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Climate change models predict increased forest fire occurrence and severity in the near

future. Forest fire disturbance affects multiple ecological interactions, but there is little

evidence for how naturally-occurring fires affect plant quality and herbivore damage,

which is important because plants and herbivorous insects comprise most of the diversity

in natural ecosystems and are responsible for a variety of ecosystem services. We

surveyed three fires in the Rocky Mountains to investigate the effects of fire severity

on wax currant (Ribes cereum), an important source of food and cover for wildlife in

Colorado. We measured plant quality and herbivore damage; we found that fire severity

had a significant negative effect on both measures. Notably, high severity fires decreased

herbivore damage by about 50%. Furthermore, we found that the effect of fire on insect

herbivore damage is mostly direct, but that indirect effects mediated through changes in

plant quality are also significant. Our results have important implications for the effects

of climate-driven increases in fire severity on plant-insect interactions, illustrating strong

direct and weaker indirect negative effects of fire severity in a forest ecosystem.

Keywords: fire severity, herbivore damage, Lepidoptera, plant quality, Polygonia gracilis zephyrus, Rocky

Mountains, wax currant, Ribes cereum

INTRODUCTION

Forest fires affect ecological interactions, population and community structure, as well as nutrient
cycling, and thereby act as an important disturbance that shapes ecosystems (Veblen et al., 1994;
Van Langevelde et al., 2003; Kay et al., 2008). Fires can significantly change an organism’s habitat
including the availability of food, water, and shelter, and these habitat alterations can drastically
affect the animal communities in that area (Koltz et al., 2018). It is important to understand how
community interactions are affected by fire because fire activity is predicted to increase in the
near future due to global climate change (Flannigan et al., 2000). Climate change models project
a 25–50% increase in the area burned in the United States through the year 2100, and an increase
in fire severity of 10–50% across much of the US by 2060. As annual temperature increases due
to climate change, more fires will occur, which will lead to changes in forest assembly (Flannigan
et al., 2000; Dale et al., 2001; Clark et al., 2017). For example, lower montane forests are predicted to
experience a lower frequency of fires that are more severe (Rocca et al., 2014). Changes in severity
and frequency of forest fires may lead to more appreciable changes in an ecosystem. However, few
studies so far investigated how fire severity might affect insect-plant interactions, which are a key
driver of forest ecosystem dynamics.
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Fire affects herbivores including mammalian grazers (Green
et al., 2015) and arthropods (Knight and Holt, 2005), but
the impacts of fire on arthropod communities are especially
important to understand since arthropod herbivores are a key
driver of forest ecosystems. For example, insects play important
roles in shaping succession and biodiversity (McCullough et al.,
1998), nutrient cycling and ecosystem processes (Kay et al.,
2008), and even restructuring pollinator networks (Peralta et al.,
2017). Fire may reduce arthropod abundance (in spittlebugs,
Martin et al., 1999; in caterpillars, Diniz et al., 2011) or have
no effect (Christie and York, 2009). But more often, fire can
have positive effects on arthropods, increasing abundance and
affecting community structure (in spruce beetle, Bebi et al., 2003;
in ground beetles, Gandhi et al., 2008; in butterflies, Scandurra
et al., 2014; in grasshoppers, Joubert et al., 2016). These effects
depend on the arthropods and plants studied, the type of fire
(e.g., wildfire, prescribed, surface, crown, etc. McCullough et al.,
1998) as well as the frequency and severity of the fire disturbance
(Schowalter, 2012). The complexity of these outcomes is further
confounded by species interactions; for example, fire alone may
not affect insect communities, but fire in conjunction with
grazing mammals can reduce arthropod richness and abundance
(Bailey and Whitham, 2002; Jonas and Joern, 2007) and can
interact with time since fire to reduce density of a pollinator
species (Moranz et al., 2014).

Fire may also indirectly affect herbivores by altering the plants
they consume (Wan et al., 2014); thus it is critical that we
understand how fire affects plants. First, fire directly changes
biomass and size structure of the plant community (Higgins
et al., 2007). Fire also shapes plant communities; low-severity
fires boost plant species abundance and richness while high-
severity fires may have the opposite effect (Pourreza et al., 2014).
Fire can also affect plant growth, for example causing trees to
produce more leaves (Lopes and Vasconcelos, 2011). Important
for herbivores, fire also changes host plant quality (e.g., increasing
crude protein content in leaves, Greene et al., 2012). While fire
does not always change plant chemistry (Christie and York,
2009), fire can affect soil properties like soil carbon and water
holding capacity (Kitzberger et al., 2005), which can affect plant
nutrient content (Huang and Boerner, 2007). In some cases, fire
causes plants to increase chemical defenses against herbivores
(Wan et al., 2014).

While fire directly shapes plant communities, insect
herbivores are in turn affected by their host plants. Plant
community composition affects the herbivore community
(Haddad et al., 2001) and herbivore density after fire is positively
correlated with plant cover (e.g., Hahn and Orrock, 2015). Host
plant quality is perhaps most important for our understanding
of how fire, plants, and herbivores interact. Host plant quality
directly affects insect herbivore fitness (Awmack and Leather,
2002); a recent meta-analysis showed that insect herbivores
have greater fitness on better quality plants (Vidal and Murphy,
2018). Plant quality may also affect immune defense (Klemola
et al., 2007), insect life history traits like whether to enter
diapause (Hunter and McNeil, 1997), and even the distribution
of insect herbivores (Egan and Ott, 2007). Plant quality can
influence herbivores through three common measures of quality:

FIGURE 1 | A conceptual model of how herbivore damage may be affected by

fire severity either indirectly via changes in host plant quality (i.e., fire severity

directly affects host plant quality [path A], which then affects herbivore

damage [path B]), or directly via changes to the habitat [path C].

toughness, water content and ratio of carbon to nitrogen (C:N)
in leaves. For instance, a generalist herbivore was found to
have lower pupal mass when reared on tougher leaves (Barnes
and Murphy, 2018), and tougher leaves usually have fewer
digestible components, which can inhibit larval feeding (Feeny,
1970). Herbivory seems to be positively related to water content
(Faeth, 1985), possibly because low water content can make
leaves less succulent and attractive to insect herbivores (Feeny,
1970). Finally, insect herbivores are usually limited by the
nitrogen content of their host plants, and thus a lower C:N ratio
corresponds with higher insect fitness (Mattson, 1980).

As herbivores are directly affected by plant quality traits, the
effect of fire on insect herbivores could be direct or indirectly
mediated by changes in plant quality (Figure 1). Fire is known
to affect host plant quality (Figure 1 path A, e.g., McCullough
et al., 1998; Kay et al., 2007, 2008; Greene et al., 2012; Wan
et al., 2014; Hood et al., 2015), and host plant quality affects
herbivore fitness, abundance, and diversity (Figure 1 path B, e.g.,
Vidal andMurphy, 2018, and references therein). However, these
indirect effects of fire on herbivores via plant quality are not
well understood (but see Christie and York, 2009; Kim and Holt,
2012; Hahn and Orrock, 2015). Additionally, fire may directly
affect insects, either positively or negatively, through fire or
heat mortality or through changes in habitat structure (Figure 1
path C, e.g., Kim and Holt, 2012). All of the studies that have
tried to tease apart the direct and indirect effects of fire on
insects have studied prescribed fires, not wildfires. For example,
Vogel et al. (2010) found that the indirect effect of fire through
changes in vegetation composition had a stronger impact on the
abundance of prairie butterflies than the direct impact of fire.
Kim and Holt (2012) found that fire affected insect communities
indirectly through change in habitat structure instead of directly
via changes in host plant quality, and Kay et al. (2007) found
a strong indirect effect of fire through canopy openness. These
studies used time since fire or fire frequency to explore the
variable effects of fire, but prescribed fires are generally less severe
than wildfires (e.g., Dooley and Treseder, 2012; Stephan et al.,
2015). Given that fire severity is projected to increase with climate
change (Flannigan et al., 2000; Dale et al., 2001; IPCC, 2014;
Rocca et al., 2014; Clark et al., 2017), it is important to understand
if severity influences herbivores directly, or indirectly via plant
quality or habitat structure.
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It remains untested if fire severity affects host plant quality
and herbivore damage using wildfires, which vary significantly
in severity from prescribed fires. We studied three wildfires in
the Colorado Rocky Mountains and measured herbivore damage
on a dominant understory plant in these forests, wax currant
(Ribes cereum), which occurs in unburned, low severity, and high
severity burn areas of each fire that we studied. We measured
herbivore damage caused by all chewing herbivores as well as by
a specific herbivore, the Zephyr Anglewing butterfly (Polygonia
gracilis zephyrus; hereafter Polygonia). As Polygonia larvae feed
on their host plant, they leave behind a unique stripping pattern
that is easily identifiable (Stout, 2008), which allowed us to
differentiate their damage from damage by other herbivores.
Here we test if fire severity affects herbivore damage directly
(Figure 1 path C) or indirectly through change in host plant
quality (Figure 1 paths A,B) in order to answer the important
question of how fire severity affects insect herbivores.

METHODS

Study Location and Site Selection
We surveyed three forest fires within Pike National Forest in
the Front Range of Colorado that burned between 1996 and
2002: Buffalo Creek (1996), High Meadows (2000), and Hayman
(2002). We surveyed plants for herbivore damage and collected
samples to measure plant quality in July 2016, so time since
burn varied from 16 to 22 years. Our study sites were located
in a subalpine forest ecosystem dominated mainly by Douglas
fir and Ponderosa pine trees with mixed vegetation in the low
herbaceous layer that included our focal host plant, wax currant
(R. cereum). Wax currant plants are usually killed by fires, but
seeds in the soil benefit from fire and new plants germinate
well, especially after short duration, low severity fires (Marshall,
1995). Wax currants sprout quickly after fires and as they
are an alternate host for white pine blister rust (Cronartium
ribicola), their recovery from fire is thought to be important to
the pathology of this rust and its implications on white pine
(Zambino, 2010). Wax currant is a useful indicator species of
historical fire regime along the Front Range (Keith et al., 2010).

To assess the impact of fire severity on plant quality and
herbivore damage, we identified three regions within each
fire that varied in fire severity: unburned, low severity, and
high severity. We determined fire severity using data overlays
provided by the United States Forest Service (MTBS Data Access:
Fire Level Geospatial Data, 2016, April-last revised). Each of the
fires was heterogeneous with regard to fire severity (Figure 2)
and thus we were able to select sites that were interspersed so
that severity types were not clustered together geographically.
We visited each site to ensure that the site matched the severity
determined by satellite imagery. We characterized high severity
sites as completely burned with mostly fallen trees, few standing
trees, and little to no canopy cover. We characterized low severity
sites as having some standing, scorch-marked trees, and some
fully burned fallen trees. We characterized unburned sites as
sites with heavy canopy cover and no evidence of burn damage.
We selected new sites if, after ground-truthing, the sites did not
reflect these characteristics. However, for both the Hayman and

High Meadows fires we could find only two unburned sites that
had wax currant plants or that did not have active cattle grazing;
thus, we had a total of 25 sampled sites (Table 1).

Host Plant Density
We surveyed the density of wax currant plants at each site by
haphazardly choosing a focal wax currant plant that was located
at the approximate center of the site.We then used a transect tape
to measure 25m in each cardinal direction from the central plant,
and those points were marked with flags, creating four triangular
quadrants (Supplementary Figure 1). To measure density, we
counted the number of wax currant plants in each quadrant,
calculated a mean number of plants/m2 and then averaged those
values across the four quadrants to calculate a mean number of
plants/m2 per site.

Host Plant Quality and Herbivore Damage
We sampled wax currant plants to measure plant quality and
herbivore damage at each site. We aimed to sample 5 plants per
site and used the same 4 transects that we established to measure
plant density. The first plant that we sampled at each site was the
focal plant at the center of the quadrant. For the other 4 plants, we
chose the plant that was the closest to the 10m mark along each
of the 4 transects. Not all sites had 5 wax currant plants and if a
site had fewer plants, we sampled all of them at the site (n = 118
plants sampled; Table 1).

To measure herbivore damage, we haphazardly chose two
stems from each plant and counted the number of branches
coming off of each stem. We then noted the presence or
absence of herbivore damage on each branch along the stem. We
calculated the percent damage for each plant as the number of
branches with herbivore damage divided by the total number of
branches per stem. We also noted whether the herbivore damage
was due to Polygonia larvae, which leave a unique striping
pattern on leaves that is easily identifiable. We also measured the
maximum height and width of each plant as well as the number
of stems as a measure of plant size.

To assess plant quality, we haphazardly selected two branches
from each plant (these branches were not the same as those used
to measure herbivore damage), removed the branches from the
plant with clippers, and immediately placed them in a cooler
filled with ice. We transported samples to the laboratory at the
University of Denver and froze them (−20◦C) until testing. In
the lab, we thawed the plant samples, rinsed them with water to
remove dirt, and then let them dry for 15min.We then randomly
selected 10 leaves from each plant by choosing every tenth leaf
along both branches. We measured the wet mass of all 10 leaves
as a group (to the nearest 0.01mg) and then haphazardly selected
5 leaves to measure leaf toughness. For each of these 5 leaves, we
measured the length of each leaf from the tip of the leaf along the
central vein to the base of the stem andmeasured width across the
widest section of the leaf (to the nearest 0.5mm). We measured
toughness using a modified version of the sand-pouring method
described by Feeny (1970). We attached a safety pin through the
leaf 0.1 cm up from the base of the stem, along the central vein,
and then attached the safety pin to a cup by a string. We poured
sand into the cup until the safety pin broke all the way through
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FIGURE 2 | Satellite imagery of the area burned and severity of the High Meadows fire (left) and the Buffalo Creek fire (right) in Colorado; Hayman fire not shown

(MTBS Data Access: Fire Level Geospatial Data, 2016, April-last revised). Dark green indicates unburned areas, yellow indicates low severity burn areas, and red

indicates high severity burn areas.

the leaf and weighed the sand. We calculated a mean value per
plant using all of the leaf toughness values. After measuring
toughness on five leaves, we dried all 10 leaves from each plant
for 3 days at 60◦C and then weighed them as a group once
dry. We calculated percent water by subtracting dry mass from
fresh mass and dividing by fresh mass. We performed all water
content and leaf toughness mass measurements using a Scout
Pro Ohaus Balance (Ohaus Corporation, Pine Brook, NJ USA).
For each plant, we ground the dry leaves using a Retsch MM
400 Model mixer mill (Retsch GmbH, Haan, Germany), weighed
them using a Mettler-Toledo XP6 microbalance (Mettler-Toledo,
Columbus, OH), and rolled them into tin capsules (Elementar
Americas). We sent the samples to Cornell University Stable
Isotope Laboratory to be analyzed for %N and %C using an
elemental analyzer-stable isotope ratio mass spectrometer system
(Thermo Delta V Advantage IRMS and Carlo Erba NC2500 EA
systems).

Data Analysis
We analyzed our data in two ways, using model selection and
mediation analysis. We first used the model selection approach
to determine which factors influence plant quality and herbivore
damage. In those models, we included all variables that could
explain the response variables of interest and using backward
selection we could infer which of the variables best explained the
changes in plant quality and herbivore damage. We performed
3 independent model selections to analyze: (1) the effect of fire
severity and plant characteristics on plant quality (Figure 1, path
A), (2) the effect of plant quality on insect herbivore damage
(Figure 1, path B), and (3) the effect of plant quality, plant
characteristics, and fire severity on herbivore damage (Figure 1,
paths B+C). For all our models, site was included as a random
factor. To test the effect of fire severity and plant characteristics

on plant quality (model selection 1), we had three response
variables: toughness, water content, and C:N ratio. For each
response variable, we performed a backward model selection
starting with all the predictor variables included, which were fire
identity, fire severity, the interaction between fire identity and fire
severity, plant size, leaf size, and density of Ribes plants at the
site. The variables that measure plant size are colinear with each
other, as well as the measures of leaf size, which may result in
wrong interpretations of statistical significance (Graham, 2003).
Therefore, we performed principal component analyses for the
variables that measured plant size and leaf size to deal with their
collinearity and used the eigenvalues that explained most of the
variance in our models (as suggested by Graham, 2003). For leaf
size we used the variables leaf width and leaf length to perform
the PCA. In our models, we used the first eigenvalue axis that
explained 93.4% of the variance in the data. For plant size, we
used height, width, and length of each plant measured. In this
case, the first axis explained 70.1% and the second explained
18.8% of the variance, and thus we used both in our models.
All PCAs were performed using JMP 11 R©. Plant density was not
normally distributed, but the log of density was, which we used
in our analysis.

To test if plant quality had an effect on herbivore damage
(model selection 2), we had 2 response variables that we tested
separately: overall herbivore damage and herbivore damage by
Polygonia. Polygonia herbivore damage did not follow a normal
distribution, so we used the log transformed data of Polygonia
damage + 1. The fixed effects were toughness, C:N ratio, and
percent water content. To test the effect of plant quality, plant
characteristics, and fire severity on herbivore damage (model
selection 3), we had two response variables: overall herbivore
damage and herbivore damage by Polygonia. The fixed effects
for the starting model were toughness, percent water, C:N ratio,
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TABLE 1 | GPS coordinates for each of the sampling locations and number of wax currant plants sampled at each site.

Fire Site Unburned Low severity High severity

Buffalo Creek 1 39◦ 20.390′ N 39◦ 20.955′ N 39◦ 21.090′ N

105◦ 20.238′ W 105◦ 19.074′ W 105◦ 18.914′ W

n = 5 n = 5 n = 5

2 39◦ 20.755′ N 39◦ 21.156′ N 39◦ 21.244′ N

105◦ 15.260′ W 105◦ 19.058′ W 105◦ 19.315′ W

n = 5 n = 5 n = 5

3 39◦ 20.617′ N 39◦ 20.708′ N 39◦ 21.514′ N

105◦ 20.191′ W 105◦ 18.970′ W 105◦ 18.913′ W

n = 3 n = 5 n = 5

Hayman 1 39◦ 5.451′ N 39◦ 8.001′ N 39◦ 6.158′ N

105◦ 7.101′ W 105◦ 9.887′ W 105◦ 7.848′ W

n = 5 n = 5 n = 5

2 39◦ 17.918′ N 39◦ 8.490′ N 39◦ 6.815′ N

105◦ 16.474′ W 105◦ 10.452′ W 105◦ 9.031′ W

n = 5 n = 2 n = 5

3 NA 39◦ 10.525′ N 39◦ 7.703′ N

105◦ 10.018′ W 105◦ 9.943′ W

n = 5 n = 5

High Meadows 1 39◦ 21.081′ N 39◦ 22.152′ N 39◦ 22.118′ N

105◦ 23.646′ W 105◦ 22.094′ W 105◦ 22.422′ W

n = 3 n = 5 n = 5

2 39◦ 21.105′ N 39◦ 22.177′ N 39◦ 22.708′ N

105◦ 22.806′ W 105◦ 21.554′ W 105◦ 22.182′ W

n = 5 n = 5 n = 5

3 NA 39◦ 22.991′ N 39◦ 22.323′ N

105◦ 21.997′ W 105◦ 22.709′ W

n = 5 n = 5

For each of the three fires (Hayman, High Meadow, and Buffalo Creek), sites were classified by severity (unburned, low severity, and high severity).

density of plants (log transformed), size of plants (PCA1plantsize
and PCA2plantsize), size of leaves (PCA1leafsize), fire severity, fire
identity, and the interaction between fire severity and identity.
For the backward model selection, we removed step by step the
factor that least explained the data, and we compared the reduced
model with the previous model using F-statistics. If the reduced
model was not significantly different from the extended model,
we removed the factor from the analysis and kept the reduced
model. The same procedure of backward model selection was
performed for groups 1, 2, and 3 of response variables.We further
tested if fire severity had an effect on plant density, as a measure
of possible change on habitat structure or resource availability.
We used log density as the response variable, fire severity as the
fixed effect, and fire identity as the random effect.

For the second analysis method, we used mediation analysis
with only the variables that were shown to affect the response
variables with our model selection. Using this approach, we can
directly investigate which factor influenced herbivore damage
more: if fire severity had a direct effect on herbivore damage or
if the effect of fire severity on herbivore damage was mediated
by the effect of fire severity on plant quality (Figure 1). To

test that, we used a mediation analysis to parse out the relative
contribution of plant quality and fire severity on herbivore
damage. For our mediation analysis, we used only the variables
that were significant in the model selections for groups 1,
2, and 3 explained above, thus beside giving evidence of the
factors that explain herbivore damage and plant quality, the
model selection approach provides support for choosing the
variables to include in the mediation analysis. For instance, in
the mediation analysis for both overall herbivore damage and
herbivore damage by Polygonia, we included the effect of fire
severity, fire identity, leaf size, and plant size to measure the effect
of fire severity on C:N ratio (see results below). However, we
were only interested in the effect of fire severity, so we report
only the coefficient (or estimate) for the effect of severity on
C:N ratio. Then we performed other models to test the effect
of C:N ratio alone, fire severity alone, and C:N together with
fire severity on herbivore damage. Since our results show that
unburned and low severity fires did not differ from each other,
and were both different from high severity fire, we combined
unburned and low severity into one category. Therefore, our
coefficients for the mediation analysis show the difference from
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TABLE 2 | Model summary for the effect of each explanatory variable on three measures of host plant quality: leaf toughness, water content, and C:N ratio.

Effect on toughness Effect on % water Effect on C:N

Included variable Estimated

coefficient

St. error t-value Estimated coefficient St. error t-value Estimated coefficient St. error t-value

Intercept 37.63 1.72 21.85* 50.7 1.41 35.04* 36.8 0.79 46.64*

FIRE SEVERITY

Low −6.07 2.01 −3.00* 4.66 2.02 2.3* −3.87 0.98 −3.94*

Unburn −6.99 2.21 −3.16* 4.72 2.18 2.16* −4.3 1.05 −4.08*

FIRE IDENTITY

Hayman −5.08 1.94 −2.64* – – – −3.87 0.89 −3.82*

High Meadows −3.23 1.99 −1.63 – – – −4.3 0.94 −1.75

Leaf size 1.5 0.6 2.5* – – – −0.72 0.27 −2.15*

Plant size – – – – – – −0.7 0.32 −2.71*

Asterisks represent P < 0.05. The final model for toughness included fire severity, fire identity, and leaf size. For percent water, the only fixed effect included was fire severity. For C:N

ratio, the variables included were fire severity, fire identity, leaf size, and plant size. The variable levels are compared to the intercept; in the case of fire severity, the intercept is the high

severity fire, whereas for fire identity the intercept was the Buffalo Creek fire.

low and unburned to high severity fires. All analyses were
performed in R environment 3.4.3 (R Development Core Team,
2011) using the package lme4 with lmer function (Bates et al.,
2015). To perform pairwise comparisons between the different
fire severities in each final model from our model selection done
with groups A and C, we used the package multcomp with the
glht functions (Hothorn et al., 2008). For the model comparisons,
we used package pbkrtest with KRmodcomp function (Halekoh
and Hojsgaard, 2014), which gives the p-value for the model
comparisons with a Kenward-Roger adjustment. We deposited
our data in the Dryad Repository: doi: 10.5061/dryad.t36p0cd
(Murphy et al., 2018).

RESULTS

Effect of Fire on Plant Quality
We found that increased fire severity decreased plant quality
(Table 2). Leaves were tougher [Figure 3A, F(2, 23.81) = 6.15,
P = 0.002], had greater C:N ratio [Figure 3B, F(2, 27) = 10.25, P
< 0.001], and lower water content [Figure 3C, F(2, 21.78) = 3.44,
P= 0.05] in places with high severity fire compared to areas with
low severity fire or unburned areas. Toughness and C:N ratio
of Ribes leaves were also influenced by fire identity [toughness:
F(2, 20.69) = 3.53, P = 0.023; C:N: F(2, 21.17) = 7.26, P = 0.004]
and leaf size [toughness: F(1, 106.07) = 6.12, P = 0.015; C:N:
F(1, 107.59) = 4.5, P = 0.036]. Furthermore, C:N ratio was
influenced by plant size [PC1plantsize only, F(1, 109.25) = 7.09,
P = 0.009]. We found no effect of fire severity on Ribes plant
density [F(2, 20.5) = 1.78, P = 0.2].

Effect of Plant Quality on Herbivore
Damage
Overall herbivore damage and herbivore damage by Polygonia
were explained only by the plant quality measure of C:N ratio
[overall herbivore damage: F(1, 101.5) = 4.16, P= 0.044; Polygonia:
F(1, 108.8) = 6.83, P = 0.01]. Overall herbivore damage and
herbivore damage by Polygonia were greater on plants with low
C:N ratio [overall herbivore damage: estimate = −0.64 ± 0.31,

t = −2.05, P = 0.043; Polygonia: estimate = −0.05 ± 0.02,
t =−2.67, P = 0.009].

Effect of Plant Quality and Fire on
Herbivore Damage
Overall herbivore damage and damage by Polygonia were both
50% lower in sites with high severity fire than in unburned
sites, and were similar between unburned and low severity sites
(Figure 4). When we performed our model selection with both
plant quality and fire effects on herbivore damage, we found that
overall herbivore damage and Polygonia damage were affected
only by fire severity [Overall: F(2, 22) = 18.61, P < 0.0001,
Polygonia: F(2, 21.82) = 7.21, P = 0.004; Table 3].

From our mediation analysis, both total herbivore damage
and damage by Polygonia were mainly affected directly by
fire severity (Figure 5). The effect of fire mediated through
host plant quality (C:N ratio) was not nearly as strong as the
direct effect of fire severity on herbivore damage. When we
included C:N in the model with fire severity, the coefficient
of fire severity only changed slightly compared with fire
severity alone (for overall herbivore damage the coefficient
went from 29.08 without C:N to 31.04 with C:N, while for
Polygonia herbivore damage the coefficient went from 8.03 to
9.09).

DISCUSSION

Fire severity directly impacted host plant quality as well as
herbivore damage, and the direct effect of fire severity on
herbivore damage was stronger than the indirect effect via
plant quality. Although plant quality differed across fires (e.g.,
Buffalo Creek, Hayman, or High Meadows), the effect of fire
severity on plant quality was stronger than fire identity, and
fire identity did not influence herbivore damage. We found
an inverse relationship between fire severity and host plant
quality; increasing fire severity decreased plant quality through
an increase in C:N ratio and toughness, and a decrease in
water content. However, of these quality measures, the only one
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FIGURE 3 | Plant quality measures for leaves collected from wax currant

plants growing in unburned, low severity, and high severity fire sites: (A)

toughness, (B) carbon to nitrogen ratio, and (C) percent water. Increased leaf

toughness and C:N ratio reduce host plant quality for herbivores (A,B) while

increased percent water increases host plant quality (C). Means are given ±SE

and letters represent pairwise comparisons within host plant quality measure

(P < 0.05).

that predicted herbivore damage by herbivores in general and
specifically Polygonia was the C:N ratio. Kim and Holt (2012)
studied time since fire rather than fire severity in prescribed
burns in the Florida scrub, but similar to our results found that
changes in habitat structure from fire had a stronger effect on
herbivores than changes in plant quality. Although we did not
find an effect of fire severity on plant density, we found that

FIGURE 4 | Percent herbivore damage on wax currant plants in unburned,

low severity, and high severity fire sites for (A) overall herbivore damage and

(B) herbivore damage by Polygonia gracilis zephyrus. Means are given ±SE

and letters represent pairwise comparisons within type of herbivore damage (p

< 0.05).

insect herbivores were strongly affected by fire severity through
mechanisms other than change in plant quality. Thus, our results
demonstrate that severity of forest wildfire influences herbivores
through strong direct effects but also indirectly through changes
in plant quality.

We focused on severity for this study because models predict
that fire severity will be one of the biggest responses to climate
change (IPCC, 2014), but previous work tends to focus on time
since fire, which is a measure of recovery time of the community
(e.g., Kay et al., 2007; Vogel et al., 2010; Kim and Holt, 2012).
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TABLE 3 | Model summary for the effect of fire severity on overall herbivore damage and damage by the butterfly Polygonia gracilis zephyrus to wax currant plants.

Effect on overall herbivore damage Effect on Polygonia damage

Included variable Estimated coefficient St. error t-value Estimated coefficient St. error t-value

Intercept 38.64 5.95 6.49* 1.69 0.17 10.11*

SEVERITY

Low 43.43 8.47 5.13* 0.66 0.24 2.75*

Unburn 36.42 8.54 4.26* 0.94 0.26 3.59*

Asterisks represent P < 0.05. The fire severity levels are compared to the intercept that is the high severity fire.

Notably, the effect of fire severity was greater than that of fire
identity suggesting that while our fires happened at three different
time points, time since fire does not account for the effects of
fire severity; our three fires occurred between 16 and 22 years
ago, which may not be a long enough difference to detect a
time-since-fire effect. During post-fire succession, wax currant
densities can depend on landmanagement (Bock et al., 1978), but
plants usually thrive and can remain at high densities for decades
post-fire (Coop and Schoettle, 2009). Fire severity has different
effects on herbivores than time since fire, because increasing
severity significantly affects habitat structure (e.g., increase in
canopy openness), soil moisture, and nutrients, as well as which
species can survive (New, 2014; Koltz et al., 2018; Pressler et al.
in review). These impacts could be responsible for the strong
direct effect of severity on herbivore damage that we found in
our study, which was stronger than the indirect negative effect
mediated through plant quality. Fire severity can influence the
survival of insects both above and belowground; for example,
belowground insects suffer high mortality in high fire severity
that greatly increase the temperature of the soil (New, 2014;
Pressler et al. in review). The negative effect of a high severity
fire can also affect higher trophic levels that then influence the
insect herbivore community (Koltz et al., 2018). Some natural
enemies are less mobile (e.g., spiders), or pupate or nest in the soil
(e.g., some wasps and ants), and thus may suffer high mortality
in severe fire events. The potential negative effect of fire on
natural enemies would lead to positive effects on herbivores due
to enemy release (Pausas and Parr, 2018). These complex but
critical interactions would be missed if we only considered time
since fire and not fire severity. Moving forward, it is necessary
to consider the different measures of fire disturbance (severity,
frequency, time since fire, and time of year of fire) and how
they interact with each other when exploring the effect of fire on
herbivores.

While less important than the direct effect of fire severity,
plant quality also influenced herbivore damage, especially
through changes in C:N ratio. The effects of fire on plants
(e.g., Lopes and Vasconcelos, 2011; Wan et al., 2014) and
the effect of plant quality on herbivore damage (e.g., Greene
et al., 2012; Hahn and Orrock, 2015) have been previously
documented, but the complex interaction among these processes
is critical in order to understand how communities will respond
to increase in fire severity. These relationships are even more
complex since fire can also influence how herbivores affect

FIGURE 5 | Mediation analysis of fire severity, C:N ratio, and herbivore

damage on wax currant plants for (A) overall herbivore damage and

(B) herbivore damage by Polygonia gracilis zephyrus. Numbers are model

coefficients (coefficients in parentheses are the model that considers both C:N

and fire severity) and asterisks indicate significant effects at *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.

plant growth (Conway and Johnstone, 2017), plant chemistry,
and decomposition (Kay et al., 2008). While we connected fire
severity, plant quality, and herbivore damage, other work has
suggested that the soil community should also be considered.
For example, fire reduces microbial abundance (Dooley and
Treseder, 2012) as well as soil fungal abundance (Holden
et al., 2013). Additionally, fire severity affects the reduction in
microbial biomass and respiration so that more severe fires have
larger negative impacts on the soil community (Holden et al.,
2016). This reduction in both fungal and microbial biomass
reduces decomposition rates in post-fire soils (Holden et al.,
2015), directly affecting the resources available to plants, and
thus plant quality, as well as altering the carbon cycle of the
ecosystem.

While our work sheds light on the complex interactions
among fire, plants, and herbivores, it also inspires questions
for future exploration. First, we measured damage to plants
holistically as a community level estimate of total damage,
but individual specialist herbivore species likely have unique
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responses to their host plants and to fire. We did, however,
examine damage from a common herbivore in our system,
Polygonia larvae, and found identical patterns comparing this
species’ herbivore damage to our community level measure.
It is currently unknown if different insect herbivore species
will respond similarly to changes in fire severity, though we
might expect life history traits like ability to disperse from or
avoid fire (e.g., enter diapause), as well as evolutionary history
with fire to shape species-specific patterns (Koltz et al., 2018).
This is an important question for future work. Additionally,
because only one dominant understory shrub was present in
all of our sites, we focused on wax currant. Future work
should compare our results to herbivores that feed on other
plant species, such as grasses or trees. Finally, we might
expect some processes, like recolonization rates, to be driven
by an interaction between fire severity and burn size, which
we did not measure, and future work should explore this
interaction.

Global climate change is altering fire regimes worldwide with
projected large changes to fire severity (Flannigan et al., 2000;
Dale et al., 2001; IPCC, 2014; Rocca et al., 2014; Clark et al.,
2017), but how these changes will affect insect communities
and species interactions is largely unknown (Koltz et al., 2018).
Ours is the first study to investigate how fire severity affects
plant-herbivore interactions, as measured by plant quality and
herbivore damage, in naturally occurring forest wildfires. Our
results demonstrate that severity can have profound impacts
on interactions between herbivores and their host plants with
severity significantly affecting host plant quality, but with an
even larger direct effect on insect herbivores, likely through
changes in habitat structure. Thus, our results suggest that
increasing severity of wildfires will significantly influence how

herbivores interact with their host plants and may impact long-
term population sizes and community structure.
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