.20
17 Consumptive predator (nonlinear) 6 112.30 6.53 0.01 26.18

Non-consumptive (nonlinear), no (nonlinear)
18 Consumptive predator (nonlinear) 5 113.17 7.40 0.01 40.45

Non-consumptive (linear), no (nonlinear)
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based on the variance associated with the parameter fit for 
the linear equation or the variance–covariance matrix for the 
non-linear equation (Bolker 2008). All data were analyzed 
using R software version 3.4.3 (R Core Team 2013).

Results

Laboratory studies

Predator preference

Predator feeding preference differed depending upon 
whether or not the prey were alive. Soldier bugs chose live, 
infected soybean loopers twice as often as live, healthy soy-
bean loopers (26 chose infected, 13 chose healthy, χ2 = 4.33, 
P = 0.037, n = 39), whereas they had no preference for 
infected or non-infected dead prey (55 chose infected, 49 
chose non-infected, χ2 = 0.35, P = 0.56, n = 104).

Predator fitness

Metrics associated with predator fitness decreased when the 
predator fed on infected prey as compared to healthy prey 
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obtained. In terms of disease dynamics, linear transmission 
with consumptive predators results in a larger number of 
infected hosts at higher cadaver density, when compared to 
non-linear transmission (Fig. 2b vs. c).

Given their ∆AICc scores, a number of other models 
had support as well (Burhnam and Anderson 2003). Subse-
quent models (Table 1, Models 3–12) vary in their support 
in terms of whether the predator treatments had an impact 
on transmission dynamics. In total, the null models had 33% 
support as compared to 67% support for models containing 
a predator effect. In general, these models group the treat-
ments in a variety of different ways and part of the similarity 
in AICc scores between these models may stem from the 
similar values for the transmission rate and CV across treat-
ments (Table 2).

Discussion

Our results show that in an IGP system a pathogen can influ-
ence a predator’s fitness (Fig. 1) but the predator may or may 
not influence pathogen transmission in the host (Table 1, 
Fig. 2). Spined soldier bugs preferred infected live prey 
to healthy live prey (when both are alive), which can have 
negative fitness consequences (Fig. 1). For the pathogen, 
the addition of a predator did not clearly affect transmission 
dynamics given the wide variety of support for models with 
no predator effects and for models with predator effects (e.g., 
Fig. 2a vs. b, c). Since there were a number of models that 
also had some support with ∆AICc values less than four 
(Burnham and Anderson 2003), we cannot safely conclude 
that predators had an effect or no effect.

While other transmission models were supported by the 
data (Table 1, Models 3–12), insight can be gained by exam-
ining the differences between the two top-ranked models. 
The top-ranked model had 24% of the support but only 1.32 
times more support than the model ranked second. In the 
top-ranked model, predator addition had no effect. In the 
model ranked second with 18% support, consumptive preda-
tors are fit with the linear equation (Eq. 1) and the grouped 
data from non-consumptive predators and no predators are 
fit with the non-linear equation (Eq. 2). This may result from 
sloppy predation of infected larvae. Since virus and occlu-
sion body production begins within 16 h post-infection (Gra-
nados and Lawler 1981), fourth-instar larvae in high virus 
treatments are likely infected when consumed. If virus den-
sity is high, predators are more likely to consume infected 
prey and spread the virus when the predator moves the prey 
while feeding, which soldier bugs do (Flick, personal obser-
vation and Online Appendix, Fig. A1). Thus, the predator 
could be taking a heterogeneous virus-contaminated envi-
ronment and transforming it into a homogenous environ-
ment where larvae have a high likelihood of consuming 

virus wherever they feed. This would result in the linear 
equation, which assumes no differences in susceptibility or 
infection risk, better fitting the consumptive predator data 
than the non-consumptive and no predator data. The above 
explanation should be taken with the caveat that the null 
model, which assumes host heterogeneity (Eq. 2), is the 
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live infected prey have some behavioral trait that make them 
more appealing than live healthy prey. Baculovirus infec-
tions can influence host behavior, such as increasing the 
propensity to climb (Katsuma et al. 2012; van Houte et al. 
2012), which may cause prey to move to exposed areas that 
are more open to predation. However, generalist predators 
across numerous studies do not exhibit a consistent prefer-
ence for infected or healthy prey. Instead, there was a great 
deal of variability in the mean effect size for predator choice 
with some studies showing a preference for infected prey and 
others showing avoidance (see Fig. 3 of Flick et al. 2016). 
Differences in aggressiveness toward the predator may result 
in different effects of virus infection on prey selection. For 
example, some prey are relatively aggressive (Marston 1978; 
Silva et al. 2012), and pathogen infections can increase slug-
gishness thus decreasing prey aggressiveness.

In IGP systems, the quality or productivity level of the 
resource can determine whether the system collapses or is 
maintained. For example, if the resource is of low produc-
tivity, the theory predicts that the intraguild predator will 
exclude the intraguild prey (Polis et al. 1989). In a preda-
tor, pathogen, and prey community, low host densities are 
likely to drive pathogens extinct as would potentially be the 
case in our low recovery plots with a consumptive predator. 
When the resource is highly productive, like a crop pest, the 
intraguild prey, the pathogen, may outcompete the intraguild 
predator (Polis et al. 1989). When infected prey negatively 
influence predator fitness, and the pathogen is ubiquitous, 
predators may be excluded from the community (e.g., de 
Nardo et al. 2001) unless there are sufficient resources. The 
above is based on the theoretical results of the long-term 
equilibrial dynamics of the system. While we only examined 
the short-term dynamics, our results help to support these 
long-term predictions.

Intraguild predation is common in nature (Polis et al. 
1989; Arim and Marquet 2004) and increasing evidence 
points to the need to invoke IGP in systems in which patho-
gens play a major role (Thomas et al. 2006; Borer et al. 2007; 
Cáceres et al. 2009; Rohr et al. 2015). While we focused on 
the short-term dynamics, the long-term dynamics remain to 
be tested empirically, though theoretical perspectives can 
help to guide the way. In disease-driven systems, as well 
as systems in which IGP occurs between two predators, the 
importance of non-consumptive effects appear to be gaining 
attention and traction (Raffel et al. 2010; Rohr et al. 2015). 
However, in our system, we could not definitively conclude 
that predators, either due to consumptive or non-consump-
tive means, affected disease transmission.
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