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Abstract. The plant stress and plant vigor hypotheses are widely used to explain the distribution and abundance of insect herbivores across their host plants. These hypotheses are the
subject of contentious debate within the plant herbivore research community, with several
studies finding simultaneous support for both hypotheses for the same plant–herbivore interaction. We address the question of how such support is possible using dynamic site-occupancy
models to quantify the attack dynamics of Cryptorhynchus lapathi (poplar-willow weevil) on
Salix sitchensis (Sitka willow), a dioecious shrub colonizing Mount St. Helens, Washington,
USA after the 1980 eruption, in relation to host plant stress, vigor, and sex. We also introduce
several scaling criteria as a rigorous test of the plant vigor hypothesis and demonstrate why
modeling insect detection is important in plant–insect studies. Weevils responded positively to
water stress associated with seasonal dry-downs, and this response was phenologically compartmentalized by larval feeding mode. Weevils preferentially attacked large and/or flowering
stems, imposing an ecological cost on willow reproduction via increased stem mortality and
susceptibility to future attack. We propose that the dual response to host plant stress and vigor
is due to the synchronization between young weevil larval feeding and willow nutrient pulses
that are mediated by environmental stress. In turn, this process drives successional dynamics,
causing the juvenilization of upland willow plants and possibly delaying establishment of a willow-dominated upland sere. These results highlight the common, but often overlooked, phenological basis of the plant stress and plant vigor hypotheses, which both focus on how stress
changes the quality of plant resources available to immature insects.
Key words: allometric scaling; Cryptorhynchus lapathi; detection; herbivore phenology; Mount
St. Helens; occupancy modeling; phenological compartmentalization; plant stress hypothesis; plant vigor
hypothesis; primary succession; Salix sitchensis.

INTRODUCTION
Variation in plant quality across space and time is a
driving force behind the heterogeneous distribution and
population dynamics of herbivorous insects on their
host plant(s) (Raupp and Denno 1983, Schultz 1983,
Louda and Collinge 1992, Underwood and Rausher
2000, Moran et al. 2013). Plant quality is affected, in
part, by how host plants acquire and allocate resources
while under stress (Mooney 1972, Bazzaz et al. 1987,
Chapin et al. 1987, Herms and Mattson 1992, Stamp
2003). Consequently, insect ecologists have largely relied
on two hypotheses, the plant stress hypothesis (White
1969, 1974, 1984, 1993) and the plant vigor hypothesis
(Price 1991), to predict how herbivorous insects respond
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to stress-induced differences in plant quality. Although
White (1993, 2003, 2009, 2015) has repeatedly argued
that the plant stress and vigor hypotheses are components of a single hypothesis focusing on the responses of
young larvae to the age of their food source, proper tests
of this integrative hypothesis have been lacking (for
example, very few studies focus on early instars; see Koricheva et al. 1998). In this study, we briefly review refinements of the plant stress and plant vigor hypotheses and
highlight the phenological basis underpinning their unification. A key untested prediction under this unified
hypothesis is that “double-dippers,” a term coined by
White (2009, 2015) describing herbivores that feed on
both new growth and senescing plant tissue during their
life cycle, respond positively to both plant stress and
vigor at different points in the growing season depending
on larval and host plant tissue age. We present a case
study that provides a crucial test of this prediction by
showing how a stem-boring insect that “double-dips” on
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its woody host plant displays this kind of phenological
compartmentalization, with profound consequences for
early primary succession. We use this case study to
demonstrate the importance of addressing detection
issues when surveying insects, and to mathematically
integrate the allometric scaling concepts introduced in
the sink-competition hypothesis (Larson and Whitham
1997) into strict criteria for identifying whether herbivorous insects respond to host plant vigor.
Herbivory in response to host plant stress and vigor
The plant stress hypothesis predicts that herbivorous
insect outbreaks should be more likely on stressed plants
(White 1969, 1974, 1984). This is because herbivorous
insects are usually nutrient limited (Mattson 1980), and
stressed plants exhibit elevated concentrations of
nitrogenous compounds in their leaf and vascular tissues
(Levitt 1972, Hsiao 1973, Kozlowski 1979, Aspinall and
Paleg 1981, White 1984, Brodbeck and Strong 1987). In
this case, stress is a transitory state, atypical of the normal conditions a plant experiences, and fundamentally
different from chronic stress associated with persistent
resource scarcity (Larsson 1989).
Both White (1984, 1993, 2009) and Price (1991) distinguish between flush-feeding herbivores, which feed on
growing tissue that are resource sinks for nutrients
translocated within plants during active plant growth,
and senescent-feeding herbivores, which consume
senescing tissue that are sources for nutrients remobilized within plants at the end of a growing season. Plant
stress mainly benefits the earliest developmental stages
of herbivores that normally feed on senescing plant
material, but not flush-feeding herbivores that consume
new growth (White 1993). For many insect species, survivorship for the earliest developmental stage is the lowest of all life stages, and the inverse relationship between
insect relative growth rate and ontogeny is likely to be an
evolved response to minimize time spent in early vulnerable stages (Scriber and Slansky 1981, Zalucki et al.
2002). Plant stress, which can prematurely initiate the
normal physiological program of senescence in host
plants, temporarily elevating host tissue nutrient content, facilitates a fast growth strategy for young senescent feeders to escape stage-based mortality (White
2009).
Although insect herbivore outbreaks associated with
water stress have been observed in natural systems,
quantitative analyses and qualitative reviews of experiments testing the plant stress hypothesis have provided
inconclusive support (White 1969, Waring and Pitman
1985, Brodbeck and Strong 1987, Mattson and Haack
1987, Larsson 1989, Watt 1994, Koricheva et al. 1998,
Huberty and Denno 2004). This disconnect has led to
criticism of the plant stress hypothesis based on the
recognition that (1) plants have multiple physiological
responses to stress and (2) these responses vary by stress
type, intensity, and duration (Hsiao 1973, Mattson 1980,
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Gershenzon 1984, Larsson and Tenow 1984, Larsson
1989, Price 1991, Herms and Mattson 1992, Mopper
and Whitham 1992, Koricheva et al. 1998, Inbar et al.
2001). The pulse-stress hypothesis (Huberty and Denno
2004), incorporates some of these complexities to predict
sub-guild responses to intermittent and continuous
water stress, depending on the type of tissues their members feed on and whether herbivores possess specific
adaptations to overcome certain plant defenses, leaf
toughness, and reduced tissue water content.
The plant vigor hypothesis posits that herbivores prefer and perform better on vigorous plants or plant parts
due to a variety of mechanisms, such as higher nutritional content (Price et al. 1987a, b, Price 1991). A vigorous plant or plant part is one with an above-average
growth rate or size relative to the population mean
(Price 1991). Under this hypothesis, a stressed plant is
one that has not achieved optimal size at maturity (Price
1991), which is a very different definition of stress from
that in the plant stress hypothesis. In contrast to senescent feeders, flush feeders should not respond positively
to transitory plant stress as defined under the plant
stress hypothesis (White 2009). These insects are unlikely
to be nutrient-limited while feeding on vigorous plant
tissue, and plant stress of this kind limits the benefits
vigorous tissue provides herbivores by reducing plant
growth rates (White 1993, 2009, Cobb et al. 1997).
The linkage between herbivore preference and performance is strongly emphasized under the plant vigor
hypothesis because the majority of herbivores feeding on
vigorous tissue are either sessile or endophytic (Price
1991, Williams and Cronin 2004), making a positive
preference-performance correlation necessary for these
insects to have higher fitness on vigorous tissue (Thompson and Pellmyr 1991). However, despite experimental
evidence for the preference component of the plant vigor
hypothesis, increased herbivore performance on vigorous
plants or plant parts is less frequently tested, and the
results are equivocal (Cornelissen et al. 2008, Gripenberg et al. 2010). Also, various conceptual or methodological reasons make evaluating the plant vigor
hypothesis difficult when host plant growth rate and size
are correlated (Faria and Fernandes 2001, Santos and
Almeida-Cortez 2011, Santos et al. 2011, White 2011).
The sink-competition hypothesis (Larson and Whitham 1997) addresses some of these issues by introducing a conceptual model whereby plant part size (its
vigor) dictates its ability to compete with other plant
parts for resources (its sink strength). The sink-competition hypothesis also incorporates the nature by which
insect herbivores acquire nutrients, competition between
sinks for resources, and their interconnectedness in
terms of vascular architecture. Plant reproductive structures can also increase the sink strength of plant parts
on which they are located (Kozlowski 1992, Dawson and
Bliss 1993, Dawson and Ehleringer 1993), making plant
reproduction a form of vigor from the perspective of the
herbivore. Herbivores that feed on these plant parts
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during reproduction, such as directly below inflorescences, should be more abundant or perform better due
to the shunting of assimilates towards reproductive
structures (Elmqvist et al. 1991). We use the case study
below to formalize this conceptual model into a mathematical framework for a stem-borer that intercepts
resources transported along vascular connections between
sources and sinks on its host plant. While the allometric
criteria we introduce are relatively straightforward because
the stem borers in this case study typically attack the base
of stems, they are generalizable to other plant–herbivore
interactions with more complex modes of attack.
The plant stress and plant vigor hypotheses are considered endpoints on a continuum of herbivore
responses to plant stress, but this interpretation is problematic as these hypotheses overlap conceptually due to
their common phenological basis. Both make phenological assumptions about the age of the food resource available to the herbivore and the age of the tissue the
herbivore normally feeds on. Both require that plant
stress coincides with the earliest herbivore life stages if
changes in host plant quality are to result in changes in
herbivore abundance. Also, both hypotheses make the
identical prediction that flush feeders should perform
better on vigorously growing plants not experiencing
transitory stress, whereas senescent feeders should prefer
and perform better on mature plants that grew vigorously prior to senescence (Price 1991, White 1993, 2009).
In addition, plants can simultaneously experience
both transitory and chronic stress leading to the possibility that herbivores respond to stress and vigor simultaneously (Price 1991, Mopper and Whitham 1992,
Cobb et al. 1997, White 2009). For example, plants
growing in a nutrient-limited environment may become
drought stressed periodically during summer, leading to
punctuated boosts in host plant quality (Bewley 1981,
Parida et al. 2008) that herbivores may be able to take
advantage of (Huberty and Denno 2004). If the plant
stress and vigor hypotheses (and their derivatives) are
components of a single phenologically unified framework, then instead of asking where an herbivore falls on
the traditional stress-vigor spectrum, the more relevant
question to address is how transitory and chronic stresses change the quality of resources available from a host
plant to its herbivores during their most vulnerable life
stages.
WILLOW-WEEVIL CASE STUDY
To address this question, we quantified the oviposition
and larval feeding dynamics of an exotic Eurasian weevil, the poplar-willow borer (Cryptorhynchus lapathi L.),
on Sitka willow (Salix sitchensis Bong.), the dominant
shrub species colonizing the Mount St. Helens Pumice
Plain (a 15-km2 primary successional landscape of juvenile pumice rock formed by pyroclastic flows during the
1980 eruption; Fig. 1). Poplar-willow borer hosts are
mainly in the family Salicaceae; adults oviposit in the
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base of stems each growing season (Appendix S1:
Fig. S1a), either by colonizing stems or re-attacking
stems that survived attack the previous year. Larvae
bore stems on which they are oviposited, where they
remain ensconced until eclosion. The first three instars
(hereafter “early instars”) create tunnels directly underneath the bark, as they feed in the cambium. In contrast,
“late instars” excavate galleys that penetrate the heartwood (Appendix S1: Fig. S1b). Gut dissection of late
instars on the Pumice Plain show they feed directly on
wood. While adults feeding on leaves and stems do minimal damage, larvae kill stems directly by disrupting their
physiological functioning and reducing the structural
integrity of the wood, or indirectly by providing access
to fungal pathogens (Matheson 1917, Primm 1918,
Abebe et al. 1990). Field observations on the Pumice
Plain from 2004–2011 demonstrated that poplar-willow
borer were present at very high densities and were the
primary Sitka willow (hereafter “willow”) herbivore.
Poplar-willow borer (hereafter “weevil”) populations
worldwide have variable life histories that depend on
their geographic location, and can be either univoltine
or semivoltine with overlapping generations and a life
cycle lasting up to three years (Matheson 1917, Smith
and Stott 1964, Harris and Coppel 1967). On the Pumice
Plain, semi-voltinism enables weevil adults to undergo
two discrete bouts of oviposition, once in late summer or
early fall after eclosion, and the second in the following
spring after these same adults overwinter (Fig. 2). This
results in two temporally distinct cohorts of larvae,
whose youngest members feed on vascular tissue but differ in their feeding mode. Early instars from the fall larval cohort can be classified as senescent feeders
(intercepting nutrients in stems moving from senescing
leaves towards the roots), while those in the spring
cohort are flush feeders (intercepting nutrients in stems
moving from the roots to vegetative and reproductive
buds). Based on the ability of early weevil instars to
“double-dip” (White 2009, 2015), we predicted that weevils should preferentially attack large, vigorously growing, and/or reproductive willow stems on intermittently
water-stressed plants, reflecting the conceptual overlap
underlying the plant stress and vigor hypotheses. We further predicted that weevil attack should be phenologically compartmentalized, such that the senescentfeeding fall larval cohort should be more abundant in
habitat where plants experience late season water stress,
while abundances of the flush-feeding spring larval
cohort should not differ by habitat.
Willow is dioecious (separate male and female individuals), and the secondary (post-germination) sex ratio
(hereafer “sex ratio”) of S. sitchensis growing on the
Pumice Plain shows a strong 2:1 female bias (Che-Castaldo et al. 2015) consistent with most other studies of
Salix sex ratio bias (Myers-Smith and Hik 2012).
Female plants typically allocate more resources to reproduction than males (Putwain and Harper 1972, Delph
1999) and can exhibit reduced vegetative growth rates,
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FIG. 1. Distribution of primary volcanic deposits and disturbance zones of the 1980 Mount St. Helens eruptions (adapted from
Swanson and Major 2005). The Pumice Plain is the eastern lobe of the pyroclastic flow zone and the Windy Creek deposit. We
denoted upland and riparian transects along which we collected the willow-weevil data set.

fewer and smaller leaves, reduced shoot lengths, and
lower nutrient concentrations in vegetative tissue (Cornelissen and Stiling 2005). Female plants are usually better defended than males, either as a physiological
consequence of having lower vegetative growth rates or
because of selection pressure by herbivores themselves
(Jing and Coley 1990, Herms and Mattson 1992, Cornelissen and Stiling 2005). The commonly observed pattern of male-biased herbivory in dioecious plants is
usually attributed to sex-based differences in growth and

defense (Agren
et al. 1999, Cornelissen and Stiling
2005). Differences in reproductive allocation between
the sexes have also led to sexual dimorphism in sensitivity to environmental stress (Popp and Reinartz 1988,
Verd
u and Garcıa-Fayos 1998, Espırito-Santo et al.
2003), and may cause the relationship between stress

intensity and herbivore response (sensu Larsson 1989) to
differ by host plant sex (Inbar and Kark 2007). On the
Pumice Plain, female willow plants allocated equal or
greater amounts of resources to reproduction than did
males, despite being of similar size (Che-Castaldo et al.
2015). We predicted that male willow stems should be
preferentially attacked by weevils (as a possible explanation for the observed female bias in the Pumice Plain
willow sex ratio), and that sex-bias in weevil attack may
vary with respect to plant water stress.
Observational studies examining the relationship
between insect outbreaks and plant stress have been criticized for their inability to eliminate confounding factors, mainly the direct effects of the environment on
herbivore development and predation (Koricheva et al.
1998). Likewise, experimental studies have been
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FIG. 2. Illustration of weevil life cycle on the Pumice Plain
where lettering outside of the three rings represents calendar
months. The outermost ring denotes the two discrete oviposition windows that occur each year. The spring–early summer
oviposition window produces early instars that are flush feeders.
The late summer–early fall oviposition window produces early
instars that are senescent feeders. The middle ring denotes the
larval life cycle of the senescent-feeding cohort from eggs
through pupae. The innermost ring denotes the larval life cycle
of the flush-feeding cohort from eggs through pupae.

criticized for their difficulty in calibrating experimentally
imposed water stress treatments to match drought conditions plants experience naturally (Larsson 1989, Koricheva et al. 1998, White 2009). The early successional
Mount St. Helens willow-weevil system overcomes these
drawbacks while offering several distinct advantages.
Top-down effects on weevils were unlikely here; we
observed no parasitoids known to utilize C. lapathi as a
host (Broberg et al. 2002) and we found no evidence of
parasitism on >4,000 weevil larvae sampled during the
three year course of this study. Unlike many other cases
involving the effect of host plant stress on borer abundance, secondary defenses appears to play a limited role
in this plant–herbivore interaction (see Discussion). For
example, previous work has shown that differences in
leaf-out timing, and not physical forces (such as resin
pressure or bark water content) or allelochemistry affect
host plant resistance to weevils (Broberg et al. 2010).
On the Pumice Plain, willow grows densely in riparian
habitat, while occurring sparsely in upland areas
(Appendix S1: Fig. S2a). During the course of this study,
May and June were typically cool and wet, with abundant
rainfall, while July and portions of August were hot with
little overall rainfall and long stretches of no precipitation
(Appendix S2: Figs. S1, S2). Upland willows experienced
repeated dry-downs during the summer months, as
reduced precipitation lowered soil water potential and
shifted plant available water well below field capacity
(Appendix S2: Fig. S1). These repeated episodes of
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transitory water stress conveniently served as a natural
water stress experiment, as riparian willows did not experience reductions in plant available water during summer
due to continuous watering by perennial streams. Willows
experienced higher temperatures and reduced relative
humidity in the summer months, but these effects were
less severe in riparian zones (Appendix S2: Fig. S2). Weevil larvae remained inside stem galleries during the summer and were largely insulated from the direct effects of
increased temperature and reduced humidity.
Seasonal drought stress had a pronounced effect on
willow physiology, as photosynthetic rate, conductance,
and transpiration decreased and water use efficiency
increased when soils dried below field capacity during
summer (Appendix S3: Fig. S1). Willow leaf phosphorus
content declined in response to lowered soil moisture
content, suggesting nutrient remobilization in response
to drought (Appendix S3: Fig. S1i–j). Salix spp. typically
avoid hydraulic failure brought on by drought through a
combination of precocious leaf shedding and premature
senescence (Rood et al. 2000, Amlin and Rood 2003,
Savage et al. 2009). We routinely observed premature
leaf senescence on upland Pumice Plain willows in late
summer, similar to what has been reported for willows in
other locations on Mount St. Helens (Campbell 2001).
By tracking the weevil attack of naturally grown willow,
we were able to evaluate how weevils responded to
drought stress on mature woody host plants, something
that would have been extremely difficult to reproduce
experimentally.
We visually monitored weevil larval herbivory in
Pumice Plain willow stems on sexed plants in riparian
and upland habitat for three years, while tracking stem
size, survival, and flowering each growing season (hereafter “willow-weevil data set”). By fitting a dynamic siteoccupancy model (MacKenzie et al. 2003, Royle and
Kery 2007) to the willow-weevil data set, we investigated
how weevil herbivory dynamics, specifically, colonization (defined as the probability that weevils attack a
stem not attacked the previous year), and re-attack (defined as the probability that weevils re-attack a stem
attacked the previous year) were associated with willow
stem size and reproductive status, willow plant sex, and
habitat (which is a reliable proxy for drought stress on
the Pumice Plain).
We used the upland stem colonization parameters
from the occupancy model in conjunction with upland
stem aboveground biomass measured from separate harvested stems to apply the allometric scaling criteria
introduced in this paper for determining herbivore
response to plant vigor. We used other parameters from
the occupancy model along with the willow-weevil data
set to determine what factors were associated with
annual differences in weevil attack rates and the successional consequences of willow responses to herbivory.
The willow-weevil data set surveys were non-destructive,
preventing annual counts of weevil larvae from each
cohort (flush and/or senescent) within stems. Due to this
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limitation, we harvested stems on nearby plants in both
habitats periodically throughout the growing season
(hereafter “weevil phenology data set”) to test whether
weevil attack was phenologically compartmentalized.
These efforts resulted in five specific questions:
Q1. Were weevil herbivory dynamics associated with stem
vigor? We investigated whether stem reproduction or
an increase in stem growth rate increased weevil colonization and/or re-attack, and whether allometric
scaling relationships could be used to determine if
weevils colonizing upland stems responded to vigor.
Q2. Were weevil herbivory dynamics associated with seasonal water stress and plant sex? We investigated
whether colonization and/or re-attack differed for
male and female plants growing in upland areas and
riparian zones.
Q3. Was weevil attack phenologically compartmentalized? We investigated whether weevils preferentially
attacked plants in different habitats at different
times of year based on early instar feeding mode.
Q4. How well does stem status explain the metapopulation dynamics underlying weevil attack? We investigated whether seasonal changes in the proportion of
stems available for re-attack, stem flowering, and
stem diameter were correlated with seasonally
observed herbivory patterns for stems of both sexes
in upland areas and riparian zones.
Q5. How did willow plants respond to weevil attack? We
investigated whether plant growth and stem mortality and recruitment differed by habitat and sex and
what consequences these plant responses may have
for early primary succession.
METHODS
Willow-weevil data set
We selected 279 Pumice Plain upland and riparian willow plants and tracked their stems for up to three years
(2009–2011). We tagged all stems ≥12 mm in basal diameter (including stems 10–12 mm deemed sturdy enough
for weevil oviposition) that originated from the ground
or caudex (defined as first-order stems) on each plant.
Weevils generally oviposit near the base of first-order
stems and near the branching points of large side
branches on these stems (defined as second-order stems).
Consequently, we tagged all second-order stems ≥12 mm
(upland) and ≥15 mm (riparian) in basal diameter to
ensure consistent survey effort for weevils across a gradient of stem architectural complexity. Each spring, new
first- and second-order stems that met the size criteria
were tagged, and we tracked all tagged stems until their
death or the conclusion of the study. We detail these
methods in Appendices S4, S5.
We visited all tagged stems twice annually; first during
spring flowering, when we counted all catkins on each
stem, then in late summer, when we conducted weevil
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surveys. During the summer visit, we also measured
stem basal diameters with calipers (except 2009 secondorder upland stems). During both visits, we recorded
stem survival, scoring stems as “alive” (S = 1) if they
were unbroken and possessed living foliage and “dead”
(S = 0) otherwise. True stem diameters cannot be
observed directly due to routine measurement error
caused by positioning calipers on stems (R€
uger and
Condit 2012). To overcome this, we used a Bayesian
model with informed priors for stem growth rate and
measurement error to estimate true diameters for all
stems. We detail this method in Appendix S6.
We seasonally timed weevil surveys to occur when larvae were pupating and exit holes were easier to find due
to exuded frass (Appendix S1: Fig. S2b). Two observers
independently inspected each stem for larval presence,
scoring the stem as “attacked” (w = 1) if they found exit
holes and “not-attacked” (w = 0) otherwise. Larvae
detected in stems were either from the fall larval cohort
of the previous year or the spring larval cohort of the
current year (Fig. 2), although these cohorts could not
be distinguished visually. We assessed the efficacy of
these surveys by destructively harvesting untagged stems
after surveying them to determine whether weevil larvae
were truly present. While our false positive rate became
negligible after minimal observer training, the false negative rate (failure to detect larvae within the stems)
remained a persistent issue. In addition, the detection
rate depended on stem diameter (it was easy to miss exit
holes on large stems) and habitat (it was often physically
challenging to inspect entire stems in the dense riparian
thickets; Appendix S1: Fig. S2a), two covariates we
hypothesized to affect weevil herbivory.
We combined each first-order stem with its associated
second-order branches (hereafter “stem components”) to
create 2087 stems. Each year, we assigned the survival of
each stem (S) to match the spring survival status of its
first-order stem component and its diameter (D) to be
the sum of all its living stem component diameters. We
computed relative growth rate (RGR) as the logged ratio
of summed stem component diameters in years t and
t1, excluding components not alive in both years
(Appendix S7: Fig. S1). We scored a stem as “reproductive” (reproduction = 1) if any of its stem components
had at least three catkins and “non-reproductive” (reproduction = 0) otherwise. For each weevil survey, we
scored a stem as “attacked” (w = 1) if any of its stem
components was observed to have been attacked and
“not-attacked” (w = 0) otherwise. We standardized 2009
upland stem diameters separately from all other stem
diameters due to missing second-order upland stem
component diameters in 2009. We standardized relative
growth rate across all stems and years.
Weevil phenology data set
While our non-destructive weevil herbivory surveys
allowed us to monitor stems over multiple seasons, they
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precluded the counting of weevil larvae from each cohort
within stems. To accomplish this, we harvested 291 stems
from untagged willow plants in both riparian zones and
upland areas on the Pumice Plain over two growing seasons (2008–2009). Harvesting occurred at weekly or
biweekly intervals from June to October 2008 and from
June to August 2009, capturing three discrete cohorts of
weevil larvae. The first larval cohort was oviposited in
the spring of 2008 by the generation of weevils whose
adults eclosed in summer of 2007. This was followed by
two additional larval cohorts that were oviposited in the
fall of 2008 and the spring of 2009 by the generation of
weevils whose adults had eclosed in the summer of 2008.
We haphazardly selected plants and then harvested a single stem per plant that was 15–20 mm in stem diameter.
We processed stems within 1–2 d of their collection, first
by carefully removing their bark and inspecting their
undersides for weevil eggs and early instars. We then split
stems longitudinally and carefully searched for late
instars, pupae, and adults. We counted all individuals in
each of these life stages in each stem.
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indexed plants, j = 1 . . . Ji indexed the jth stem from the
ith plant in the tth year. In year t = 1, the probability of
weevil attack ðwÞ was estimated directly. In contrast, the
probability of weevil attack in years t = 2, 3 was a function of zt1 , and two vital rates: colonization ðcÞ and reattack ð/Þ. This metapopulation model, in conjunction
with stem survival, determined which vital rate was operative for each stem in years t = 2, 3. For example, if
St1 ¼ 0, then automatically zt1 ¼ 0 forcing zt to
depend solely on the colonization rate.
We investigated the association between weevil attack
dynamics and vigor, habitat, and sex by making the state
variables ðw; c; /Þ in Eq. 1 functions of the stem- and
plant-level covariates. We modeled the probability of
weevil attack hierarchically as
logitðwi;j Þ ¼ awi þ b1;habitati Di;j;t¼1

(2)

with habitat-specific effects of stem diameter (D) and
plant-specific random intercepts. We modeled weevil colonization and re-attack rates hierarchically as
logitðci;j;t Þ ¼ aci þ b2;habitati ;sexi reproductioni;j;t
þ b3;habitati RGRi;j;t þ b4;habitati Di;j;t

Q1–2: Weevil dynamic occupancy model
Using the willow-weevil data set, we fit a dynamic
site-occupancy model that estimated the effects of stem
and plant-level covariates on weevil larval herbivory,
given imperfect detection of weevil larvae within stems.
Stems were in one of three states when surveyed:
(1) occupied by larvae that were detected (z = 1, w = 1),
(2) free of larvae (z = 0, w = 0), or (3) occupied by larvae that were undetected (z = 1, w = 0), where z is the
true (but unobservable due to the non-destructive nature
of our surveys) occurrence of larvae in a stem and w is
the outcome of the survey for larvae in that stem. To
separate states 2 and 3, we assume that stem state does
not change between repeated surveys (which is true in
this study) and model the observation process (which
determines whether larvae are observed if present) conditional on the biological process (which determines
whether a stem is occupied by larvae).
Biological process model.—We amended the Royle and
Kery (2007) dynamic site-occupancy model by conditioning the true occurrence of larvae in stems (z) on stem
survival (S):
Ji
279 Y
Y



Bernoulli zi;j;t¼1 jwi;j Si;j;t¼1

i¼1 j¼1



3
Y





Bernoulli zi;j;t j zi;j;t1 /i;j;t þ ð1  zi;j;t1 Þci;j;t Si;j;t

(3)

logitð/i;j;t Þ ¼ a/i þ b5;habitati ;sexi reproductioni;j;t
þ b6;habitati RGRi;j;t þ b7;habitati Di;j;t

(4)

with habitat-specific effects of stem diameter (D) and relative growth rate (RGR), habitat and sex-specific effects
of reproduction, and plant-specific random intercepts.
We modeled the plant-specific intercepts as


awi  normal lw;habitati ;sexi ; r2w;habitati

(5)



aci  normal lc;habitati ;sexi ; r2c

(6)



a/i  normal l/;habitati ;sexi ; r2/

(7)

with habitat and sex-specific means. We used habitatspecific variances for weevil attack (Eq. 5) because the
standardization of stem diameter differed by habitat in
2009.
Observation process model.—Using the approach developed by Royle and Kery (2007), we assumed that detection of larvae (w) was conditional on the detection rate
(p) and the true occurrence of larvae in stems (z):
Ji Y
279 Y
3 Y
2
Y



Bernoulli wi;j;t;s j pi;j;t zi;j;t :

(8)

i¼1 j¼1 t¼1 s¼1

t¼2

(1)
which suppressed the terms in the likelihood where stems
did not exist or were too small to be attacked (S = 0).
The subscripts t = 1 . . . 3 indexed years, i = 1 . . . 279

The subscript s = 1, 2 indexed the sth survey of the jth
stem from the ith plant in the tth year. We modeled the
weevil detection as a function of stem diameter (D):
logitðpi;j;t Þ ¼ ap;groupi;j;t þ b8;groupi;j;t Di;j;t

(9)
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where group 2 friparian, upland 2009, upland 20102011g. We used group-specific effects of stem diameter
on the detection rate based on our experience surveying
weevils and because upland stem diameters in 2009 were
standardized differently compared to all other stems.

instars occurs in the cambium near the stem base, where
the height of the area attacked is largely invariant to its
basal diameter. We defined the expected number of weevils colonizing an upland stem as

Model choice and priors.—Using a Bayesian implementation, we fit a global model that retained all covariates
regardless of their effect sizes. We justify this approach
by noting that the covariates were selected intentionally
as part of our original survey design to test long-standing biological hypotheses regarding how plant vigor,
stress, and sex affect insect herbivory. While this resulted
in a large number of parameters, the size of the willowweevil data set provided the needed replication for
parameter estimation. We recognize that ignoring model
uncertainty renders our inferences conditional upon our
chosen model, however our specific a priori interest in
each parameter trumps the need for a model selection
approach.
Due to the lack of previous studies quantifying weevil
attack dynamics, we chose vague uniform (10, 10)
hyperpriors for the means (Eqs. 5–7) and detection
intercepts (Eq. 9), and vague uniform (0, 10) hyperpriors
for the standard deviations (Eqs. 5–7). We used normal
(0, 2.71) priors for the effects of reproduction and growth
on c and / (Eqs. 3–4), and the effects of diameter on p
(Eq. 9). We did this to penalize large biologically unreasonable effects and to ensure roughly uniform priors on
the probability scale (Lunn et al. 2012). We used vague
uniform (10, 10) priors for the effects of stem diameter
on w, c, and / (Eqs. 2–4). We choose these purposefully
due to the threshold effect in weevil attack with respect
to stem diameter we observed prior to this study.

where c2 was weevil density, h was the height of a stem
(relative to its base) below which oviposition occurs, and
n2 was the scaling coefficient. If weevil attack is random,
then n2 ¼ 1. However, if larger stems contain disproportionately more larvae than would be expected by chance,
then n2 [ 1. Combining Eqs 11 and 12, we defined the
expected number of weevils colonizing an upland stem
as a function of nutrient flux as

Q1: Using allometry to evaluate weevil vigor response
We relied on three scaling coefficients to determine
whether weevils responded positively to vegetative stem
vigor when colonizing upland stems. We defined vegetative sink strength (Q), which we assumed was proportional to aboveground biomass, as
Q ¼ pc1 Dn0

(10)

where c1 was a proportionality constant and n0 was the
scaling coefficient. During the growing season, nutrients
are translocated through the cambium, making their flux
(F) to and from aboveground vegetative structures
F¼

Q
c1
¼ Dn1
pvD
v

(11)

where v was the cambium thickness and n1 was the scaling coefficient between nutrient flux and stem diameter,
which we computed as n1 ¼ n0  1. If n1 [ 1 then larger
stems flux disproportionately more nutrients through
their cambium than do smaller stems. While late instars
feed in the stem interior, oviposition and feeding by early

k ¼ c2 phvDn2

k¼

c2 phv n3
F
cn13

(12)

(13)

where n3 ¼ n2 =ðn1  1Þ. A positive vigor response during
colonization requires disproportionate scaling of weevil
attack and nutrient flux with respect to stem diameter
ðn1 [ 1; n2 [ 1Þ, while n3 determines the range over
which weevils respond to nutrient flux and the shape of
their vigor response. We applied these allometric criteria
to upland stems colonized by weevils, as their simple
stem geometries provided an ideal test case for this
framework. The scaling coefficient n0 was estimated
using paired measurements of stem aboveground biomass and diameter taken from 42 harvested upland
stems. We assumed the number of larvae colonizing
upland stems to be a Poisson process and we expressed
colonization failure as a function of stem diameter using
the habitat and sex-specific lc parameters from Eq. 6
and the habitat and sex-specific b2 parameters and
b4;upland from Eq. 3. This allowed us to compute n2 as a
derived quantity over a range of stem diameters consistent with weevil upland stem colonization. We detail
these methods in Appendix S8.
Q3: Evaluating weevil phenological compartmentalization
We used Poisson regression to determine whether weevil
egg and early instar abundances collected in the weevilphenology data set were phenologically compartmentalized, such that weevils preferentially attacked stems in
different habitats at different times of year (Fig. 2). To
separate individuals by larval cohort, we assumed that
eggs or early instars found in the fall were unlikely to have
been oviposited in the spring of the current year, and
instead belonged to the fall senescent-feeding cohort, and
that eggs or early instars found in the early summer were
unlikely to have been oviposited the previous year, and
instead belonged to the spring flush-feeding cohort. We
detail these methods in Appendix S9.
Q4: Unpacking weevil metapopulation dynamics
We calculated mean annual weevil attack, colonization,
and re-attack rates (as well as the proportion of stems
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RESULTS
Detection of weevil larvae
Although weevil detection rates were quite high, they
were affected by habitat and stem diameter, two covariates that were also important to colonization and reattack. Here we focused on detection rates in 2010–2011;
the median detection rate was 92% (95% CI: 91%, 94%)
for upland stems of median diameter (17 mm) and 85%
(95% CI: 83%, 88%) for median-sized riparian stems
(29 mm; Fig. 3). For stems of average size, the median
odds of detecting weevil larvae in upland stems were 3.2
(95% CI: 2.3, 4.8) times greater than in riparian stems.
Stem diameter had a small positive effect on the detection rate ðdp;riparian ¼ 1; dp;upland ¼ 1Þ. Median detection
1.0

We divided living stems in the willow-weevil data set
into “attacked” and “un-attacked” pools in 2009 and
2010 based on the true occurrence z of weevil larvae in
stems from Eq. 1. For each of these pools, we used binomial regression to investigate how annual stem survivorship, determined by stem survival (S) the following
spring, varied as a function of plant habitat and sex. We
used stem survival to compute the subset of living stems
that were newly recruited in 2010 and 2011 by plant
habitat and sex. We modeled the number of newly
recruited stems each year as binomially distributed, with
plant habitat and sex-specific recruitment probabilities.
We calculated the annual growth rate for all 257 plants
in the willow-weevil data set alive in 2011 and used
gamma regression to determine how plant growth varied
as a function of plant habitat and sex. We detail these
methods in Appendices S13, S14.

●

0.6

For all Bayesian models in this study, we estimated posterior distributions for all parameters and latent states
using Monte Carlo methods (MCMC) implemented in
JAGS 4.2 with the rjags package in R 3.3.2 (Plummer
2003, 2016, R Core Team, 2016). We computed three
chains for each random variable, with diffuse initial values. After a suitable burn-in (which varied by model), we
accumulated 15,000 samples from each chain, keeping
every 10th sample. We assessed convergence through
visual inspection of trace plots and using the GelmanRubin diagnostic (Gelman and Rubin 1992). We used
posterior predictive checks to compare the actual data to
simulated data sets generated from the parameter estimates at each step in the MCMC algorithm. We confirmed that the Bayesian P-value, defined as the
probability that the simulated data were more extreme
than the observed data, was indicative of a good model
fit (Gelman et al. 2013). For the weevil occupancy model,
we used a posterior predictive check based on discrepancies in detection frequencies appropriate for binary
response data. We described the posterior predictive
checks for all other models in the relevant appendices.

Detection rate

Model estimation and evaluation

0.9

Q5: Assessing willow response to weevil herbivory

To quantify effects not directly modeled, we calculated
the difference ðdÞ between parameters of interest at each
MCMC iteration. We treated so-called marginal effects
(those conditional on other covariates due to modeled
interactions) similarly, calculating d for each MCMC
iteration as a function of parameters or covariates. We
then computed the probability ðdp Þ that an effect
exceeded or fell below 0 (or, in some cases, 1) using the
empirical cumulative distribution of MCMC output. We
assessed uncertainty in effects by reporting their posterior medians and the 95% highest posterior density credible intervals (HPD CI) or 95% equal-tailed credible
intervals (CI). We considered effects with small posterior
medians or dp values to be either unimportant to the
process being modeled, or to have been estimated too
imprecisely to draw conclusive inferences.

0.8

available for re-attack in 2010 and 2011) by plant habitat
and sex, using the parameters z, w; c, / from Eq. 1 and
stem survival (S). We divided living stems in the willowweevil data set into two pools in 2010 and 2011 based on
the true occurrence z of weevil larvae in stems: (1) those
not attacked (or yet recruited) the previous year and
available for colonization in the current year and (2) those
attacked the previous year and available for re-attack in
the current year. For each of these pools, we used binomial and truncated lognormal regression to determine
how flowering frequency and stem diameter varied annually as a function of plant habitat and sex. We detail these
calculations in Appendices S10–S12.
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FIG. 3. Weevil detection rate with respect to stem diameter
and the distribution of stem diameters surveyed in upland (solid
lines) and riparian (dashed lines) habitat (2010–2011). Gray
areas represent 95% equal-tailed credible intervals, and lines are
the posterior medians. The circle (diamond) represents the median upland (riparian) stem diameter surveyed. Dark gray bars
represent the 50% quantiles for stem diameters, and overlay
light gray bars represent the 95% quantiles for stem diameters.
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increased by 5% (95% CI: 2%, 8%) for upland stems
35 mm vs. 12 mm in diameter, and by 8% (95% CI: 5%,
13%) for riparian stems 65 mm vs. 17 mm in diameter.
These stem diameters were endpoints to the range of stem
diameters typically surveyed in each habitat (Fig. 3).
Weevil herbivory dynamics
Weevil colonization and re-attack were often strongly
associated with stem reproductive status and diameter,
and plant habitat (Figs. 4–6). We did not identify unambiguous or strong correlations between plant sex and
colonization or re-attack, possibly due to high uncertainty in some sex-related model parameters (Fig. 4).
Variability among plants in colonization and re-attack
was high; the finite standard deviation for colonization
ðrc Þ was 1 (95% CI: 0.5, 1.7), meaning that, on average,
the odds of two plants being colonized differed by a factor of 2.6 (95% CI: 1.7, 5.4). The finite standard deviation for re-attack ðr/ Þ was 0.8 (95% CI: 0.5 1.6), with
odds differing between plants by a factor of 2.3 (95% CI:
1.4, 5).
Colonization of stems not attacked the previous year.—
Weevils colonized reproductive stems more often than
non-reproductive stems in riparian zones ðdp;male ¼ 1;
dp;female ¼ 1Þ. The median odds of weevils colonizing
reproductive male or female riparian stems were 3.5 (95%
HPD CI: 1.5, 6.6) or 8 (95% HPD CI: 3.1, 16.9) times
greater, respectively, than non-reproductive stems of the
same sex (Figs. 4a, 5a, c). The association between flowering and colonization was not as strong in upland areas
ðdp;male ¼ 0:97; dp;female ¼ 0:84Þ. The median odds of weevils colonizing reproductive male or female upland stems
were 2.2 (95% HPD CI: 1.0, 5.4) or 1.5 (95% HPD CI:
0.7, 3.1) times greater, respectively, than non-reproductive
stems of the same sex (Figs. 4a, 5b, d). Colonization was
positively associated with stem diameter in both habitats
ðdp;riparian ¼ 1; dp;upland ¼ 1Þ, but the shape of this relationship differed strongly between habitats (dp ¼ 1;
Figs. 4a, 5). Colonization probability increased in near
linear fashion across the broad range of riparian stem
diameters available for colonization (Fig. 5a, c). In contrast, upland stems experienced a threshold effect, where
colonization probability increased dramatically across the
narrow range of stem diameters available for colonization
(Fig. 5b, d). The marginal effect of upland habitat on the
colonization of reproductive or non-reproductive stems
of average relative growth rate for either sex was strongly
positive for all stem diameters ðdp ¼ 1Þ. Relative growth
rate was negatively associated with riparian colonization
ðdp ¼ 0:95Þ but, unlike stem diameter, had a very small
effect (Fig. 4a).
The expected number of weevil larvae per stem and
basal stem nutrient flux both scaled disproportionately
with respect to stem diameter for upland stems available
for weevils to colonize (dp;n1 ¼ 1; dp;n2 ¼ 1; Fig. 7a, b).
The scaling coefficient ðn3 Þ for the expected number of
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weevil larvae with respect to basal stem nutrient flux had
a posterior distribution that straddled two functional
responses. The majority of the posterior distribution for
n3 was  1, consistent with disproportionate scaling
between weevil colonization intensity and nutrient flux,
while the 2.5% posterior quantile for n3 was 0.87, indicating that this scaling relationship is (at a minimum)
linear over a wide range of nutrient fluxes occurring in
willow stems (Fig. 7c).
Re-attack of stems attacked the previous year.—Weevils
re-attacked flowering stems more often than non-reproductive stems in riparian zones ðdp;male ¼ 1; dp;female ¼ 1Þ.
The median odds of weevils re-attacking flowering male
or female riparian stems were 5.3 (95% HPD CI: 1.9,
10.8) or 2.6 (95% HPD CI: 1.2, 4.5) times greater, respectively, than non-reproductive stems of the same sex
(Figs. 4b, 6a, c). Female upland stems had a weak positive association between flowering and re-attack
ðdp;female ¼ 0:97Þ. The median odds of weevils attacking
flowering female upland stems were 1.7 (95% HPD CI:
1.0, 3.2) times greater than non-reproductive female
stems (Figs. 4b, 6d). Re-attack was positively associated
with
stem
diameter
ðdp;riparian ¼ 1; dp;upland ¼ 1Þ,
although we did not observe a similar threshold effect as
for upland colonization (Figs. 4b, 6). The marginal
effect of upland habitat on re-attack of non-reproductive
stems of average relative growth rate for either sex was
positive for all stem diameters ðdp ¼ 1Þ. However, our
certainty in having observed a positive marginal effect of
upland habitat on re-attack of flowering stems of either
sex decreased as stem diameter decreased from 40 mm
ðdp ¼ 0:94Þ to 10 mm ðdp ¼ 0:66Þ.
Weevil phenological compartmentalization
We observed interactions between larval cohort and
plant habitat for two weevil life stages consistent with
our predictions ðdp;egg ¼ 0:96; dp;early instar ¼ 0:96Þ. For
the senescent-feeding cohort, early instars and eggs were
both 3.5 times (95% CI: 1.8, 6.9 and 1.2, 11.1 respectively) more abundant in attacked upland stems than
attacked riparian stems ðdp ¼ 1 for both life stages;
Fig. 8). These differences were attenuated for the flushfeeding cohort, as abundances of early instars and eggs
did not differ strongly by habitat (Fig. 8).
Weevil metapopulation dynamics
Female stems consistently had higher weevil attack
rates than male stems in riparian zones (dp;2009 ¼ 1;
dp;2010 ¼ 1; dp;2011 ¼ 0:95; Fig. 9a). Low riparian colonization and re-attack rates (compared to upland areas)
caused weevil attack to decline in 2010, as many stems
escaped herbivory (Fig. 9c, e). Flowering frequencies
and stem diameters increased from 2010 to 2011, elevating the colonization rate for both sexes ðdp;male ¼ 1;
dp;female ¼ 1Þ and the re-attack rate for female stems
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FIG. 4. Weevil (a) colonization and (b) re-attack parameters. Intercepts are plant-level means (Eqs. 6–7), while all other
parameters are stem effects (Eqs. 3–4). Thin lines represent 95% equal-tailed credible intervals, thick lines represent 50% equaltailed credible intervals, and open circles are the posterior medians.

(dp ¼ 1; Tables 1, 2, Fig. 9c, e). These elevated vital rates
were offset by the fact that most riparian stems in 2011
escaped weevil attack the previous year, causing little
change in attack rates between 2010 and 2011 (Table 3,
Fig. 9a).
Attack rates did not vary strongly by year or plant sex
in upland areas, remaining consistently higher than

riparian attack rates in all years (Fig. 9b). Colonization
and re-attack rates for upland stems were much higher
than for riparian stems, limiting the ability of stems to
escape herbivory in any year (Fig. 9d, f). While stem
diameters decreased from 2010 to 2011, increased flowering in 2011 helped stabilize colonization and re-attack
rates across years (Tables 1, 2, Fig. 9d, f).
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FIG. 5. Weevil colonization rates for stems of average growth rate with respect to stem diameter and posterior predicted distributions for stem diameters available to colonize in 2010–2011 for (a) male riparian, (b) male upland, (c) female riparian, and
(d) female upland flowering (solid lines) and non-reproductive (dashed lines) stems. Gray areas represent 95% equal-tailed credible
intervals, and lines are the posterior medians for colonization rate. Squares (2010) and circles (2011) represent the posterior predictive distribution medians for diameters of stems available to colonize. Dark (light) gray bars represent the 50% (75%) equal-tailed
credible intervals of the posterior predictive distributions for stem diameters.

Willow response to weevil herbivory
Annual survival rates for stems attacked by weevils
differed substantially by habitat, with riparian stems
more likely to survive weevil attack than upland stems
(Table 4). In contrast, annual survival rates for stems
not attacked were uniformly high (Table 4). Stem
recruitment was largely restricted to plants growing in
upland areas as opposed to riparian zones (Table 5).
Plant size in riparian zones was static, with male and
female plants each exhibiting an annual growth rate of 1
(95% CI 1, 1.1). Growth rates of upland plants were considerably lower than those for riparian plants, with
upland male and female annual growth rates of 0.8 (95%
CI 0.7, 0.9) and 0.8 (95% CI 0.8, 0.9), respectively.
DISCUSSION
Our paper seeks to refocus the plant stress and plant
vigor hypotheses on resource phenology. To achieve that

goal, we have organized the Discussion to first address
why the scaling criteria described in the Methods and
Appendix S8 demonstrate that the strong effect of stem
size on the weevil colonization of upland stems represents
a legitimate vigor response. Second, we explain why the
elevated weevil colonization of flowering stems can also
be interpreted as a positive vigor response. Understanding these topics is critical to the subsequent synthetic section describing the unified plant stress/vigor hypothesis as
it relates to our unique test of White’s (2009, 2015) phenology-based predictions regarding an insect that “double
dips”. After these core concepts, we discuss three outcomes from the willow-weevil case study that have
broader importance, namely (1) detection bias and statistical design of herbivore-plant studies, (2) the limited role
insect herbivory plays in accounting for the strong female
bias observed in willow populations, and (3) the critical
importance of insect herbivores in affecting early successional change. For the Conclusion, we return to the unified plant stress/vigor hypothesis, placing our discoveries
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FIG. 6. Weevil re-attack rates for stems of average growth rate with respect to stem diameter and posterior predicted distributions for stem diameters available for re-attack in 2010–2011 for (a) male riparian, (b) male upland, (c) female riparian, and
(d) female upland flowering (solid lines) and non-reproductive (dashed lines) stems. Gray areas represent 95% equal-tailed credible
intervals and lines, are the posterior medians for re-attack rate. Squares (2010) and circles (2011) represent the posterior predictive
distribution medians for diameters of stems available for re-attack. Dark (light) gray bars represent the 50% (75%) equal-tailed credible intervals of the posterior predictive distributions for stem diameters.

about the ecological recovery of Mount St. Helens within
the larger context of plant–herbivore theory.
Quantifying vigor for herbivores that feed between sinks
and sources
Under the plant vigor hypothesis, host plant vigor is
indexed by two components, size and relative growth
rate (Price 1991). When these traits are correlated, the
relationship between herbivore attack and size is conditional on the time of sampling. For example, herbivores
may preferentially oviposit in small, fast-growing stems,
which then outgrow larger, slower-growing stems during
larval development (Faria and Fernandes 2001). Sampling stem size at the time of eclosion would avoid this
problem, but only if all stems present during sampling
were also previously available for attack and vice-versa
(Faria and Fernandes 2001). Herbivory can negatively
affect plant growth directly, although these effects can

potentially be compensated for (McNaughton 1983).
Consequently, it may not be possible to make strong
inferences about herbivore response to plant vigor using
only size data when herbivory impedes growth (see Santos and Almeida-Cortez 2011, Santos et al. 2011, White
2011). We avoided these sampling issues by tracking all
stems that were available to weevils on plants we monitored over multiple seasons. We incorporated new stems
when they became large enough for weevil attack and
bracketed each generation of weevil larvae with stem
diameter measurements. We included both stem size and
relative growth rate in our stem-occupancy model to
separate the negative association between weevil herbivory and relative growth rate from the attractive effect
of willow stem diameter on weevil attack.
Regardless of the methodological steps taken to overcome the sampling issues that arise when host plant size
and growth rate are correlated, a higher per capita herbivory rate on larger plants or plant parts does not, in
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FIG. 7. Violin plots of the posterior distributions for (a) the scaling coefficient n1 for basal nutrient flux F with respect to stem
diameter D, where D1 is a derived quantity from the Markov chain Monte Carlo (MCMC) output for n1 representing the factor
increase in F in response to a doubling in D, (b) the scaling coefficient n2 for the expected number of weevil larvae colonizing an
upland stem k with respect to stem diameter D, where D2 is a derived quantity from the MCMC output for n2 representing the factor increase in k in response to a doubling in D, and (c) the scaling coefficient n3 for the expected number of weevil larvae colonizing
an upland stem k with respect to basal nutrient flux F , where D3 is a derived quantity from the MCMC output for n3 representing
the factor increase in k in response to a doubling in F. Values above the dashed line in indicate a strong (disproportionate) responses
to F while values below the dashed line indicate a saturating response. The black dots represent early weevil instars feeding in the
cambium, the arrows represent basal nutrient flux, v is the cambium thickness, and h is the height of a stem (relative to its base)
below which oviposition occurs. Violin plots contain lines representing the 95% equal-tailed credible intervals and circles representing the posterior medians.

isolation, provide conclusive support for the plant vigor
hypothesis. Rather, it is necessary to determine the scaling coefficients between the intensity of herbivore attack,
the volume of plant parts available to herbivores, and
their sink strength (defined as the flux of nutrients to or

through these parts). Building on the concepts introduced in the sink-competition hypothesis (Larson and
Whitham 1997), we have provided a mathematical
framework to quantify these scaling coefficients for herbivores that intercept nutrients moving through the
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bars represent 95% equal-tailed credible intervals and bars are the posterior medians. Sample sizes, in terms of number of stems, are
listed above the bars.

vascular system to sinks located more distantly. In our
framework, we divided plants into their independent
plant units (IPUs), defined as portions of a plant that
are autonomous from one another due to vascular architecture (Watson and Casper 1984, Larson and Whitham
1997). We assumed the sink strength of each IPU is a
function of its sink size, i.e., the sum of all sinks on the
IPU. Consequently, we treated each willow stem as an
IPU, and assumed that fluxes of nutrients through the
cambium at the base of the stem were proportional to
the total amount of aboveground biomass supported by
that stem. Although early weevil instars were not sedentary, movement is slow as consumption of the cambium
itself is required before movement can occur. By feeding
in the cambium of the stem base, these larvae intercepted nutrients that were translocated seasonally
between above and below-ground plant parts. Three
conditions in this framework determine whether, and to
what extent, herbivores feeding in between sources and
sinks on an IPU respond positively to IPU vigor:
1) IPU sink strength must scale disproportionately with
respect to the volume of IPU available to herbivores
ðn1 Þ. Isometric scaling would cause nutrient flux to
remain constant as herbivore available resources
increased, precluding herbivores from experiencing

differences in plant quality in their local environment. Therefore, a positive vigor response necessitates a disproportionate relationship between IPU
sink strength and the volume of IPU available to herbivores.
2) The intensity of herbivore attack must scale disproportionately with respect to the volume of IPU available to herbivores ðn2 Þ. This criterion ensures that
larger IPUs were not attacked more simply because
they were larger. Stated another way, per capita herbivore attack must increase as a function of IPU volume available to herbivores for there to be a positive
vigor response. Traditionally, many studies (but not
all) testing the plant vigor hypothesis have relied on
this condition.
3) The scaling coefficient for the intensity of herbivore
attack with respect to IPU nutrient flux ðn3 Þ determines whether herbivores respond to increases in nutrient fluxes over a narrow or wide range. That is, n3
determines the degree to which herbivores respond
positively to IPU vigor. Small scaling coefficient values ðn3 \1Þ indicate that herbivores have a saturating
response to IPU nutrient flux, initially increasing
their attack as flux increases but ultimately ceasing to
respond to further increases in flux. As n3 ! 0, herbivores respond positively to increases in flux only
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FIG. 9. Annual probabilities of weevil attack for male (solid line) and female (dotted line) stems in (a) riparian zones and (b)
upland areas, weevil colonization for male and female stems in (c) riparian zones and (d) upland areas, and weevil re-attack for male
and female stems in (e) riparian zones and (f) upland areas. Error bars represent 95% equal-tailed credible intervals and circles are
the posterior medians.

when flux itself is very small, and are otherwise insensitive to changes in nutrient flux. For n3 [ 1, herbivores exhibit very strong (disproportionate)
responses to increases in IPU nutrient flux.
The simple geometry of previously unattacked upland
willow stems (virtually all were unbranched, meaning the
only location available for weevil attack was the base of

the stem) makes it straightforward to apply this framework to weevils colonizing them. However, this approach
could be generalized to insects feeding on vascular tissues
in stems with complex geometries, as well as for herbivores feeding directly on sinks, such as leaves, buds, and
inflorescences. In our case study, the observed scaling
coefficients n1 and n2 satisfied the first two conditions for
weevils colonizing upland willow stems (Fig. 7). Based on
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TABLE 1. Annual probabilities of flowering and mean stem
diameters of male and female stems available for weevil
colonization in riparian zones and upland areas.

TABLE 4. Annual probabilities of stem survival by plant
habitat and sex for stems attacked and not attacked by
weevils.

Habitat

Habitat

Sex

Flowering probability
Riparian
Male
Riparian
Female
Upland
Male
Upland
Female
Stem diameter (mm)
Riparian
Male
Riparian
Female
Upland
Male
Upland
Female

2010

2011

0.42a (0.35–0.50)
0.46a (0.39–0.54)
0.14a (0.09–0.22)
0.14a (0.09–0.19)

0.59b (0.51–0.66)
0.66b (0.59–0.72)
0.39b (0.30–0.49)
0.25b (0.19–0.32)

27.6a (25.6–30.0)
29.9a (27.5–32.9)
16.4a (15.1–18.3)
18.6b (17.0–20.8)

31.4b (28.9–34.6)
35.0b (32.1–38.7)
15.6a (14.5–17.2)
16.7b (15.7–18.1)

Sex

Attacked stems
Riparian
Male
Riparian
Female
Upland
Male
Upland
Female
Stems not attacked
Riparian
Male
Riparian
Female
Upland
Male
Upland
Female

2010

2011

0.82a (0.76–0.88)
0.90a (0.86–0.94)
0.37b (0.30–0.44)
0.39b (0.35–0.44)

0.77a (0.69–0.83)
0.80a (0.73–0.86)
0.37b (0.30–0.45)
0.48b (0.44–0.53)

0.95a (0.91–0.98)
0.97a (0.93–0.99)
0.96a (0.90–0.99)
0.92a (0.86–0.96)

0.90a (0.85–0.94)
0.89a (0.85–0.93)
0.86a (0.77–0.92)
0.85a (0.79–0.90)

Notes: Values represent posterior medians and 95% equaltailed credible intervals are given in parentheses. The superscript letters denote pairwise comparisons between years within
habitat and sex. Different superscript letters indicate that the dp
for a given year effect was ≥0.95.

Notes: Values represent posterior medians and 95% equaltailed credible intervals are given in parentheses. The superscript letters denote pairwise comparisons between habitat
within sex and years. Different superscript letters indicate that
the dp for a given habitat effect was ≥0.95.

TABLE 2. Annual probabilities of flowering and mean stem
diameters of male and female stems available for weevil
re-attack in riparian zones and upland areas.

TABLE 5. Annual probabilities of stem recruitment by plant
habitat and sex.
Habitat

Habitat

Sex

Flowering probability
Riparian
Male
Riparian
Female
Upland
Male
Upland
Female
Stem diameter (mm)
Riparian
Male
Riparian
Female
Upland
Male
Upland
Female

2010

2011

0.70a (0.61–0.77)
0.57a (0.50–0.64)
0.30a (0.21–0.41)
0.35a (0.28–0.42)

0.83b (0.74–0.89)
0.82b (0.74–0.88)
0.68b (0.56–0.80)
0.60b (0.53–0.67)

54.4a (48.5–61.9)
45.7a (41.9–50.4)
29.1a (25.9–33.2)
31.0a (28.8–33.7)

55.5a (48.8–64.7)
52.5a (46.9–59.5)
26.8b (23.3–32.5)
27.1b (25.3–29.2)

Notes: Values represent posterior medians and 95% equaltailed credible intervals are given in parentheses. The superscript letters denote pairwise comparisons between years within
habitat and sex. Different superscript letters indicate that the dp
for a given year effect was ≥0.95.

TABLE 3. The proportion of stems available for weevil reattack by plant habitat and sex in 2010 and 2011
Habitat

Sex

2010

2011

Riparian
Riparian
Upland
Upland

Male
Female
Male
Female

0.44a (0.43–0.46)
0.54a (0.52–0.55)
0.45a (0.41–0.49)
0.53a (0.49–0.56)

0.38b (0.37–0.39)
0.38b (0.37–0.39)
0.39b (0.37–0.40)
0.51a (0.51–0.52)

Notes: Values represent posterior medians and 95% equaltailed credible intervals are given in parentheses. The superscript letters denote pairwise comparisons between years within
habitat and sex. Different superscript letters indicate that the dp
for a given year effect was ≥0.95.

the posterior distribution for n3, early weevil instars were
limited to a greater degree by the flux of nutrients in their
local environment than by the total volume of cambium

Riparian
Riparian
Upland
Upland

Sex
Male
Female
Male
Female

2010
a

0.04 (0.02–0.07)
0.05a (0.03–0.07)
0.17b (0.13–0.22)
0.11b (0.09–0.14)

2011
a

0.02 (0.01–0.04)
0.03a (0.02–0.06)
0.18b (0.13–0.24)
0.11b (0.08–0.15)

Notes: Values represent posterior medians and 95% equaltailed credible intervals are given in parentheses. The superscript letters denote pairwise comparisons between habitat
within sex and years. Different superscript letters indicate that
the dp for a given habitat effect was ≥0.95.

available as a resource, although density dependence is
likely a factor as colonization intensity increases to the
point where space for tunneling becomes limiting. Collectively, these results suggest that weevils colonizing upland
stems responded positively to vegetative stem vigor.
Weevil response to reproductive vigor
Much like the clearcut weevil response to upland stem
size, the association between willow flowering and weevil
colonization and re-attack can also be interpreted as a
positive response by weevils to stem vigor, as reproductive buds serve as strong nutrient sinks that contribute to
stem sink strength (Kozlowski 1992, Dawson and Bliss
1993, Dawson and Ehleringer 1993). Habitat differences
in willow phenology and reproductive allocation may
explain why the weevil response to reproductive vigor
was stronger in riparian zones than upland areas
(Figs. 5–6). Upland Pumice Plain willow flowered from
roughly late May to early June, and female plants set
seed by mid July. Nitrogen and phosphorus allocated to
reproduction in riparian stems greatly exceeded that for
upland stems (Che-Castaldo et al. 2015). Willow reproductive phenology in riparian zones was typically
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delayed due to lingering snow that accumulates during
winter in stream beds, and it is possible that these large
nutrient pulses designated for reproduction were better
synchronized with weevil oviposition and early instar
feeding in riparian zones than upland areas.
Ecological costs associated with reproduction remain
a largely unexplored topic, despite its importance as a
selective force on plant life history (Klinkhamer et al.
1997, Obeso 2002, Miller et al. 2008). Although weevil
larvae do not feed directly on reproductive structures
(unlike other systems in which herbivorous insects
impose ecological reproductive costs; e.g. Rose et al.
2005, Miller et al. 2006), weevil herbivory imposes a
multi-year demographic cost on flowering riparian
plants. Flowering elevates the risk of weevil colonization,
and once attacked these stems suffer decreased stem survivorship (Table 4) and increased stem vulnerability to
re-attack the following season regardless of reproductive
status (Fig. 6a, c). Weevil attack may reduce reproductive allocation and/or seed viability (see Courtney 1985),
although investigating such costs were beyond the scope
of this study.
Weevil dynamics support a unified plant stress/vigor
hypothesis
The plant stress and plant vigor hypotheses were originally conceived as explanations for the distribution of
herbivorous insects on stressed host plants. In particular,
both hypotheses focus on the responses of immature herbivores to the age of their food source and can be considered components of a single integrative plant stress/
vigor hypothesis. We disagree with White (2009) who
argued that other host physiological responses to stress,
such as changes in water content or secondary metabolites, should be excluded from this unified hypothesis. As
demonstrated in reviews by Larsson (1989) and Huberty
and Denno (2004), these responses are relevant, as they
dictate whether herbivores can physically access
enhanced nutrient availability in stressed plant tissues or
metabolically benefit from increased tissue quality.
Drought stress can increase host secondary metabolite
concentrations (Herms and Mattson 1992, Kessler and
Baldwin 2002, Howe and Jander 2008, Akula and Ravishankar 2011) and may preclude herbivores from taking
advantage of any concomitant increases in nutrient quality (Larsson 1989, Huberty and Denno 2004). Alternatively, drought stress may reduce host defenses,
improving plant quality for herbivores in non-nutritive
ways. This latter effect is largely responsible for the
strongly positive guild-level response of wood borers to
host drought stress (see reviews by Larsson 1989, Koricheva et al. 1998, Huberty and Denno 2004). Researchers have attributed these results to reductions in
constitutive or inducible host plant defenses under water
stress, namely oleoresin exudation pressure (which physically prevents tree access; Hodges and Lorio 1971), bark
moisture (which drowns eggs or young larvae; Hanks
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et al. 1991, 1999), and hypersensitivity response (which
dissuades herbivory via cell necrosis; Christiansen et al.
1987).
While positive responses of herbivores to host plant
stress strictly due to reduced plant defenses have traditionally been seen as support for the plant stress hypothesis (Huberty and Denno 2004), they do not test its
underlying phenological assumptions. Instead, analyses
involving factors such as insect developmental stage and
host tissue age, would provide a clearer picture of the
overall usefulness of this unified plant stress/vigor
hypothesis. Unfortunately, experimental tests typically
do not include these factors in their design (for example,
see Krugner et al. 2009, Mody et al. 2009, Paine and
Hanlon 2010, Gutbrodt et al. 2011, Simpson et al. 2012,
Tariq et al. 2012, Banfield-Zanin and Leather 2015a, b,
Couture et al. 2015, Dardeau et al. 2015, Brewer et al.
2016, Helmberger et al. 2016, Pineda et al. 2016, Valim
et al. 2016), even though such elements are central to
this unified hypothesis.
A key, but previously untested, prediction of the unified plant stress/vigor hypothesis is that insects that
“double-dip”, meaning they alter feeding mode throughout their life cycle, should respond positively to plant
stress when senescent-feeding and positively to plant
vigor when flush-feeding (White 2009, 2015). At Mount
St. Helens, semi-voltinism (combined with varying host
plant conditions at the times of oviposition and early
instar feeding) means that weevils act as double-dippers,
with spring flush-feeding and fall senescent-feeding early
weevil instars (Fig. 2). Weevil colonization was strongest
on upland plants, which we believe is a proxy for seasonal host plant drought stress, and in vigorous stems,
as quantified by stem size and reproductive status
(Figs. 4a, 5, 7). Furthermore, these responses are likely
phenologically compartmentalized, as weevil egg and
early instar abundances were skewed toward droughtstressed upland stems when these larvae were senescentfeeding during the fall. In contrast, there was no appreciable difference between habitats in the spring when willows were not drought-stressed and weevil larvae were
flush-feeding (Fig. 8). These results are consistent with
the predictions of both the plant stress and vigor
hypotheses for insects that double-dip, and we hypothesize that stress-induced differences in the nutritional
quality of cambium consumed by early weevil instars
strongly contributed to weevil herbivory dynamics. We
base this on the following points:
1) Reductions in host plant defenses that typically cause
wood-borers to be more abundant on stressed plants
were unlikely to be important factors promoting weevil attack of seasonally water-stressed upland willow.
Broberg et al. (2010) found that sap flow did not
cause early instar larval drowning or egg pitching in
well-watered Populus hybrid clones attacked by C. lapathi, and the most susceptible clones had the highest
bark water content during oviposition. Although
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resistant poplar hybrid clones displayed larval
antibiosis to early C. lapathi instars (Broberg et al.
2005), a detailed investigation of known susceptible
and resistant clones found no clearly defined differences in primary or secondary metabolites, suggesting that resistance likely involves a non-salicylate
mechanism (Broberg et al. 2010). There is one
reported case of hypersensitivity in Salix (H€
oglund
et al. 2005), but hypersensitivity responses are mainly
restricted to sessile-feeders that cannot physically
evade such responses (Fernandes 1992). Although
early weevil instars feed endophytically, their tunneling indicates they do move around in the cambium.
Moreover, the pattern of weevil attack in this case
study runs counter to the prediction that moderate
water stress results in an increase in secondary
metabolites (Herms and Mattson 1992).
2) Early instars often represent the most vulnerable of
insect life stages, and this is likely the case with C. lapathi as well (Zalucki et al. 2002, Broberg and Borden 2005). Early instars typically have the highest
relative growth rate and consumption rate, but the
lowest gross growth efficiency of all larval stages
(Scriber and Slansky 1981). In many invertebrate species, food nitrogen content is positively correlated
with gross growth efficiency, a limiting factor on relative growth rate (Mattson 1980). Unsurprisingly,
early instars show greater selectivity for high quality
foods, and increased mortality for early (but not
later) instars when plant quality declines (see reviews
by Scriber and Slansky 1981, Zalucki et al. 2002).
Larval antibiosis observed in resistant hybrid poplar
clones prevented xylem penetration by C. lapathi,
indicating that early weevil instars are highly susceptible to bark conditions (Broberg and Borden 2005).
In addition, one of the two Populus clones susceptible
to C. lapathi herbivory had elevated levels of nitrogen, total carbohydrates, and protein during oviposition, suggesting that nutrient content may be
important to weevil early instar survival (Broberg
et al. 2010).
3) Few studies have examined how wood borers respond
to plant vigor (Cornelissen et al. 2008), but collectively those that do suggest a positive response by
borers to host plant vigor (Verma and Kaul 1996,
Caldeira et al. 2002, Cunningham and Floyd 2006,
Chen et al. 2011). For example, Feller and Mathis
(1997) found that the stem-boring Elaphidion spp.
responded positively to plant vigor, as these herbivores were more abundant on red mangrove (Rhizophora mangle) experimentally fertilized with
phosphorus or naturally growing on local nutrient
hotspots. Plant quality may be especially important
to wood borer early instars because faster growth
lowers mortality due to mandibular wear by reducing
the time between molts (Raupp and Denno 1983).
This problem may be exacerbated for young larvae,
as their mandibles are less effective for consuming
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woody tissue (Bergvinson et al. 1995). Late weevil
instars harvested from willow stems during this study
showed high levels of mandibular wear and a large
proportion of those mandibles were in apposition,
rendering them unable to feed. This suggests a survival cost to feeding in low nutrient quality wood
when young.
4) The weevil herbivory dynamics we observed on the
Pumice Plain were typical for this species, as C. lapathi attacks large stressed plants in dry sites across its
geographic range. Broberg et al. (2001) found that
the intensity of weevil attack on Salix scouleriana in
British Columbia increased drastically on sites that
experienced summer drought. In North Dakota,
Salix planifolia populations that experienced high
levels of weevil attack occurred in dry areas, but these
herbivore impacts were reduced with increased soil
moisture (Froiland 1962). Similar patterns of
increased weevil attack on stressed trees were
observed in other studies (Woods et al. 1982, Kistek
1989). In a survey of weevil attack patterns on 17
Salix species across 45 sites in British Columbia, Broberg et al. (2001) found disproportionately higher
attack of larger Salix stems than would be expected
by chance, suggesting that stem vigor contributes to
weevil host plant preference and performance.
Why detection matters in plant herbivore studies
Statistical methods accounting for detection errors in
observational studies have become widely used throughout ecology (MacKenzie et al. 2002, 2003, Tyre et al.
2003). One exception is plant–herbivore studies, where
few have modeled detection (but see Sileshi 2007, Kery
et al. 2009, Russo et al. 2011, Govindan et al. 2012,
Chiari et al. 2013, Govindan and Swihart 2014).
Instead, detection is assumed to be perfect in these studies, even though insects are often cryptic and easy to
miscount or fail to observe entirely. Accounting for
detection is important because even low levels of nondetection bias the estimated relationship between state
variables and model covariates and reduce parameter
precision (Gu and Swihart 2004). Furthermore, model
covariates that are confounded with detection lead to
biased predictions of species distributions (Kery et al.
2010). This last issue may be crucial when examining
how vegetation architecture and texture affect insect herbivore abundance, as these factors are also likely to be
confounded with the detection of insects in experimental
plots or survey sites. Our study provides a cautionary
tale of why it is important to model detection even when
the detection rate is very high, in our case ≥ 80%
(Fig. 3). Upon refitting the weevil occupancy model
using a single visit per stem and assuming perfect detection (p = 1), the parameter measuring the effect of stem
diameter on upland colonization (b4;upland Þ was biased
downwards. We would have inferred that weevils were
not disproportionately attacking larger upland stems, a
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finding that would have reversed our conclusion that
weevils respond positively to plant vigor when colonizing upland plants.
Effects of sex-biased herbivory were limited
Dioecious host plants often experience sex-biased herbivory, with the common pattern being that males suffer

greater damage than females (see reviews by Agren
et al.
1999 and Cornelissen and Stiling 2005). Sex-biased herbivory at the host-plant population level reflects the
cumulative effects of sexual dimorphism in plant quality
traits as well as herbivore response to these traits. We
observed limited sexual dimorphism in the stem covariates (stem diameter and frequency of reproduction) and
stem survivorship following weevil attack, while weevil
response to stem reproductive status did not vary
strongly or in a systematic way by host plant sex
(Table 1, 2, 4, Fig. 4). Nonetheless, we observed a consistent female bias in riparian weevil herbivory that persisted throughout our study (Fig. 9a). Preferential
attack of female stems by weevils is contrary to the often
observed male-biased herbivory in Salix (Danell et al.
1985, Elmqvist et al. 1988, Alliende and Harper 1989,
Boecklen et al. 1990, 1994, Hj€alten 1992), and does little
to explain the strong female bias observed in reproductively mature willows on the Pumice Plain (Che-Castaldo et al. 2015). Understanding the causes of sex ratio
bias in dioecious plants populations is an open question
of considerable interest in ecology and evolutionary
ecology (Field et al. 2013). These results further reinforce the idea that early-acting genetic factors are likely
a primary determinant of female-biased sex ratios
observed in Salix populations worldwide (Ueno et al.
2007, Myers-Smith and Hik 2012, Che-Castaldo et al.
2015, Pucholt et al. 2017).
How weevil herbivory dynamics drives successional change
Weevil attack dynamics differed considerably between
riparian zones and upland areas. High upland colonization and re-attack rates led to weevil resource regulation
via the juvenilization of willow plants (sensu Craig et al.
1986). Weevil herbivory removes apical dominance without feeding directly on apical buds, a form of resource
regulation similar to the swift moth Endoclita excrescens,
which bores stems of various willow species (Utsumi and
Ohgushi 2007). While the pattern of auxiliary bud activation in weevil-attacked willow is consistent with hormonal disruption (Utsumi and Ohgushi 2007), it could
also be caused by direct stimulation in response to physical damage by weevils. In this case, weevil herbivory mirrors the damage willows receive during flooding,
triggering the same kind of adaptive regrowth response
(Karrenberg et al. 2002).
We routinely observed upland stems becoming
branchier in response to weevil herbivory, as secondorder stems increased in size on attacked stems that
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survived. Attacked upland plants became smaller over
time as large stems succumbed to weevil attack, shifting
the distribution of stem diameters downwards in 2011
(Figs. 5b, d, 6b, d). Moreover, the activation of dormant
buds on the caudex of attacked plants resulted in the
recruitment of small first-order stems (Table 5). Despite
high upland stem mortality (Table 4), upland plant mortality was low (Che-Castaldo et al. 2015), indicating that
weevil-induced juvenilization could replenish the pool of
stems available to later weevil generations on the same
plant. In contrast to other examples of juvenilization
caused by phytophagous insects (see review by Craig
2010), willow juvenilization did not immediately benefit
weevil larvae, as stems usually take two or more growing
seasons to become large enough to be attacked. However, we have observed multiple cases of weevil larvae
boring very small stems via caudex oviposition, suggesting some new stems may be immediately available for
weevils to attack the following growing season.
Newly recruited stems, or stems that escaped attack
the previous year, were colonized less frequently by weevils in riparian zones than in upland areas (Fig. 5). This
created refugia from weevil attack (especially for nonreproductive stems), which allowed riparian stems to
grow to sizes where they exhibited strong tolerance for
weevil damage, as evident by their reduced mortality
rates compared to upland stems (Table 4, Figs. 5–6).
The contrasting weevil colonization patterns between
habitats (that led to either host juvenilization or tolerance) had a profound effect on willow density and structure, thereby underpinning the pronounced differences
in willow spread on the Pumice Plain. In riparian zones,
willows form dense canopies 3–5 m tall and are the
dominant woody shrub. In upland areas, often only a
few meters away, willow plants are sparse and shrubby,
with individual plants typically <1.5 m in height
(Appendix S1: Fig. S2a). Long-term experimental exclusion of weevils from willow plants in upland sites over
an 8-yr period (2008–2016) resulted in an 11-fold
increase in total basal stem area, with upland stems
reaching diameters similar to large riparian stems,
whereas basal diameter of control plants remained
unchanged (J. G. Bishop, unpublished data). This
strongly supports the hypothesis that habitat differences
in willow plant size are a consequence of weevil herbivory, and not habitat-specific environment conditions.
Previous work on Mount St. Helens has shown that
resource scarcity and stress play a large role in structuring early successional plant communities (Wood and Del
Moral 1987, Del Moral and Wood 1993, Halvorson and
Smith 1995, Bishop 2002). For example, plant quality
drives consumer-resource dynamics between Lupinus
lepidus var. lobbii, a native nitrogen-fixing legume colonizing the Pumice Plain, and its suite of lepidopteran
herbivores (Fagan and Bishop 2000, Fagan et al. 2004,
2005, Apple et al. 2009, Bishop et al. 2010). Other studies of primary succession have found that fast-growing
competitive woody plants, such as willow, become
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established before giving way to seres dominated by
slower-growing stress-tolerant woody plants (Walker
and Chapin 1986, Walker et al. 1986). We propose that
the juvenilization of willows by weevils is delaying the
establishment of a willow dominated sere and facilitating
autogenic succession of the moss/herb-dominated community in upland areas of the Pumice Plain (Crisafulli
et al. 2018). Because habitat structure (for nesting and
hiding) and plant community composition (which determines food resources) jointly drive vertebrate diversity
patterns at Mount St. Helens (MacMahon et al. 1989,
Crisafulli and Hawkins 1998, Crisafulli et al. 2005,
Swanson et al. 2011, Larsen 2013), weevil herbivory
plays an outsized role in shaping spatial aspects of primary succession and the regional food web, as well as
allowing for alternative community trajectories.
CONCLUSION
In general, herbivorous insects employing phenological compartmentalization to respond to both host plant
stress and vigor do more than highlight the false dichotomy of the plant stress and plant vigor hypotheses. As
we found at Mount St. Helens, the relative phenology of
plants and their consumers, in particular the transitory
availability of high quality plant resources needed by
fast-growing early instars, not only affected plant–herbivore dynamics but also had important successional consequences as well. The resource phenology we observed
underscores the need to refocus the plant vigor and
stress hypotheses into a single framework as originally
intended, one that deals directly with how stress and
vigor affect the synchronization of host plant nutrient
pulses available to vulnerable herbivore life stages. We
see substantial overlooked value in using the unified
plant stress/vigor hypothesis for this purpose, as we
know of no other phenologically explicit framework
better able to address this question.
Herbivores from other guilds besides internal feeders
will likely be exposed to a wider array of host physiological responses to stress (Huberty and Denno 2004), making their responses to stress and vigor more varied.
However, as mentioned above, this unified hypothesis
already accommodates the potential for plant defenses,
or other physiological responses to stress, to prevent or
enable herbivores from taking advantage of stressinduced increases in nutrient content. As such, this inclusiveness allows for testable predictions for any herbivore
as functions of its feeding mode (senescent vs. flush), life
stage that most benefits from enhanced food quality, and
host plant tissue age when stress occurs. We suggest that
this framework should incorporate and expand upon the
allometric scaling and herbivore detection concepts we
introduced in this study. This would add a needed mechanistic basis to the original plant vigor hypothesis while
providing a strong test for determining whether herbivores can respond to plant vigor given the allometry and
architectural complexity of their host plants.
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