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Abstract
Many herbivorous insects die of pathogen infections, though the role of plant traits in promoting the persistence of these 
pathogens as an indirect interaction is poorly understood. We tested whether winter leaf retention of bush lupines (Lupinus 
arboreus) promotes the persistence of a nucleopolyhedroviruses, thereby increasing the infection risk of caterpillars (Arctia 
virginalis) feeding on the foliage during spring. We also investigated whether winter leaf retention reduces viral exposure 
of younger caterpillars that live on the ground, as leaf retention prevents contaminated leaves from reaching the ground. 
We surveyed winter leaf retention of 248 lupine bush canopies across twelve sites and examined how it related to caterpil-
lar infection risk, herbivory, and inflorescence density. We also manipulated the amount of lupine litter available to young 
caterpillars in a feeding experiment to emulate litterfall exposure in the field. Greater retention of contaminated leaves from 
the previous season increased infection rates of caterpillars in early spring. Higher infection rates reduced herbivory and 
increased plant inflorescence density by summer. Young caterpillars exposed to less litterfall were more likely to starve to 
death but less likely to die from infection, further suggesting foliage mediated exposure to viruses. We speculate that longer 
leaf life span may be an unrecognized trait that indirectly mediates top-down control of herbivores by facilitating epizootics.

Keywords  Baculovirus · Bodyguard · Indirect defense · Leaf abscission · Leaf life span · Plant defense · Tri-trophic 
interactions · Viral persistence

Introduction

To herbivorous insects, a host plant is both a food source and 
a habitat. Therefore, plant traits not only mediate interac-
tions between herbivores and plants, but also between the 
herbivore and other organisms that the herbivore encounters. 
For example, some plant traits can influence interactions 
between herbivores and the natural enemies of herbivores, 
indirectly benefiting the plant (Pearse et al. 2020). Leaf 

longevity may be one of such traits that affects the top-down 
pressure that predators, parasitoids, and pathogens exert on 
herbivores (Kahn and Cornell 1989; Yamazaki and Sugiura 
2008). As leaves often provide critical habitats for the natu-
ral enemies of herbivores (Lynch et al. 1980; McGuire et al. 
1994; Hsieh and Linsenmair 2012), less ephemeral leaves 
could promote the persistence and recruitment of the ene-
mies of herbivores, thereby increasing top-down pressure.

Unlike the free-living natural enemies of herbivores, 
for pathogens, environmental persistence often depends 
on plants because they have limited mobility and envi-
ronmental factors strongly affect their survival outside of 
their primary host. Thus, plant traits are thought to affect 
key processes in herbivore–pathogen interactions from 
initial exposure to viral transduction because horizontal 
transmission often occurs on plants (Cory and Hoover 
2006). This is true for both the pathogens of invertebrate 
(Shikano 2017) and vertebrate herbivores (Pritzkow et al. 
2015). Leaf longevity can affect pathogen transmission in 
several ways. Infection risk of herbivores may be increased 
by retaining leaves that harbor entomopathogens. Dense 
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leaf canopies can shield insect pathogens from rainfall that 
would otherwise wash them away (D’Amico and Elkin-
ton 1995; Inglis et al. 1995). Holding pathogen contami-
nated leaves for longer may prevent them from moving 
away from the plant canopy due to wind or water or from 
becoming buried. Older foliage may also have a greater 
amount of time to accumulate pathogens by virtue of its 
longevity. Those pathogens that remain on leaves may 
also be sheltered against ultraviolet radiation or high tem-
perature, having substantially higher survival as a result 
(Biever and Hostetter 1985; Inglis et al. 1993; Raymond 
et al. 2005). However, retaining pathogen contaminated 
leaves in the canopy necessarily reduces the amount of 
pathogen transferred to other areas, such as below the can-
opy, where some herbivores dwell. Therefore, herbivores 
that overwinter under plant canopies or feed on understory 
plants during early development could experience reduced 
disease risk when leaves remain in the canopy.

In this study, we focused on the evergreen perennial 
bush lupine Lupinus arboreus (Fabaceae) and an univoltine 
woolly bear caterpillar herbivore, Arctia virginalis (Lepi-
doptera: Arctiinae), in coastal Northern California. Due to 
the mild and wet winters, plants in this Mediterranean habi-
tat have less abiotic pressure to adopt a strictly deciduous 
or evergreen leaf habit, allowing more plastic responses of 
leaf longevity to biotic pressures (Mooney and Dunn 1970). 
Despite being an evergreen, L. arboreus exhibits substantial 
intraspecific and seasonal variation in leaf retention. A pro-
longed and asynchronous period of peak leaf fall occurs in 
the winter and is followed by a surge of new leaf production 
in the early spring. Flowering and seed production occur 
during late spring and early summer. Early instar A. virgin-
alis caterpillars live under the L. arboreus canopy, feeding 
on detritus, fallen lupine litter, and understory plants (Kar-
ban et al. 2012; 2017). Mid- to late instar caterpillars crawl 
up onto lupine bushes during late winter and early spring 

and feed on lupine leaves in the canopy. In late spring, they 
pupate and emerge as moths.

An alphabaculovirus infects A. virginalis caterpillars and 
likely causes cyclic population dynamics in A. virginalis 
populations in the western U.S. (Pepi et al. 2022). This virus, 
Arctia virginalis nucleopolyhedroviruses (AvNPV), was 
recently identified from infected individuals after sequencing 
of PCR-amplified polyhedrin, late expression factor-8, and 
late expression factor-9 genes (Pepi et al. 2022). Alphabacu-
loviruses are dsDNA viruses that are enclosed in protective 
protein shells, forming relatively resistant occlusion bod-
ies (OB) that allow their persistence outside of the host. 
Horizontal transmission occurs when a caterpillar feeds on 
an OB-contaminated food source on which the virus rests 
passively without replication (Vega and Kaya 2012). The 
ingested OBs dissolve in the alkaline gut of their host and 
release occlusion-derived virions. These virions infect the 
caterpillar starting from the epithelial tissue and then move 
to other parts of the body, including the trachea, fat body, 
and hemolymph (Barrett et al. 1998). Infection causes high 
caterpillar mortality rates, though infected individuals may 
continue to grow and may successfully pupate (Pepi et al. 
2022). Although infected caterpillars rarely lyse unless 
under extremely heavy infection, they release more OBs into 
the environment, including onto the lupines, via extensive 
regurgitation and excretion of OB-contaminated feces.

Using a series of field surveys and laboratory experi-
ments, we tested the hypothesis that winter leaf retention 
promoted pathogen persistence in the canopy, leading to 
higher infection rates among caterpillars (Fig. 1). We pre-
dicted that L. arboreus leaf retention would decrease the 
infection risk for A. virginalis feeding on the litterfall under 
the canopy during winter but increase the infection risk for 
older A. virginalis feeding on the canopy in early spring. We 
also tested the hypothesis that this trait-mediated indirect 
interaction positively affects lupines. Hence, we predicted 

Fig. 1   Conceptual diagram of hypothesized causal relationships driving virus persistence, caterpillar infection, and lupine inflorescence produc-
tion in the environment. Unmeasured variables are in ovals and measured variables are in rectangles
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that higher infection and possibly death rates of herbivores 
would lead to less damage to lupines, which would allow 
them to produce more inflorescences. Direct manipulation 
of winter leaf retention is not possible with evergreen plants 
without introducing experimental artifacts. Therefore, we 
relied heavily on natural variation in leaf retention, and 
structural equation models to make causal inferences.

Materials and methods

Field observations: Leaf retention, caterpillar 
infection, and inflorescence density

We conducted the study during 2020. In the first survey, we 
characterized infection risk factors in the field. In addition to 
examining the quantity of lupine leaves in the canopy and in 
the litter, we also examined litter depth because it is a strong 
proxy for the availability of non-lupine food sources for early 
instar A. virginalis. We surveyed 248 lupine bushes from 
January 31–February 2, across twelve sites at the Bodega 
Marine Reserve located at Bodega Bay, California (Figure 
S1). We randomly selected 17–35 bushes at each site along 
one or two transects every five meters. We visually assessed 
the proportion of branches that held leaves, the litter depth, 
and the proportion of lupine leaves in the litter for each bush. 
Litter depth was measured with a ruler and quantified the 
distance between the inorganic solid ground surface and 
the top surface of the organic layer, which included the leaf 
blades of understory plants. We roughly assessed the pro-
portion of lupine in the litter by looking at the fraction of 
ground area covered by lupine leaves out of the total ground 
area covered by all litter. Measurements of litter depth and 
proportion of lupine in litter were taken twice from opposite 
sides of the bush and averaged. We returned to each plant on 
March 25 and collected one to three late instar caterpillars 
per bush where they were present (74/248 lupines). Cat-
erpillars were frozen for subsequent dissection to quantify 
infection rate and infection severity.

To determine the infection risk of woolly bear caterpil-
lars, we quantified the infection status and infection severity 
of each caterpillar in all experiments. Caterpillar samples 
frozen at − 20 °C were thawed at room temperature and sub-
sequently dissected. For each caterpillar, we extracted four to 
eight fat body tissue samples and then smeared each tissue 
sample on a glass slide with a drop of water. For small sec-
ond instar caterpillars, we only took two samples because we 
were limited by the amount of available tissue. We looked 
for the visible OBs (< 1.5 μm) under a light microscope 
at 200 × magnification with phase contrast. The identity 
of suspected OBs was confirmed by adding a drop of 1 M 
NaOH, which causes the OBs to dissolve and turn transpar-
ent (Lacey and Solter 2012; Figure S2a-b). Caterpillars were 

deemed infected when at least two NaOH tests were posi-
tive and deemed uninfected when all eight samples returned 
negative results. For infected caterpillars, infection severity 
was rated as low, medium, high, or very high based on the 
number of samples required to detect the virus, the density 
of OBs in tissue smear samples, and the coloration of hemo-
lymph and fat body (Figure S3a-e). Infected hemolymph is 
cloudy, whereas infected fat body is yellowish brown.

Since greater leaf retention in the winter might be asso-
ciated with higher caterpillar abundance, leading to higher 
viral infection risk (Pepi et al. 2022), we sought to elimi-
nate these alternative paths by statistically controlling for 
the density of caterpillars during the current year and the 
previous year. Same year caterpillar density was estimated 
by counting the number of caterpillars found on each bush 
in late March. Caterpillar density in the previous year was 
calculated as a site-level mean for ten lupine bushes in late 
March of the previous year (Karban et al. 2012). We could 
not use previous year caterpillar density for individual plants 
because individual bushes were not uniquely marked.

Infection rate was analyzed with a binomial generalized 
linear mixed model (GLMM) (package: glmmTMB, Brooks 
et al. 2017). Infection severity for each caterpillar, ranging 
from uninfected to highly infected, was analyzed with a 
cumulative link mixed model (CLMM) (package: ordinal, 
Christensen 2019). For the analysis of the March infection 
rate, we included canopy leaf retention, litter depth, and pro-
portion of lupine litter as predictors. We included log same 
year and previous year caterpillar density as fixed effects to 
control for their effect on infection. We also included the 
order of caterpillar dissection a fixed effect to account for 
skill improvement over the course of dissecting the cater-
pillars, as the detection of covert infections (asymptomatic 
infections with low virulent virus, reviewed in Williams 
et al. 2017) was difficult to master; though, its inclusion 
does not change our conclusions qualitatively. Individual 
plants nested within site were included as random effects 
to account for non-independence. Sensitivity analysis was 
performed to test for hidden confounders (see supplemental 
methods).

We assessed the total effects of winter leaf retention on 
individual plant inflorescence density. We also assessed the 
effect of higher caterpillar infection and lower herbivory on 
this measure of plant reproduction. We resurveyed the 248 
plants during July 5–7. We excluded 14 plants because their 
tags were missing. We visually scored the proportion of 
branches with visible leaf chewing damage and the density 
of inflorescences on each plant using a 50 × 50 cm quadrat 
randomly placed over the canopy. Because A. virginalis leaf 
damage cannot be uniquely identified, the estimate includes 
damage done by other chewing herbivores. We also recorded 
the presence/absence of Western tussock caterpillars (Orgyia 
vetusta). This species causes significant defoliation in the 
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summer but has little impact on the same year inflorescence 
production which largely occurs one to three months before 
caterpillars become abundant (but see Harrison and Maron 
1995).

Inflorescence density was analyzed with a negative bino-
mial GLMM. We first fitted inflorescence density against 
canopy leaf retention as a fixed effect and site as a random 
effect to characterize their overall relationship. Then, to test 
whether our hypothesized mechanism through caterpillar 
infection and herbivory caused the correlation between can-
opy leaf retention and inflorescence density, we performed 
confirmatory path analysis and estimated the contribution 
of higher caterpillar infection risk and lower herbivory to 
this relationship (package: piecewiseSEM, Lefcheck 2016). 
To do so, we selected the subset of lupine bushes without 
tussock moths and averaged the caterpillar infection rate and 
caterpillar infection severity at each bush (n = 48). Infec-
tion severity was turned into a proportion by dividing the 
numeric rank by the maximum rank. We constructed a four-
part piecewise structural equation model according to our 
structural hypothesis (Fig. 2): (i) a binomial GLMM of mean 
bush infection rate, (ii) a beta GLMM of mean infection 
severity, (iii) a GLMM of proportion of July herbivory, and 
(iv) a negative binomial GLMM of inflorescence density. 
The first two sub-models were weighted by the number of 
caterpillars examined. July herbivory was logit transformed 
prior to fitting (Warton and Hui 2011). Site was included as 
a random effect for all individual models. Conditional inde-
pendences implied by our structural hypothesis were tested 
using Shipley’s d-separation test (Shipley 2009).

Leaf feeding trial: Infection from leaf‑feeding

We tested whether horizontal transmission occurred as the 
result of feeding on lupine leaves in the canopy and the litter. 
On April 6, we randomly assigned 84 late instar caterpil-
lars to one of three different diet treatments: a virus free 
lettuce control (n = 21), lupine canopy leaves (n = 42), and 
lupine litter (n = 21). Caterpillars were collected from a site 
(FIR; Figure S1) with one of the highest caterpillar densities 
(mean ± SE: 2.4 ± 0.69 per bush). Leaf samples were ran-
domly taken from, or under, the canopy of ten lupine bushes 
at a site (AFL) and stored at 4 °C. The caterpillars were fed 
three times at four-day intervals then weighed and frozen on 
day 12 (see supplemental methods for rearing procedures). 
Fifteen caterpillars that formed cocoons were frozen early. 
Caterpillars were subsequently dissected to determine infec-
tion rate and infection severity.

We fitted models of infection rate and infection sever-
ity for the three diet treatments in a binomial generalized 
linear model and cumulative link model, respectively. We 
controlled for whether the caterpillar pupated since caterpil-
lars that pupated stopped feeding early and may therefore 
have reduced infection rate or infection severity due to the 
shorter exposure time.

Litter feeding trial: Infection of caterpillars 
in the litter

In the litter feeding trial, we tested whether higher litterfall 
increased infection risk for younger caterpillars in the litter 
and how this may have impacted caterpillar performance. 
We exposed 134s instar caterpillars from a laboratory colony 
to the litterfall collected from 134 different lupine bushes 
across our twelve sites (see supplemental methods for labo-
ratory colony setup). These lupine bushes were the same 
bushes from which we collected caterpillars in the spring 
and measured leaf retention in the winter. The litterfall was 
collected in July by placing a bucket below the canopy and 
shaking the canopy vigorously. The collected litter was 
stored in individual bags and refrigerated at 4 °C. On day 
zero, we weighed each caterpillar and randomly assigned 
each caterpillar to receive approximately 60 mL (high) or 
20 mL (low) of litter, reflecting the realistic range of lit-
ter densities that caterpillars naturally encountered at our 
study site. Although this level of leaf litter limited caterpil-
lar growth (caterpillars reared on lettuce can reach pupa-
tion in a growth chamber within three months, as opposed 
to ~ 10 months at our field site), we believe that this design 
more realistically assesses the infection risk and net effect 
of litter density on caterpillar mortality in the field. The dry 
summer in California is a stressful time for early instar A. 
virginalis, which generally struggle to obtain enough food 
to survive and grow. We added the same amount of litter 

Fig. 2   Structural equation model of the effect of winter leaf retention 
on spring and summer inflorescence production. Arrow sizes were 
scaled relative to the coefficients standardized with the latent linear 
method as displayed (Grace et al. 2018). Arrow line type shows the 
statistical significance of the paths. Shipley’s d-separation test did not 
find any evidence of independence violation (Fisher's C = 5.9, df = 6, 
P = 0.44)
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again on day six without removing the unfinished food. On 
day nine, we reweighed each caterpillar and began feeding 
the caterpillars lettuce and checking for survival every three 
to four days until day 29 when we froze all survivors. Cater-
pillars that died prematurely were weighed and frozen. We 
later dissected the caterpillars to assess infection rate and 
infection severity.

To analyze caterpillar infection severity, we included lit-
ter treatment, day-zero weight, canopy leaf retention, sur-
vival time, and caterpillar densities as fixed effects, and site 
as a random effect in a CLMM (n = 134, package: brms, 
Bürkner 2017). To determine if infection of early instar cat-
erpillars in July was directly related to leaf retention, instead 
of through infection of the earlier generation of late instar 
caterpillars in March or another correlated factor (Figure 
S4), we fitted the same model again conditioning on an esti-
mate of mean bush infection severity using a subset of plants 
from which we collected caterpillars in the spring (n = 44).

Caterpillar weight was analyzed with a log-normal 
GLMM. We fitted day-nine weight against day-zero weight, 
litter treatment, and a random effect for site. Because we 
expected infection mediated survival patterns to exhibit a 
time lag and nutrition mediated survival patterns to appear 
more immediately, we analyzed survival at two timescales. 
Short-term survival within the first nine days when the cat-
erpillars were still feeding exclusively on litter was analyzed 
with a binomial GLMM. We fitted a model of death at day 
nine with litter treatment, day-zero weight, and day-nine 
weight as fixed effects, and site as a random effect. We ana-
lyzed longer-term survival time over the entire experiment in 
a survival analysis (package: survival Therneau 2020). Litter 
treatment, day-zero weight, and site were included as predic-
tors. In a separate model, we conditioned on day-nine weight 
to isolate the effect of viral infection, rather than starvation, 
on mortality risk. Predictors were Z-score transformed prior 
to fitting and all analyses were conducted in R, version 4.0.2 
(R Core Team 2020).

Results

Field observations: Infection of caterpillars 
in the canopy and impact on inflorescence density

We collected a total of 108 caterpillars from the field in 
March. Rates of infection were high (88/108), but most 
cases were of low infection severity (48/88). Caterpillars 
collected from plants that retained more leaves in winter 
were more likely to be infected in spring. Consistent with 
our hypothesis, controlling for caterpillar densities and the 
order of dissection, we found that winter leaf retention was 
the only predictor we tested that significantly increased 
infection rate of larvae on plants (Wald test: β = 0.84, 

Z = 2.3, P = 0.022). A one SD increase in total winter leaf 
retention corresponded to a 132% increase in the odds of 
infection (Fig. 3a; see supplemental results on sensitiv-
ity analysis; Figure S6). Total litter depth (β = − 0.24, 
Z = − 0.10, P = 0.30) and the proportion of lupine in the 
litter (β = 0.10, Z = 0.36, P = 0.72) were not significant 
explanatory variables. A similar, albeit weaker, pattern 
was found when we examined infection severity. Leaf 
retention led to a marginal trend of higher infection sever-
ity (β = 0.42, Z = 1.8, P = 0.072). A one SD increase in 
total winter leaf retention corresponded to a 52% increase 
in the odds of more severe infections (Fig. 3b, c). Litter 
depth (β = − 0.14, Z = − 0.88, P = 0.38) and proportion 
of lupine in the litter (β = 0.040, Z = 0.20, P = 0.84) were 
again both non-significant.

Plants that held more leaves through winter had a 
higher inflorescence density. Of the 234 plants we resur-
veyed, winter leaf retention was associated with a mod-
erately higher density of inflorescences in July (β = 0.16, 
Z = 2.6, P = 0.011). A one SD higher proportion of winter 
leaf retention corresponded to an 18% increase in inflo-
rescence density the following summer. In our structural 
equation model, higher winter leaf retention led to a higher 
caterpillar infection rate, higher infection severity, lower 
herbivory, and consequently increased plant inflorescence 
density by summer (Fig. 2). Although this was the only 
significant path we detected in our analysis from winter 
leaf retention to flower production, a stronger but margin-
ally non-significant direct path was also detected (β = 0.11, 
Z = 1.8, P = 0.071). If this direct path is included, the indi-
rect path through pathogen infection (path coefficient: 
0.018) mediated about 14% of the total effect (path coef-
ficient: 0.13) of winter leaf retention on summer inflores-
cence density.

Leaf feeding trial: Infection from leaf feeding

Leaves in lupine canopies were a source of virus. After only 
12 days of exposure, caterpillars that fed on leaves from the 
canopy had six times the odds of being infected (β = 1.8, 
Z = 2.1, P = 0.032) and three times the odds of having higher 
infection severity compared to feeding on the lettuce control 
(β = 1.1, Z = 2.1, P = 0.033; Figure S5a-b). In contrast, leaves 
from the litter did not significantly increase the probabil-
ity of infection (β = 0.62, Z = 0.77, P = 0.44) nor infection 
severity (β = 0.22, Z = 0.39, P = 0.70). However, our detec-
tion power was low due to the overall high background infec-
tion rate (16/22 infected in control group). One additional 
caveat is that the difference in infection among leaf feeding 
treatment groups might have been driven by host plant dif-
ferences (lettuce vs. L. arboreus) that altered the progression 
of infection (Hoover et al. 2000).
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Litter feeding trial: Infection of caterpillars 
in the litter

All second instar caterpillars in our feeding trial were 
infected and infections were generally severe (115/134 
highly or very highly infected). We therefore only analyzed 
infection severity. Controlling for caterpillar densities, win-
ter leaf retention was associated with a moderate increase 
in the severity of infections among young caterpillars in 
July (β = 0.41, 95% Credible Interval (CI) = [0.052, 0.77]; 
Fig. 4a). Litterfall may also serve as a source of infection for 
young caterpillars. The treatment that provided less litter to 
caterpillars decreased the odds of more severe infections by 
44% (β = − 0.58 95% CI = [− 1.2, 0.046]; Fig. 4b), although 
this was only marginally non-significant.

The positive association between winter leaf retention 
and caterpillar infection severity in July may be because of 
greater persistence of OBs from the previous year or because 
of greater OBs deposition in the spring when late instar cat-
erpillars were infected. Therefore, we performed a mediation 
analysis (Zhao et al. 2010) to examine whether the effect 
of winter leaf retention on early instar caterpillar infection 
severity in July was mediated through infection severity of 
late instar caterpillars in March. This was indeed the case. 
When we controlled for the effect of mean infection severity 
of caterpillars in March, winter leaf retention was no longer 
significant (β = 0.39, 95% CI = [− 0.44, 1.2]), indicating 
that winter leaf retention was not directly responsible for 
the observed pattern (Figure S4). Rather, the relationship 
between winter leaf retention and young caterpillar infec-
tion severity in July was mediated through mean March 
caterpillar infection severity, which was strongly positively 
associated with higher July infection severity (β = 0.91, 95% 
CI = [0.14, 1.7]; Fig. 4c). Controlling for mean March infec-
tion severity, the estimated effect of lower litterfall was also 
stronger in the negative direction and the 95% CI no longer 
overlaps zero (β = − 1.5, 95% CI = [− 2.8, − 0.23]; Fig. 4d). 
Caterpillars in the low litter treatment had four times lower 
odds of having severe infections.

Although litter may have been a reservoir for the virus, it 
was also an important source of food for caterpillars. Anal-
ysis of caterpillar weight revealed that caterpillars in the 
treatment that received less litter weighed an average of 25% 

less than caterpillars in the high litter treatment by day nine 
when the diet was switched from litter to lettuce (β = − 0.29, 
Z = − 3.8, P < 0.001; Fig. 5a). This weight was highly pre-
dictive of the probability of death by day nine (β = − 3.7, 
Z = −  5.1, P < 0.001; Fig.  5b), and when statistically 

Fig. 3   Infection risk of woolly bear caterpillars in March collected in 
the field. Plot A shows the probability of infection with a 95% con-
fidence interval as predicted by a GLMM (marginal R2 = 0.31). The 
size of each point was scaled relative to the number of identical cases 
for ease of display (i.e., caterpillars were not binned in the analysis). 
Plot B shows the infection severity and plot C shows the proportion 
of each infection severity level as predicted by a CLMM (marginal 
R2 = 0.12). Ribbons represent the upper and lower bounds of the 95% 
confidence interval. There were no highly infected caterpillars in this 
experiment

▸
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controlled for, explained away the effect of lower litter expo-
sure on caterpillar mortality (β = − 1.5, Z = − 1.5, P = 0.13). 
Over a longer 29-day-period, over which we expect the effect 
of viral infection to be more pronounced, heavier caterpillars 
on day-nine (β = 0.40, Z = 7.3, P < 0.001; Fig. 5c) and lighter 
caterpillars on day-zero (β = 0.070, Z = − 2.2, P = 0.029) had 
prolonged survival time. Lower litter exposure also reduced 
survival time (β = 0.14, Z = 2.3, P = 0.020). This reversal of 
the effect of litter exposure on mortality is consistent with 
our expectation of greater viral induced mortality. When we 
examined the net effect of litter treatment without remov-
ing its effect through day-nine caterpillar weight, we found 
no effect of litter exposure on survival time (β = − 0.016, 

Z = − 0.26, P = 0.80), indicating that the benefit from lower 
starvation is canceled out by the risk from infection (Figure 
S4).

Discussion

Late instar A. virginalis in the spring were more likely to 
be infected on L. arboreus that retained more leaves over 
winter, and more likely to sustain a more severe infection. 
Winter leaf retention led to an overall higher inflorescence 
density and 14% of this effect was attributed to a reduction 
in herbivory caused by the higher caterpillar infection rate in 

Fig. 4   Infection severity of second instar caterpillars in the litter 
feeding trial in July. The first row (A, B) shows the effect of winter 
leaf retention and litter treatment as predicted by a CLMM without 
including mean March caterpillar infection severity in the model 

(n = 134, marginal R2 = 0.12 ± 0.046). The second row (C, D) shows 
the effect of mean March caterpillar infection severity and lit-
ter treatment as predicted by a second CLMM (n = 44, marginal 
R2 = 0.36 ± 0.069). All caterpillars were infected in this experiment
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a structural equation model. Winter leaf retention also led to 
more inflorescences due to mechanisms that were unrelated 
to herbivory. On lupines with greater winter leaf retention, 
the higher infection rate among late instar caterpillars in the 
spring may have further increased the infection severity of 
young caterpillars of the following generation in the summer 
through contact with more contaminated foliage, frass, or 
regurgitant dropped into the litter layer.

Our results are consistent with our hypothesis that win-
ter leaf retention promoted the persistence of viral OBs 
from the previous generation of caterpillars on the plant 
canopy, possibly through physical retention or shielding 

from ultraviolet radiation inactivation (Biever and Hostetter 
1985; Pepi et al. 2022), resulting in increased viral expo-
sure of the subsequent generation of caterpillars. However, 
we do not claim that this is the only possible explanation 
for the observed patterns. Without direct measurements of 
OB activity on leaves, it is possible that differences in plant 
chemistry related to leaf retention altered caterpillar infec-
tion susceptibility (Hay et al. 2020). Horizontal transmission 
could have also largely occurred in the understory (Rich-
ards et al. 1999), and infected caterpillars disproportionally 
climbed onto the taller canopy to feed in spring, a behavioral 
modification known to occur since the nineteenth century 
(Vega and Kaya 2012). It is worth noting that these alterna-
tive explanations must have an effect several times the size 
of direct and delayed density dependence to be a sufficient 
explanation, as revealed by our sensitivity analysis (Figure 
S6). Our study therefore suggests further lines of inquiry of 
potentially high biological significance.

Leaf longevity as an indirect resistance

While our results do not directly test a fitness effect, they 
may be consistent with an indirect defensive function 
(whether coincidental or adapted is another question). We 
therefore begin by speculating on leaf life span as an indirect 
defense. Since Faeth et al. (1981) proposed the appealing 
hypothesis that leaf abscission can drop insect folivores to 
the ground, thereby killing or starving them, the hypoth-
esis that shortened leaf life span may be adaptive as a direct 
resistance against herbivores has been questioned on empiri-
cal merits (Pritchard and James 1984; Kahn and Cornell 
1989; Stiling and Simberloff 1989). While this mechanism 
of direct resistance is unlikely to apply to most mobile organ-
isms, the high dispersal limitation of pathogens makes them 
prime candidates. Leaf longevity may thus provide unrec-
ognized indirect resistance to plants that facilitates greater 
top-down pressure on herbivores caused by their pathogens. 
While this strategy of indirect resistance is likely not a com-
mon explanation for patterns of leaf life spans seen in nature 
(including for L. arboreus), the strategy does offer an addi-
tional selective pressure, among many, that may drive the 
evolution of evergreen or marcescent leaf habits (Otto and 
Nilsson 1981; Chabot and Hicks 1982; Nilsson 1983; Wright 
et al. 2004).

Baculoviruses have been suggested as a key factor that 
drives many insect population cycles and regulates outbreaks 
(Anderson and May 1980; Cory and Myers 2003; Myers 
and Cory 2013). In those systems, baculoviruses can impose 
extremely effective top-down control, often reducing herbi-
vore populations by multiple orders of magnitude (Myers 
and Cory 2016). This was indeed the case for A. virginalis, 
for which we observed > 90% mortality following a viral 
outbreak (Pepi et al. 2022). Pathogens more generally have 

Fig. 5   The weight and survival of second instar caterpillars in the 
litter feeding experiment. Caterpillars in the low litter treatment are 
shown in purple, whereas those in the high litter treatment are shown 
in green. The boxplots in plot A show the 25th, 50th, and 75th per-
centile with outliers as colored points and raw data as black points. 
The ribbons in plots B and C represent 95% confidence intervals. The 
black line in plot B shows the mortality pattern exhibited by caterpil-
lars in both treatment groups. Purple and green lines in plot C show 
the survival patterns for each treatment group. The size of the points 
was scaled relative to the number of caterpillars with the same value. 
In plot C, caterpillars that were killed were shown as triangles, while 
caterpillars that died naturally were shown as circles
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been identified as a key driver of density dependence and 
regulator of population density in many systems (Anderson 
and May 1978). Considering that many of these pathogens 
reside on the phylloplane and face the ubiquitous challenge 
of environmental persistence, we can expect leaf persistence 
to facilitate a great diversity of bodyguards. A diverse port-
folio of potential bodyguards creates greater stability of the 
defense efficacy (Bolnick et al. 2011). Indeed, this generality 
ensures that specific taxa of herbivores and pathogens need 
not reliably interact with the plant or alter the plant fitness 
for the bodyguard effect to be a selective pressure for longer 
leaf life span. For instance, at our field sites, O. vetusta often 
completely defoliate L. arboreus and are similarly infected 
by a baculovirus (VSP personal obs). Leaf longevity may 
affect both pathogens in a similar manner. Of course, plants 
themselves and the mutualists of plants may also be the sub-
jects of infection. Therefore, whatever fitness benefit was 
acquired from reduced herbivory is weighted against the 
associated phytopathogen risk and indirect effects through 
other mutualists.

Future directions

While leaf life span effects on pathogens might affect her-
bivores in many systems, it is likely that consequential 
benefits to the plant will not occur until herbivores reach 
a sufficient density to support a large enough population of 
pathogens in the environment, coinciding to when herbi-
vores may have the largest fitness effects. Having pathogen 
bodyguards then may not lower the herbivory plants usually 
experience, but the upper quantile of herbivory via stronger 
negative density dependence. As plant fitness–herbivory 
relationships are likely generally concave-down (Marquis 
1996), these rare high herbivory events would have higher 
than expected impact on plant fitness. Further empirical tests 
of the hypothesis may require sampling across a wider her-
bivory gradient, with emphasis on whether a reduction in 
skewness of the herbivory distribution is associated with 
longer leaf life spans or the presence of entomopathogens.

More broadly, the idea that any plant trait may be adap-
tive by facilitating pathogen control of herbivores has been 
proposed as a general plant defensive strategy (Elliot et al. 
2000; Cory and Hoover 2006; Pearse et al. 2020), though 
many mechanisms are little examined. For instance, silica 
bodies and plant spines are hypothesized to facilitate the 
entry of pathogenic microbes into herbivores (Lev-Yadun 
and Halpern 2008; but see Keathley et al. 2012). Realloca-
tion of plant secondary metabolites to avoid inhibiting bacu-
lovirus pathogenicity has also been hypothesized (Shikano 
et al. 2017). Induced plant resistance has been suggested to 
increase pathogen risk by encouraging cannibalism among 
herbivores (Orrock et al. 2017) as well as prolonging the 
window of vulnerability during development (Shikano et al. 

2018). Through differences in phytochemistry, plants could 
potentially facilitate or exclude certain pathogen genotypes 
that differ in pathogenicity, speed of kill, or pathogen yield 
to their own benefit (Hodgson et al. 2002). However, empiri-
cal data on these relationships remain scant and suffer from 
the lack of evidence about the plant fitness costs and benefits 
(Inyang et al. 1999; Hountondji et al. 2005; Rosa et al. 2018; 
Gange et al. 2019; Gasmi et al. 2019; this paper).

In future, it would be highly profitable to investigate how 
plant traits maintain or recruit entomopathogens (Cory and 
Hoover 2006). We advocate for a plant centric perspective 
to understand the fitness costs and benefits of these traits. 
This research direction will not only help us better under-
stand how pathogens persist in the field but may also prove 
invaluable for selecting plant traits that enhance biocontrol 
efficacy (Cortesero et al. 2000).
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