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Abstract

The effects of competition can have far-reaching consequences for individuals,
populations, and communities and therefore we should strive toward a deeper
understanding of competitive interactions. In some cases, dietary generalists
may be predicted to experience weak competition effects because of their
ability to use a wide range of host plants. However, competition between
insects frequently occurs indirectly, which can hinder insects’ abilities to avoid
competitive interactions. Therefore, competition may be as strong among die-
tary generalists as among dietary specialists. Yet competition between insects
that are dietary generalists is infrequently studied. We tested for evidence of
competitive interactions between two common, temporally separated, general-
ist insects: the western tent caterpillar (Malacosoma californicum), which feeds
early in the season, and the fall webworm (Hyphantria cunea), which feeds
later in the season. Both species frequently use a common host plant species
(chokecherry) as a preferred host at our field sites. We tested the relative
strength of bottom-up effects resulting from competitive interactions between
these two generalists with laboratory-rearing trials at the relevant time of year
for each insect. We recorded three common fitness measures (development
time, pupal mass, and survival) for caterpillars reared on chokecherry with no
damage from either of our focal species, with tent caterpillar damage, and with
fall webworm damage. To test the strength of top-down pressures on fall web-
worm larval fitness and any potential interactions with bottom-up effects, we
reared larvae in the field either exposed to or protected from predators on host
plants that either did or did not have tent caterpillars feeding on them earlier
in the season. We found evidence of bottom-up fitness effects on tent caterpil-
lars and top-down and bottom-up fitness effects on fall webworms confirming
that tent caterpillars and fall webworms compete indirectly. Tent caterpillars
had lower pupal mass when reared on leaves from shrubs damaged by fall
webworms. Fall webworms had lower pupal mass and longer development
time when reared on leaves from shrubs damaged by tent caterpillars. In field
trials, fall webworms reared on shrubs damaged by tent caterpillars had a
lower survival and pupal mass. We show evidence of indirect competition in
temporally separated generalists through leaf quality (bottom-up effects) and
natural enemies (top-down effects).
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INTRODUCTION

Competition can play a key role in a range of ecological
processes from population cycles to host plant use to spe-
ciation. For example, in insects, there are documented
instances of competition driving host shifts when the
negative fitness impacts of competitors outweigh the ben-
efits of an otherwise high-quality host (Janzen, 1973;
Tuda et al., 2014). Higher competitive ability in dietary
specialists has been suggested as an explanation for the
greater diversity of dietary specialists than generalist
insects, but this prediction was contradicted by a recent
meta-analysis that found an equal frequency of competi-
tion in specialists and generalists (Bird et al., 2019).
The findings of this meta-analysis are surprising, because
dietary generalists are able to use a wide range of host
plants and might be expected to choose plants where
they would experience lower levels of competition
(e.g., Dittrich & Helden, 2020). However, in herbivorous
insects, indirect competition mediated by a third organ-
ism is more common than direct competition (Kaplan &
Denno, 2007) and competitors may not even be present
on the host plant at the same time. This type of competi-
tion can make it more difficult to assess the cues that
insects might otherwise use to choose a host plant with
lower levels of competition because the competitors are
not present and signs of their presence may have
disappeared. Studies that focus explicitly on the interac-
tions of dietary generalists are needed if we are to under-
stand if, how, and when these insects impact each other’s
fitness and decisions related to host plant selection. We
therefore conducted multiple experiments testing the
indirect competitive effects between two common and
widespread generalist herbivores, the fall webworm
(Hyphantria cunea Drury, Lepidoptera: Erebidae) and
tent caterpillars (Malacosoma californicum Packard,
Lepidoptera: Lasiocampidae).

At present, the literature on generalist-generalist
competition is limited in scope. Despite the potential for
variation in how competition affects specialists and
generalists, most research on competition among herbiv-
orous insects focuses on dietary specialists and those
studies that do include generalists tend to rear them
on agricultural crops. Of the papers considered in
a meta-analysis of insect competition (Kaplan & Denno,
2007), only 10% of the pairs of competing species

(some papers included multiple pairs of species) included
in the meta-analysis tested two competing generalists
and, of those, half (54%; ~5% of total studies) were tested
on agricultural host plants, which are often grown in
monocultures that are likely to alter insect behavior
(Klapwijk & Bjorkman, 2018; Shi et al., 2014; Wang
et al., 2019). Agricultural monocultures lack alternate
hosts for the insects to shift to as a means of lessening
competition, which may increase the intensity of compe-
tition. Therefore, we do not expect competition among
dietary generalists in agricultural settings to resemble
competition between dietary generalists in natural areas.

Competition occurs indirectly through bottom-up
(e.g., plant secondary compounds, leaf toughness, etc.;
e.g., Bezemer et al, 2003; Faeth, 1986; Redman &
Scriber, 2000; van Dam et al., 2005) and/or top-down
pressures (e.g., predation, parasitism, etc.; e.g., Jeffries &
Lawton, 1984; Morris et al., 2005; Shiojiri et al., 2002).
These indirect effects can cause differences in resource
quality among host plants that subsequently can affect
herbivore fitness, even when there appears to be a suffi-
cient quantity of resources available (Awmack &
Leather, 2002). Plant defenses can act as feeding deter-
rents, decrease feeding rate, and decrease food-processing
efficiency for herbivores (Rasmann et al., 2012). Some of
these defenses are constantly present in the plant, but
induced defenses are only produced following herbivore
damage and may last for a few days to months
(Wink, 2010). Short-lived induced responses to herbivory
only affect competition between insects feeding on the
plant while the damage is occurring, but long-lived or
delayed expression defenses can mediate interactions
between herbivores that are not necessarily alive at the
same time (Faeth, 1986). The long life of some defensive
responses means that interactions between herbivorous
insects are often temporally separated (Kaplan &
Denno, 2007). Thus, insects do not need to feed on a host
plant at the same time, or even in the same year, in order
to have strong fitness impacts on each other.

Although plants often produce defenses in response
to herbivore damage (e.g., Agrawal, 2000; McGuire &
Johnson, 2006; Zakir et al., 2013), severe damage can
weaken a plant to the degree that it is no longer able to
defend itself (Nykinen et al., 2004). Severe herbivore
damage to a host plant can also weaken its ability to
respond to future damage and reduce the number of
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defenses with which subsequent herbivores have to con-
tend (Karban & Baldwin, 1997). There have even been
documented instances of light herbivory leading to an
increase in fitness for other herbivores (Williams &
Myers, 1984) or decreasing some fitness measures but
increasing others (Sarfraz et al., 2013). Thus, the impact
of host plant-mediated competition may vary widely
depending on factors like degree and type of damage
(Hrabar et al., 2009; Nykédnen et al., 2004). This variabil-
ity in plant response to herbivory means that it is vital to
test herbivore responses to different amounts of damage
whenever possible when assessing host plant-mediated
effects on insects.

Herbivores may indirectly interact with one another
by attracting mutual natural enemies (e.g., Jeffries &
Lawton, 1984; Morris et al., 2005; Shiojiri et al., 2002).
Predators and parasitoids use many kinds of cues to
locate their prey. Many natural enemies rely on host
plant volatile cues that the plant releases following dam-
age from herbivores (de Rijk et al., 2013; McCormick
et al., 2012; Turlings et al., 1995). These cues can be gen-
eralized or specific to particular types of damage and
insects (McCormick et al., 2012). Natural enemies may
also use visual cues like leaf damage to hunt their prey
(Heinrich, 1979; Mintyld et al., 2008). Some species of
parasitoids are attracted to caterpillar silk (Waage, 1978)
and frass (Stork et al., 2011). In the case of web- and
tent-building caterpillars, natural enemies that are
already attracted to a plant through herbivore-associated
plant volatiles and leaf damage may be even more
strongly attracted to the same plant by webs or tents that
provide visual and/or chemical cues that indicate the
presence of prey. Because the visual and chemical cues of
some insects can last long after they have abandoned
their host plant, we might expect their cues to amplify
the attraction of natural enemies to a host plant if a spe-
cies that produces similar cues will colonize that plant in
the future.

We examined the effect of indirect competition
between two dietary generalist herbivores by testing the
effects of both bottom-up (plant quality) and top-down
(predators and parasitoids) pressures. The dietary gener-
alist Lepidoptera in our study feed on a range of host
plants at our field sites, including at least one overlapping
species (chokecherry, Prunus virginiana L.). Western tent
caterpillar larvae feed on their host plant in early spring
and pupate in early summer, while fall webworm larvae
feed on their host plant in late summer and pupate in the
early fall (Figure 1). Using this study system of two gener-
alist herbivores that use the same species of host plant at
different times of the year, we addressed three primary
questions: (1) Do these common, dietary generalists com-
pete through bottom-up effects despite significant

temporal separation and are these effects dependent on
the amount of damage to the host plant? (2) Are there
long-lasting physical and chemical changes to the host
plant? And (3) Is the fall webworm, the late-season
species, impacted indirectly by tent caterpillars, the
early-season species, through top-down effects mediated
by natural enemies and predators?

METHODS
Study system

We studied western tent caterpillars (hereafter tent cater-
pillars) and fall webworms in the foothills of the Colorado
Rocky Mountains, where they both feed on many species
of host plants including chokecherry (P. virginiana L.).
Tent caterpillars are gregarious, tent-building larvae that
emerge early in the spring, disperse in their penultimate
instar, and then pupate and eclose in midsummer
(Figure 1); the larvae construct dense silk tents that
remain on their host plants through the summer and often
into the next year (Barnes, personal observation, June,
2014). Tent caterpillars are destructive, but they rarely kill
their host plants (Cooke et al., 2012). Tent caterpillars are
dietary generalists (Fitzgerald, 1995), but frequently feed
on chokecherry, a high-quality host plant, in the foothills
of the Rocky Mountains (Barnes et al., 2016). Fall web-
worms are web-building larvae that also feed gregariously
in silk webs built on branches, but their webs are much
more ephemeral than tent caterpillar tents and usually dis-
appear by early winter. Feeding damage by fall webworm
larvae can leave large sections of their host plant defoliated
and covered in a webbing (Barnes, personal observation,
June, 2014). Fall webworms overwinter as pupae and
emerge in midsummer as adults to oviposit after tent cat-
erpillars have pupated (Wagner, 2005); after the eggs
hatch, the larvae quickly form webs on their host plant
(Figure 1; Powell & Opler, 2009). Fall webworms are
extreme generalists and can be found feeding on more
than 400 woody plant species (Wagner, 2005), including
chokecherry, which on the eastern slopes of the Rocky
Mountains in Colorado is a high-quality host plant (Loewy
et al., 2013).

Tent caterpillars and fall webworms co-occur in our
study sites and will frequently use the same individual
plants in different years (Barnes, personal observation, June,
2014). Some evidence suggests that both tent caterpillars
and fall webworms may avoid ovipositing on shrubs with
tent caterpillar tents (Barnes & Murphy, 2018; Travis, 2005).
This avoidance behavior by fall webworms may suggest that
fall webworms and tent caterpillars have indirect negative
fitness impacts on each other.
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FIGURE 1

A comparison of a typical life cycle of tent caterpillars (TC; white) and fall webworms (FW; black) in the Colorado Rocky

Mountains from April to September. Arrows show the time when individuals typically occupy a given stage of the life cycle.

We conducted our experiments along paths, roads,
and riparian areas in four sites in Colorado: Betasso
Preserve (40°1'28” N, 105°20'19” W), Boulder Canyon Trail
(40°0'49” N, 105°18'35” W), Walker Ranch (39°56'36" N,
105°20'56” W), and Centennial Cone Park (39°45'42.3" N
105°20'32.6” W). Tent caterpillars and fall webworms
co-occur and use chokecherry in the same size class
(~0.7-2.40 m tall, but most ~1.7 m) at all sites. We tracked
the presence and absence of tent caterpillars and fall web-
worms at each field site on the host plants used in our
experiments. All data were analyzed using JMP Pro 16.0.0.

Do fall webworms affect tent caterpillars
through bottom-up effects?

We tested if the fitness of tent caterpillar larvae reared on
chokecherry in early spring 2015 was affected by fall web-
worm presence from the fall of 2014 (the previous growth
season). We used first instar larvae from 10 tent caterpillar
maternal lines and divided each maternal line into two
groups with ~15 larvae in each group. We reared half of
the larvae on leaves from chokecherry shrubs without fall
webworm or tent caterpillar feeding damage the previous
year (hereafter prior fall webworm absence treatment) and
half of the larvae on leaves from shrubs that had fall web-
worm present, but not tent caterpillars present, the previ-
ous year (hereafter prior fall webworm presence treatment;
n = 15-18 larvae/treatment x 2 treatments x 10 maternal
lines = 312 total larvae). None of the shrubs had tent cater-
pillars feeding on them in the field during the experiment.
Leaves were collected from multiple shrubs (at least
30 shrubs/treatment), mixed together in collection bags
within treatment, and were given to the larvae in a haphaz-
ard fashion so that larvae were fed leaves from specific
treatments but not from specific shrubs. We reared the tent
caterpillar larvae in groups of 15-18 during their first instar
and then individually after their mid-second instar in 0.5 L
deli containers and gave them fresh leaves from their
respective plant treatments as needed (at least twice/week).
We did not separate larvae in their first instar because of
potential fitness impacts before their second instar due to
their gregarious behavior. We measured survival and pupal

mass, which are two proximate measures of fitness for
Lepidoptera. Pupal mass has been shown to be a predictor
of lifetime fitness for both fall webworms and tent caterpil-
lars, with a positive correlation between pupal mass and
the number of eggs laid after eclosion (for a summary table
of data from the literature for both species, see Loewy
et al., 2013). These measurements allowed us to test the rel-
ative quality of each host plant treatment on the perfor-
mance of tent caterpillar larvae. Survival was measured as
the percentage of larvae that survived to pupation for each
maternal line in each treatment. We sexed and weighed all
pupae 14 days after pupation using a Mettler-Toledo XP6
microbalance (to the nearest 0.01 mg; Mettler-Toledo,
Columbus, OH).

We analyzed the results using mixed models with the
prior fall webworm presence/absence treatments as the
independent variable, larval maternal line as a random
independent variable, and pupal mass or larval survival to
pupation as the dependent variable. When testing pupal
mass, we included sex as a fixed independent variable. Sex
was not included in the survival analysis because fall web-
worm larvae cannot be sexed until after pupation and we
were therefore not able to sex the larvae that died before
pupation. To calculate the effect size of fall webworm on
tent caterpillar pupal mass, we used > which has a range
of 0 to 1; the closer the result is to 1, the more of the vari-
ance is explained by the variable. We compared any signif-
icant (p < 0.05) results using Tukey’s post hoc analysis.

Do tent caterpillars affect fall webworms
through bottom-up effects?

We tested if the fitness of fall webworm larvae reared on
chokecherry in fall 2013 was affected by prior tent cater-
pillar presence in spring 2013 (earlier in the same grow-
ing season). We divided fall webworm eggs from
11 maternal lines into two groups that we reared on
leaves from two treatments: (1) leaves from shrubs with-
out tent caterpillar or fall webworm feeding damage the
previous year (hereafter prior tent caterpillar absence
treatment) and (2) leaves from shrubs with prior tent cat-
erpillar presence, but not fall webworm presence, earlier
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in the spring (hereafter prior tent caterpillar presence
treatment; n = ~17 larvae/treatment x 2 treatments x
11 maternal lines = 366 total larvae). All trees used in the
experiments were tagged and monitored for fall webworm
and tent caterpillar presence for at least 1 year before we
began our experiments. However, not all the trees in the area
were monitored, so we do not have broader data on host plant
use or population size for either species. We reared fall web-
worm larvae in an identical manner as the tent caterpillars
described above. To measure larval fitness, we recorded sur-
vival, larval development time to pupation, and pupal mass
and we sexed and weighed pupae 30 days after pupation.
Survival was measured as the percentage of larvae that sur-
vived to pupation for each maternal line in each treatment.
We compared the nutritional quality of the host plants by
assessing water content, toughness, hydrogen cyanide, per-
centage carbon, and percentage nitrogen (Appendix S1).

We analyzed the results using mixed models with the
chokecherry treatments (prior tent caterpillar absence and
prior tent caterpillar presence) as an independent variable,
sex as an independent variable, larval maternal line as a
random independent variable, and pupal mass, larval sur-
vival to pupation, or development time as the dependent
variable. When testing pupal mass, we included sex as a
fixed independent variable. Sex was not included in the
survival analysis. We compared any significant (p < 0.05)
results using Tukey’s post hoc analysis.

Is competition between fall webworms and
tent caterpillars affected by tent caterpillar
density?

We manipulated the densities of tent caterpillar larvae on
chokecherry shrubs in the field to determine how tent cat-
erpillar density earlier in the season affects fall webworm
fitness later in the season in 2015. In the early spring at
Betasso Preserve and Boulder Canyon Trail, we manipu-
lated the density of tent caterpillar egg masses on different
chokecherry shrubs to create three treatments (n =15
shrubs/treatment): (1) no tent caterpillar egg masses (here-
after prior tent caterpillar absence treatment), (2) one tent
caterpillar egg mass (hereafter one tent caterpillar tent
treatment), and (3) two tent caterpillar eggs masses (here-
after two tent caterpillar tents treatment). To establish our
treatments, we clipped branches with tent caterpillar egg
masses from chokecherry shrubs and then used wire to
attach these branches to chokecherry shrubs that had
no history within the prior year of damage by tent
caterpillars. We used the leaves from these manipulated
chokecherry treatments to rear fall webworm larvae in the
laboratory later in the same growing season (n = 14-20
larvae/treatment x 20 maternal lines = 919 total larvae).

We used maternal lines from both our laboratory colony
(n = 18 maternal lines) and collected from the field in the
first instar (n = 2 maternal lines). As described for the pre-
vious rearing trials, we measured survival and pupal mass
as proximate measures of fitness. Survival was measured
as the percentage of larvae that survived to pupation for
each maternal line in each treatment.

We analyzed the results using mixed models with the
tent caterpillar density treatments (one and two tent cater-
pillar tent and tent caterpillar absence treatments) as an
independent variable, maternal line as a random indepen-
dent variable, and pupal mass, development time, or larval
survival to pupation as the dependent variable. When test-
ing pupal mass and development time, we included sex as a
fixed independent variable. Sex was not included in the sur-
vival analysis because fall webworm larvae cannot be sexed
until after pupation and we were therefore unable to sex
the larvae that died before pupation. To calculate the effect
size of the single tent caterpillar tent treatment on fall web-
worm pupal mass, we used n°>. We compared any signifi-
cant (p < 0.05) results using Tukey’s post hoc analysis.

Do fall webworms compete with tent
caterpillars through top-down effects?

We tested the effect of tent caterpillar presence in the
early spring on predation and parasitism of fall webworm
larvae later during the same growing season; we
conducted this experiment in 2014 at Betasso Preserve
and Boulder Canyon Trail. We divided 15 fall webworm
egg masses into four groups before they hatched. Egg
masses were laid in the laboratory on wax paper and
were divided by slicing them into four equal sections
using a clean razor blade. This process destroyed the eggs
along the edge of the cut but left the other eggs intact.
We reared the larvae in the laboratory until their second
instar. From each maternal line, we reared two groups on
chokecherry with tent caterpillars present early in the
season (hereafter prior tent caterpillar presence treat-
ments) and two groups on chokecherry with tent caterpil-
lars absent early in the season (hereafter prior tent
caterpillar absence treatments). Once larvae were big
enough to deploy in the field (second instar), we placed
them on chokecherry shrubs with prior tent caterpillar
presence or absence in concordance with their previous
rearing history (12-17 larvae/treatment/maternal line).
For half of the larval groups in each prior tent caterpillar
presence or absence treatment, we placed one group of
larvae in green mesh bags (~66cm by 86cm;
7 holes per cm; Barre Army Navy Store, Barre, VT) to
protect them from natural enemies (hereafter unexposed
treatment) and left the other group exposed to predators
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and parasitoids (hereafter exposed treatment) on the
same tree; the mesh bags neither alter larval survival nor
noticeably alter their ability to construct a web and only
protect larvae from natural enemies (Murphy, 2004).
Thus, our experimental design was a complete factorial
design crossing prior tent caterpillar presence versus
absence with exposure to natural enemies (unexposed
vs. exposed; n =15 maternal lines x 12-17 larvae/
treatment x 4 treatments = 876 larvae total). Our experi-
mental design allowed us to test for possible interactions
in bottom-up (variation in foliage quality between the
prior tent caterpillar presence/absence treatments) and
top-down (predation and parasitism differences between
the prior tent caterpillar presence/absence treatments)
effects on larval fitness. We attributed the disappearance
of larvae in the exposed treatments to death by predation.
We collected all larvae from the field in their penultimate
instar before they dispersed and continued to rear them
in the laboratory until pupation; as described for the pre-
vious rearing trials, we measured survival, pupal mass,
and larval development time to pupation as proximate
measures of fitness. Survival was measured as the per-
centage of larvae that survived to pupation for each
maternal line in each treatment. We also identified all
parasitoids that emerged from the larvae and sexed and
weighed all surviving pupae 21 days after pupation.

We used mixed models to compare the effects of prior
tent caterpillar absence/presence, larval exposure, and
the interaction between prior tent caterpillar absence/
presence and larval exposure on larval pupal mass, sur-
vival to pupation, and development time to pupation.
The mixed models included the maternal line as a ran-
dom effect. In the pupal mass and development time
mixed models we also included sex as a fixed effect. We
compared the percentage of exposed larvae collected
from the field per plant that were parasitized using a
mixed model with absence/presence as a fixed indepen-
dent variable, maternal line as a random variable, and
percentage parasitized as the dependent variable. We
compared any significant (p < 0.05) results using Tukey’s
post hoc analysis.

RESULTS

Do fall webworms affect tent caterpillars
through bottom-up effects?

Fall webworms reduced the pupal mass of tent caterpil-
lars but did not impact survival. Tent caterpillar larvae
reared on leaves from the prior fall webworm absence
treatment (pupal mass mean = 335.8 + 23.4 mg) had
greater pupal mass than those reared on leaves from the

prior fall webworm presence treatment (pupal mass
mean = 278.0 + 17.1 mg; F 73 = 6.45, p = 0.014) and female
tent caterpillars (pupal mass mean = 388.6 + 11.4 mg)
were significantly heavier than males (pupal mass
mean = 181.3 + 9.1 mg; F, ;3 = 214.41, p < 0.0001), but
there was no interaction between presence/absence treat-
ments and sex (F} ;3 = 2.55, p = 0.12). Tent caterpillar lar-
vae did not differ in their likelihood to survive to pupation
when reared on chokecherry from the prior fall webworm
absence and presence treatments (fall webworm absence
mean = 18.1% + 8.5%, fall webworm presence mean =
27.7% + 9.5%; F, 9 = 4.45, p = 0.064). The effect size of the
fall webworm feeding damage on tent caterpillar pupal
mass was > = 0.01.

Do tent caterpillars affect fall webworms
through bottom-up effects?

Prior tent caterpillar presence lowered the fitness of fall
webworms by lowering fall webworm pupal mass and
increasing development time. We found that larval
development time to pupation was 1 day longer on
chokecherry with prior tent caterpillar presence
(mean = 46.0 + 0.4 days) compared to larvae reared on
leaves from shrubs with prior tent caterpillar absence
(mean = 45.1 + 0.3 days; Fj 34 =4.1, p=0.043). The
pupal mass of fall webworm larvae reared on choke-
cherry in the prior tent caterpillar presence treatment
(mean = 173.8 + 1.9) was significantly lower than larvae
reared on chokecherry from the prior tent caterpillar
absence treatment (mean = 178.6 + 2.1; Fj 34 = 10.35,
p = 0.0014; Figure 2a) and female fall webworms had sig-
nificantly higher pupal mass (mean = 183.5 + 1.9) than
males (mean = 163.1 + 1.5; Fj 34 = 110.1, p < 0.0001).
There was no significant interaction between sex and pupal
mass (Fy 341 = 0.12, p = 0.74). We found no significant dif-
ference in survival to pupation (prior tent caterpillar
absence mean = 92.9% + 2.9%, prior tent caterpillars pres-
ence mean = 94.6% + 3.0%; F;,; = 0.15, p = 0.71) among
larvae reared on the two host plant treatments. The only sig-
nificant difference in our host plant quality measures was
that spring-damaged leaf treatments had significantly more
carbon than undamaged leaves (Appendix S1: Table S1).
The effect size of the pupal mass model was n*> = 0.03.

Is competition between fall webworms and
tent caterpillars affected by tent caterpillar
density?

Tent caterpillars caused negative fitness effects (lower
pupal mass) on fall webworms via bottom-up effects at
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(a) Mean pupal mass of fall webworm larvae reared in the laboratory on chokecherry with tent caterpillar absence earlier in

the season or tent caterpillar presence earlier in the season. (b) Mean pupal mass of fall webworm larvae reared in the laboratory on
chokecherry with tent caterpillars absent earlier in the season (absence), one tent caterpillar tent and associated larvae earlier in the season
(1 tent), or two tent caterpillar tents and associated larvae earlier in the season (2 tents). Significant differences between means are indicated

with letters and error bars show +1 SE.

ambient and high densities but did not impact survival to
pupation. Fall webworm larvae reared on host plants
with both one and two tent caterpillar tent treatments
had significantly lower pupal mass than larvae reared on
the prior tent caterpillar absence plants (F;.; = 3.79,
p =0.024; Figure 2b) and female fall webworms
(mean = 134.7 + 3.3) had greater pupal mass than
males (mean = 110.1 + 2.4; F; 54, = 41.24, p < 0.0001)
but there was no interaction between pupal sex and
tent treatment (F, 6, = 0.55, p = 0.58). Fall webworm
larvae did not differ in survival to pupation among the
three host plant treatments (prior tent caterpillars
absence mean = 26.9% + 5.2%, one tent caterpillar
tent mean = 22.0% + 4.7%, two tent caterpillar tents
mean = 29.3% + 4.9%; F, 5o = 0.57, p = 0.57). The effect
size of the tent caterpillar tent on the fall webworm
pupal mass model was 1> = 0.02, which is lower than in
our previous experiment.

Do fall webworms compete with tent
caterpillars through top-down effects?

Fall webworm fitness was negatively impacted by tent
caterpillars via top-down effects in terms of survival and
pupal mass but not development time. Fall webworm lar-
vae had significantly greater survival to pupation in the

unexposed treatment than in the treatment exposed to
predators (F;ss = 18.78, p < 0.0001), and in the prior
tent caterpillar absence treatment than the prior tent
caterpillar presence treatment (F;ss = 5.64, p = 0.023;
Figure 3a). We found no interaction between predator
exposure and tent caterpillar presence/absence treat-
ments for survival (Fy 55 = 0.29, p = 0.60; Figure 3a). For
pupal mass, there was a significant interaction between
the exposure treatments and the prior tent caterpillar
presence/absence treatments with no difference between
the unexposed presence/absence treatments but with the
larvae in the exposed/absence treatment having greater
pupal mass than the exposed/presence treatment
(F1.430 = 4.80, p = 0.029; Figure 3b). Unexposed larvae
had significantly lower pupal mass than exposed larvae
(F430 = 178.26, p < 0.0001), but tent caterpillar pres-
ence/absence did not significantly impact pupal mass
(F1.430 = 2.50, p = 0.12; Figure 3b). There was a signifi-
cant interaction between the exposure and the presence/
absence treatments with the unexposed/presence and
exposed/absence treatments having longer development
time than the unexposed/absence treatment and no dif-
ference between the exposed/presence treatment and the
other three treatments (Fj4s3=12.41, p = 0.0005;
Figure 3c). Larvae reared on chokecherry in the prior tent
caterpillar presence treatments had a significantly longer
development time compared with larvae reared on
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FIGURE 3 Mean percentage survival (a), mean pupal mass

(b), and mean development time (c) for fall webworm larvae reared
on chokecherry in the field on shrubs with spring tent caterpillar
absence or presence and either unexposed or exposed to natural
enemies. Significant differences between means are indicated with
letters and error bars show +1 SE.

chokecherry in the prior tent caterpillar absence treat-
ments (Fj 458 = 7.42, p =0.0067), but no difference
between the wunexposed and exposed treatments
(F1.4s8 = 0.33, p = 0.56). Percentage parasitism levels per
plant of larvae on tent -caterpillar tent presence

(mean = 9.2% + 17.1%) and absence (8.7% + 37.4%)
plants did not differ (F; ,5 = 2.73, p = 0.14). Of the 82 par-
asitoids we collected, 11 (9.7%) were Diptera, 78 (69%)
were Hymenoptera, and 24 were unknown larvae.

DISCUSSION

We found evidence that generalist-generalist competition
can alter fitness for both species even outside of outbreak
conditions. Both fall webworm and tent caterpillar larvae
had negative fitness impacts on the other species,
confirming that these two generalist species compete
indirectly. Due to these negative fitness impacts we might
expect both tent caterpillars and fall webworms to avoid
chokecherry damaged by the other species of caterpillar.
Fall webworms could accomplish this if they are able to
recognize the cues left by tent caterpillars, but, because of
the timing of their lifecycles (Figure 1, Fitzgerald, 1995;
Powell & Opler, 2009), tent caterpillar adult females have
no information about which chokecherries will be dam-
aged by fall webworms later in the summer and first
instar tent caterpillar larvae are unlikely to move their
tent to a new plant (Barnes, personal observation, June,
2014). Thus, not only do tent caterpillars suffer reduced
fitness when larvae develop on fall webworm-damaged
chokecherry, but tent caterpillar adults and larvae are
limited in the ways they can alter their behavior to
reduce fitness costs by avoiding chokecherry with fall
webworm damage. One way in which tent caterpillars
could avoid fall webworm-damaged chokecherry is by
using host plant species that are not fed on by fall web-
worms. Competition-driven host switches have been
shown in dietary specialists (Janzen, 1973; Tuda et al.,
2014) and temporary switches have been shown in die-
tary specialist-generalist interactions (Dittrich & Helden,
2020). In situations with high fall webworm densities,
selection might drive tent caterpillars to use alternate
host plants of equal or near equal nutritional quality that
fall webworms do not use. Tent caterpillars at our field
site have been recently documented using wax currant, a
host plant for tent caterpillars that is not used by fall
webworms (Barnes et al., 2016). We have previously
shown that wax currant is of comparable quality to
chokecherry as a host plant for tent caterpillars and that
the use of these two plants is not driven by plant density
(Barnes et al., 2016). Further studies will be needed to
determine whether the use of wax currant by tent cater-
pillars at our field sites is driven by competition with fall
webworms or some other factor.

Early-season tent caterpillars also had negative
effects on late-season fall webworms, via bottom-up
forces mediated through the host plant. In our bottom-up
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experiments, we found that fall webworm larvae reared
on chokecherry with prior tent caterpillar damage (either
one or two tents) had lower pupal mass than larvae
reared on the plants without tent caterpillars. Thus, fall
webworms suffer reduced fitness when feeding on plants
with a tent caterpillar density typical in average years,
and in outbreak years when shrubs often have at least
two tents per plant. We attempted to find the mecha-
nisms underlying fall webworm’s and tent caterpillar’s
impacts on each other, but the only significant result we
found—that leaves damaged by fall webworm had signif-
icantly more carbon than the undamaged treatments—
was extremely small, and we could not rule out a type 1
error. Chokecherry may produce induced defensive
responses to a threshold level of herbivory (e.g., Coley &
Barone, 1996) or fall webworms may be impacted by
chokecherry-induced defenses over a certain threshold
regardless of the quantity of damage. Indeed, other stud-
ies have found that certain types of damage on other host
plants may increase fall webworm fitness (Williams &
Myers, 1984), suggesting an additional complexity to this
system. In either case, our results suggest that high
amounts of leaf damage do not always translate to greater
negative fitness impacts on herbivores.

Despite rearing the larvae in an identical fashion and
seeing similar trends in our data, the larvae from our
summer 2015 experiment had lower pupal mass and sur-
vival than the larvae in our summer 2013 experiment.
One explanation is that a “100-year” flood in September
2013 that seriously impacted our field sites may have had
an effect on the chokecherries that lasted at least 2 years
and translated into negative fitness impacts on our 2015
caterpillars. Given the increased frequency of extreme
weather conditions due to climate change (IPCC, 2021),
these types of impacts could become more common and
are worthy of further study. However, although overall
chokecherry quality may have decreased over time, our
results still point to the negative effects of competition,
because our experimental design compares presence/
absence treatments within years.

Our results provide evidence for indirect competition
between tent caterpillars and fall webworms mediated by
both bottom-up and top-down pressures. Our top-down
results suggest that predators continue to be attracted to
herbivore cues even after larvae have abandoned a host
plant. Fall webworms were more likely to survive to pupa-
tion when reared on shrubs without tent caterpillar feed-
ing earlier in the season. Our pupal mass results showed
that, surprisingly, the caterpillars in our unexposed treat-
ments had lower pupal mass overall than the caterpillars
in our exposed treatment, perhaps due to higher intraspe-
cific competition caused by higher larval survival in the
unexposed treatments. Fall webworms reared in the

unexposed treatments, which were only impacted by the
nutritional quality of the host plant, had the same pupal
mass regardless of the presence or absence of tent caterpil-
lar feeding suggesting that, in this experiment, prior tent
caterpillar damage did not impact fall webworm fitness
through changes in host plant nutritional quality effects
on pupal mass. However, the fall webworm reared on the
exposed treatments, which were impacted both by the
nutritional quality of the host plant and natural enemies,
had lower pupal mass when reared on shrubs with prior
tent caterpillar damage suggesting that, even in the
absence of bottom-up effects, tent caterpillars can impact
fall webworm pupal mass through top-down effects.

The negative fitness effects we observed on the tent
caterpillar presence/exposed treatment suggest that preda-
tors may have continued to use cues from the tent caterpil-
lars, such as tent silk (Waage, 1978) or chemical volatiles
(e.g., Turlings et al., 1995), to hunt for prey, which would
increase the number of predators in the area. These preda-
tors may have had both consumptive and nonconsumptive
effects on the fall webworm larvae. Natural enemies can
lower prey fitness by their presence alone (Gross, 1993;
Thaler & Griffin, 2008). Insects may hide, freeze and
stop feeding (Breviglieri & Romero, 2019; Castellanos
et al,, 2011; Schmitz et al., 1997), or engage in energetically
expensive defensive displays (Fitzgerald, 1995) if they
detect the presence of a predator. Fall webworms suffer
from three types of fitness reduction when competing with
tent caterpillars: their food is lower quality, they are more
likely to be threatened by predators, and they are more
likely to be eaten by predators. Our results support the
importance of nonconsumptive predator effects in tempo-
rally separated competition. Further investigation into this
question is merited to clarify the mechanisms behind and
strength of top-down effects in this system.

Our results show an example of generalist insects
competing indirectly in a nonagricultural setting. The
impact of competition on these species’ population
dynamics and host plant use remains to be explored. The
mechanisms mediating these interactions and their
impacts on these insects’ populations and the wider com-
munity remains unclear. For example, how pathogens
that strongly influence caterpillar population cycles
(e.g., Myers & Cory, 2016) might impact or be impacted
by competition in this system. Further research should be
done on interactions between generalist insects, particu-
larly in nonagricultural settings, to determine whether
fitness impacts like those we reported are strong enough
to affect selection and population cycles.
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