ORIGINAL RESEARCH
published: 02 July 2019
doi: 10.3389/fevo.2019.00252

Wildfires Influence Abundance,
Diversity, and Intraspecific and
Interspecific Trait Variation of Native
Bees and Flowering Plants Across
Burned and Unburned Landscapes
Laura A. Burkle 1*, Michael P. Simanonok 1 , J. Simone Durney 1 , Jonathan A. Myers 2 and
R. Travis Belote 3
1
Department of Ecology, Montana State University, Bozeman, MT, United States, 2 Department of Biology, Washington
University in St. Louis, St. Louis, MO, United States, 3 The Wilderness Society, Bozeman, MT, United States

Edited by:
Gina Marie Wimp,
Georgetown University, United States
Reviewed by:
Bertrand Schatz,
Centre National de la Recherche
Scientifique (CNRS), France
Diane Lynn Larson,
United States Geological Survey,
United States
*Correspondence:
Laura A. Burkle
laura.burkle@montana.edu
Specialty section:
This article was submitted to
Population and Evolutionary
Dynamics,
a section of the journal
Frontiers in Ecology and Evolution
Received: 19 February 2019
Accepted: 17 June 2019
Published: 02 July 2019
Citation:
Burkle LA, Simanonok MP, Durney JS,
Myers JA and Belote RT (2019)
Wildfires Influence Abundance,
Diversity, and Intraspecific and
Interspecific Trait Variation of Native
Bees and Flowering Plants Across
Burned and Unburned Landscapes.
Front. Ecol. Evol. 7:252.
doi: 10.3389/fevo.2019.00252

Wildfire regimes are changing in the western United States, yet the ways in which wildfires
influence native bees, the resources they depend on for food and nesting, or the traits that
influence their interactions with plants are poorly understood. In burned and unburned
areas in Montana, USA, we investigated the abundance and diversity of native bees, floral
and nesting resources, nesting success, and traits of flowers and bees. In two of the three
localities studied, burned areas, including areas that burned with high-severity wildfires,
supported higher density and diversity of native bees and the flowers they depend on for
food and larval provisioning. Burned areas also had more bare ground for ground-nesting
bees and more available coarse woody debris for cavity-nesting bees than unburned
areas. Moreover, cavity-nesting bees were completely unsuccessful at nesting in artificial
nesting boxes in unburned areas, while nesting success was 40% in burned areas.
Mean bee intertegular distance (a trait strongly correlated with tongue length, foraging
distance, and body size) was similar between burned and unburned areas. However,
wildfires influenced both interspecific and intraspecific trait variation of bees and plants.
Intraspecific variation in bee intertegular distance was higher in unburned than burned
areas. Both interspecific and intraspecific variation in floral traits important for interactions
with pollinators were generally higher in burned than unburned areas. Thus, wildfires
generally increased the density and species diversity of bees and flowers as well as
trait variation at both trophic levels. We conclude that wildfires—even large, high-severity
wildfires—create conditions that support native bees and the resources they need to
flourish, but that unburned areas maintain trait variation in landscape mosaics with
heterogeneous fire conditions.
Keywords: community assembly, fire management, functional trait diversity, Northern Rockies Ecoregion,
pollination, pyrodiversity, wild bees, wildfire disturbance regime
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INTRODUCTION

important insights into mechanisms of community assembly, the
maintenance of biodiversity, and effects of environmental change
on ecosystem functioning and services (Weiher and Keddy,
1995; McGill et al., 2006; Funk et al., 2008). Interspecific and
intraspecific variation in functional traits may be especially useful
for understanding the assembly, diversity, and dynamics of local
communities or regions that contain individuals or species with
functionally-redundant traits (Fukami et al., 2005; Spasojevic
et al., 2016, 2018). For example, when fire disturbance selects
for (or filters out) individuals with traits that confer tolerance to
fire or increase fitness in post-fire environments, fire may cause
burned communities to converge in trait values (environmental
filtering), even when local species diversity remains relatively
unchanged. This can result in a shift in mean trait values,
lower trait variation, or both in burned relative to unburned
communities (Pausas and Verdú, 2008; Cavender-Bares and
Reich, 2012). Alternatively, fire may cause burned communities
to diverge in trait values when it increases heterogeneity in
environmental conditions or species sorting among communities
(Myers et al., 2015), resulting in higher trait variation in burned
relative to unburned communities. Despite the importance of
traits for species interactions, the degree to which wildfire
decreases or increases intraspecific vs. interspecific trait variation
in two interacting trophic levels (i.e., bees and flowering plants)
is poorly understood.
Third, the wildfire history and current wildfire regimes of a
region also likely influence floral and nesting resources. Most
studies of bee responses to fire have been conducted in fire-prone
Mediterranean ecosystems or ecosystems with a long history
of human-induced fire disturbance. In other regions, such as
western North America, forests with a build-up of fuel have
been retained by fire suppression, but the occurrence of largescale wildfires is now increasing (Hessburg and Agee, 2003;
Westerling et al., 2006). These conditions result in forests with
large patches of multi-storied contiguous canopy cover proximal
to large areas burned by wildfires (Hessburg et al., 2015), in a
region where the native bee fauna is poorly known (Reese et al.,
2018). Given that bees are central place foragers with limited
foraging distances from their nests (Westrich, 1996; Gathmann
and Tscharntke, 2002), these large-scale wildfires may affect the
quality and proximity of nesting and foraging resources in ways
that differ from better-studied systems. Thus, there is a critical
need to assess the effects of wildfire on native bees in this region
and to begin to explore the mechanisms by which wildfire may
act on bees (i.e., via effects on floral or nesting resources).
In this study, we examined how wildfire influenced the
density and diversity of native bees, floral and nesting resources,
nesting success, and traits of bees and flowering plants among
unburned areas and areas burned by wildfires in three localities
in western North America (Montana, USA). We expected to
observe greater density, richness, and nesting success of bees in
burned areas, reflecting—in part—greater density and richness
of floral resources in post-wildfire areas (Burkle et al., 2015).
Our predictions about nesting resources were more complex.
We expected nesting resources (the amount of bare ground
and coarse woody debris) to reflect the interplay between (a)
the power of wildfire to clear understory vegetation and burn

Among the many threats posed to biodiversity by global
environmental change, changes to natural disturbance regimes
are likely to have some of the most profound impacts on animals
and plants and the ecosystem services they provide (Hessburg
et al., 2015; Johnstone et al., 2016). Wildfires have played a
critical role in maintaining the structure and function of many
ecosystems worldwide (Bond and Keeley, 2005; Bowman et al.,
2009). However, humans have altered natural wildfire regimes
through fire suppression and climate change (Westerling et al.,
2006). Despite the importance of wildfires in natural ecosystems,
neither ecologists nor land managers fully understand how
or why wildfire affects biodiversity and ecosystem services
across complex landscapes that vary in environmental conditions
(Burkle et al., 2015). This lack of understanding is particularly
true for native bees, which provide pollination services essential
to the recovery of plant communities in post-fire landscapes (e.g.,
Potts et al., 2006; Van Nuland et al., 2013; Heil and Burkle, 2019).
Several key gaps limit our understanding of how wildfires
influence native bees, the resources they depend on for food
and nesting, and the traits that influence their interactions
with plants. First, previous studies of responses of native bees
to wildfire focused primarily on floral resources, whereas the
effects of wildfire on bee nesting habitat and offspring success
remain poorly understood (reviewed in Koltz et al., 2018).
Fire can directly cause bee mortality (Love and Cane, 2016),
but it has been suggested that individuals of many groundnesting bee species may survive fires (Cane and Neff, 2011).
Wildfires can open forest canopies and increase space and
resources for understory flowering plants, and native bees are
attracted to burned areas with abundant floral resources (e.g., Van
Nuland et al., 2013). Such increases in bee and floral abundance
and diversity tend to peak soon (1–5 years) after fire (Potts
et al., 2003a). As forest succession proceeds, floral resources
often decline, with concurrent declines in pollinator abundance
(especially diet-generalist bees; Peralta et al., 2017), resulting in
successional changes for both trophic levels (e.g., Potts et al.,
2003a,b, 2006; Pauw, 2007; Moretti et al., 2009; Lazarina et al.,
2016; Heil and Burkle, 2018). Fire and post-fire succession can
also affect community composition, both taxonomically and
functionally (e.g., Moretti et al., 2009; Lazarina et al., 2016,
2017; Simanonok, 2018). For bees, the quality and proximity
of nesting habitat, including bare ground, stems, standing dead
wood and nesting cavities, can be enhanced or reduced by fire,
likely influencing bee community composition (e.g., Potts et al.,
2005; Moretti et al., 2009; Lazarina et al., 2016; Simanonok, 2018).
The responses of different functional groups of pollinators to
fire vary in magnitude and direction, and there is high spatial
variation in the effects of fire on pollinator diversity (e.g., Moretti
et al., 2004; Grundel et al., 2010; Lazarina et al., 2016, 2017).
Fire can subsequently affect the interactions between bees and
flowering plants (Peralta et al., 2017).
Second, studies of bee and plant responses to wildfire often
focus on changes in species diversity. However, changes in other
key components of biodiversity—such as variation in functional
traits within and among bee and plant species—can provide
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proximity to the wildfires (mean distance = 5.75 km) with similar
environmental characteristics (e.g., slope, aspect, elevation, forest
type) to the burned units. All unburned units had no wildfire in
at least 60 years.
Within each unit, we established nine circular sampling
plots (25 m in diameter; 491 m2 ) randomly stratified using a
generalized random tessellation stratified (GRTS) survey design
(Kincaid and Olsen, 2011), for a total of 160 plots. Specifically,
there were 54 plots each in Paradise and Whitefish and 52 plots
in Helena (2 of the plots originally selected as unburned in
Helena were burned and could not be replaced), with 16–18
unburned plots and 36 burned plots (18 mixed-severity plots
and 18 high-severity plots, pooled as burned plots for analyses)
in each locality. For each mixed-severity fire unit, GRTS was
used to stratify the nine plots such that three were low-severity,
three medium-severity, and three high-severity. The median and
range of fire severities of mixed-severity plots were similar across
localities; the same was true for high-severity plots (Burkle et al.,
2015). Additional details on site selection and characteristics are
provided in Burkle et al. (2015). These plots were used to evaluate
the density, diversity, and traits of native bees, floral resources,
and nesting resources across 3–4 years. Plots in Helena were
surveyed twice in 2013, 12 times in 2014, 9 times in 2015, and
7 times in 2016. Plots in Paradise were observed twice in 2013,
9 times each in 2014 and 2015, and 5 times in 2016. Plots in
Whitefish were observed twice in 2013, and 7 times each in 2014
and 2015. Whitefish plots were not observed in 2016. Plots from
Helena and Paradise were used to investigate traits of flowers
and bees. A subset of the Paradise plots (described below) were
selected to investigate solitary bee nesting success.

built-up fuel (i.e., more bare ground and less coarse woody
debris) and (b) the rate and extent of regrowth of understory
plants after the canopy is cleared as well as the availability of dead
wood in post-fire environments (i.e., less bare ground and more
coarse woody debris).
In all three of our study localities, burned areas included sites
burned with a mixture of low, medium, and high wildfire severity.
Given this heterogeneity in local fire conditions, we expected i)
mean trait values of bees and flowering plants to differ between
burned and unburned areas, and (ii) higher interspecific and
intraspecific trait variation in burned than unburned areas. For
bees, we predicted higher mean values of intertegular distance
(the width between the wing bases on the dorsal side of the
thorax)—a trait strongly correlated with tongue length, foraging
distance, and body size (e.g., Cariveau et al., 2016)—in burned
than unburned areas, potentially reflecting the ability of larger
bees to disperse farther (Warzecha et al., 2016) after largescale wildfires. For flowering plants, we predicted higher mean
values of specific leaf area in unburned areas that have more
canopy cover and lower understory light levels (sensu Evans and
Poorter, 2001) and where shade-tolerant species may persist (i.e.,
carbon-gain hypothesis; Valladares and Niinemets, 2008). For
other plant traits (plant height, flower size, and floral display),
we expected differences between burned and unburned areas
to likely reflect the interplay between increased sunlight and
decreased soil moisture in burned areas and subsequent shifts in
plant resource allocation to growth and reproduction. Finally, we
explored the degree to which our predictions regarding wildfire
were supported across all three study localities, which vary in
other key characteristics including climate and rates of forest
succession following wildfire (Burkle et al., 2015).

Density and Species Richness of
Native Bees

METHODS

At each plot, we censused the frequency and identity of native
bees by hand-netting bees observed to contact the reproductive
parts of flowers for 20 min weekly throughout the growing season
in each year, for a total of 1,258 h of observations across all
plots and years. Bees were killed and identified to species or, if
not yet described by keys for this region, to morphospecies. We
calculated the mean bee density (i.e., average number of bees
captured in a plot during a 20-min observation period) and mean
bee species richness in an observation period for each plot across
all observation years. To account for differences in sampling
among years, we weighted the mean value in each year by
multiplying the mean value times the proportion of all censuses
conducted in that year (i.e., 2013 observation values received
less weight in the overall plot mean because there were fewer
observations in that year). Observations were performed when
there were flowers present in the plot (see Floral resources below).
If observations were performed but no bees were observed,
zeros were recorded and included in subsequent analyses. Bee
density and richness were ln+1 transformed for normality of
model residuals.

Study System and Sampling Design
We selected three study localities with similar recent histories of
wildfire that span a regional gradient of climate, productivity, and
rate of succession: Helena (low productivity and slow succession),
Paradise (moderate productivity and succession), and Whitefish
(high productivity and fast succession) (Burkle et al., 2015)
(Figure S1). These localities also represent different forest types:
ponderosa-pine forests dominate in Helena, lodgepole-pine and
Douglas-fir in Paradise, and western-larch, lodgepole-pine and
mixed-conifer in Whitefish. Within each locality, we identified
a large wildfire perimeter within which a fire occurred between
2001 and 2007 (Table S1). Within each wildfire perimeter, we
used Monitoring Trends in Burn Severity (mtbs.gov) data to
select two units (15-ha each) that experienced mixed-severity fire
and two units that experienced high-severity fire. We included
both mixed- and high-severity units in order to (a) span the full
range of fire severities created by these wildfires and (b) be able to
compare differences in bees and flowering plants between mixedand high-severity units in other studies (Burkle et al., 2015;
LaManna et al., in review). In this study, we focused on overall
differences among burned and unburned units, where burned
units included both mixed- and high-severity units. In each
locality, we selected two unburned units (15-ha each) in close
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plot, we calculated the proportion of nesting tubes from which
bees emerged and nesting bee species richness.

changes in elevation within transects. Within each band transect,
we quantified the number of open flowers of each plant species
on each observation day. We also recorded the identity of
all flowering plant species in bloom in each plot on each
observation day. We calculated the mean floral density and the
mean flowering plant species richness on an observation day for
each plot across all observation years, weighting these averages
by the number of censuses in each year. Floral density was
log+1 transformed for normality of model residuals. With these
metrics, we specifically targeted a subset of the plant community
in order to quantify floral resources; the effects of wildfire on the
whole plant community, including forbs (regardless of whether
they were blooming), grasses and woody plants can be found in
Burkle et al. (2015).

Functional Trait of Bees
All bee individuals (5,098) and species (260) captured visiting
flowers of selected plant species from Helena and/or Paradise (see
Traits of flowering plants, below) were used for functional-trait
measurement. We had time and resources to rigorously measure
traits at two of the localities, and thus, traits were not measured in
Whitefish. Queen bumblebees were not collected, and, thus, were
not included in trait measurement. Specifically, we measured the
intertegular distance (ITD, the width between the wing bases
on the dorsal side of the thorax; Cariveau et al., 2016) of each
individual bee because it is highly correlated with tongue length,
body mass and foraging distance (Cane, 1987; Greenleaf et al.,
2007; Cariveau et al., 2016). Thus, ITD represents functional
traits related to interactions with flowers, reproductive success,
and dispersal, among others. The ITD (mm) of each individual
was measured in ocular units with a Leica S6E microscope
equipped with a calibrated reticle ruler. We calculated the mean
ITD of all measured bee individuals captured from each plot
(mean N = 51 individuals per plot; range = 3–150 individuals
per plot).

Nesting Resources
For each plot, we measured nesting resources for ground-nesting
bees by quantifying percent cover of bare ground and for cavitynesting bees by quantifying coarse woody debris (CWD) (e.g.,
Potts et al., 2005; Grundel et al., 2010). We recorded whether bare
ground or CWD was present every 10 cm along the diameter of
each plot (25 m line transect) using a point-intercept method. In
the field, we classified CWD into five diameter classes of downed
logs following a modified method of Davis et al. (2016), and
we grouped them together for analysis given the possibility that
CWD more generally may be used as a nesting resource (e.g.,
Vázquez et al., 2011; Westerfelt et al., 2015; Carper and Bowers,
2017). Counts of bare ground and CWD were ln-transformed for
normality of residuals.

Functional Traits of Flowering Plants
We selected a subset of flowering plant species present in Helena
and/or Paradise for functional-trait measurement. As above, we
were unable to measure traits in Whitefish. Because we were
interested in flowering plants as floral resources for bees (i.e.,
assessing the bees perspective on flowering-plant traits), we
selected those species that were observed to interact with at least
one bee species and were (1) present in both Helena and Paradise
or (2) present in both burned and unburned areas of Helena or
Paradise. This totaled 4,099 individuals of 81 plant species.
We measured plant height, flower number, flower volume, and
specific leaf area (SLA) of up to 5 randomly selected flowering
individuals of each selected species, stratified across each plot,
in 2017. Measurements were collected every week, alternating
between Helena and Paradise, throughout the growing season to
allow for measurements during peak flowering for each species.
Plant height was measured from the ground to the top of the
inflorescence of a flowering individual, and can be important
for plant reproduction as taller plants are more visible and often
attract more pollinators (e.g., Fornoff et al., 2017). The number
of flowers was counted on a randomly selected inflorescence, and
is a measure of plant attractiveness to pollinators (Conner and
Rush, 1996; Coux et al., 2016). Flower volume was calculated
from the length, width, and depth (mm) with digital calipers,
and is important for plant reproduction as larger flowers typically
attract more pollinators (e.g., Stang et al., 2006). For specific leaf
area (SLA), we collected a leaf from the base of each individual
measured, pressed it, and weighed (mg) to obtain dry mass.
The leaf was also photographed and processed with ImageJ to
measure surface area, and SLA was calculated as leaf surface
area per dry mass. Leaf rachis and petiolules (for species with
compound leaves) and petioles (for all species) were included in
measurements of leaf area and dry mass. SLA is important for

Nesting Success
We used a subset of the plots in Paradise to assess nesting success
(N = 18 plots). This subset included 12 burned plots and 6
unburned plots. Due to logistical constraints, we were unable
to measure nesting success across all three localities. Instead,
we used one locality, Paradise, as a focal study site to compare
nesting success among burned and unburned plots. A nesting
box was affixed to the snag nearest to the center of each plot
in early June 2016. When no standing snags were present, the
largest piece of coarse woody debris (for 2 of 18 plots) nearest
to the center of the plot was used. Nest boxes were placed with
their cavity openings facing southeast and ca. one meter from
the ground whenever possible. Nesting boxes were constructed
out of pine or poplar, and each box had 16 drilled cavities into
which cardboard bee nesting tubes were placed. Four sizes of
tubes were used in each box (3, 4, 5, and 6 mm) to maximize the
number of species which could potentially nest in the boxes. Nest
boxes were checked at least every other week from June through
August; occupied nesting tubes were removed and replaced with
unused empty tubes. Occupied tubes were then individually
stored in plastic bottles with 1.5 mm air holes and overwintered
in ambient conditions (i.e., an uninsulated outdoor structure in
Bozeman, MT) from September 2016 until emergence was first
noted in April 2017. Once bees began to emerge, tubes were
moved to room temperature lab conditions and checked twice
per week from April to August 2017 for new emergence. After
emergence, bees were frozen and identified to species. For each
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No statistical analyses were performed on nesting success (i.e.,
proportion emergence or bee species richness in nesting boxes)
because no bees successfully emerged from nesting boxes in
unburned plots (see section Results).
In order to help distinguish patterns in traits between burned
and unburned areas due to differences in species composition
from those due to shifts in trait distributions of individual species,
we also performed a paired t-test for each trait in each of the
two localities, including only the bee or plant species present in
both burned and unburned areas in Helena or in Paradise (i.e.,
common species). There were 84 bee species in common between
burned and unburned areas of Helena, 17 bee species in common
in Paradise, 26 plant species in common in Helena, and 12 plant
species in common in Paradise. This analysis of the effects of
wildfire on matched species pairs was restricted to within each
locality because there were too few species common to burned
and unburned plots in both Helena and Paradise.

plant energy use and potential relative growth rate (Cornelissen
et al., 2003; Vieira et al., 2013; Fornoff et al., 2017). Though SLA
may not be important for pollinator attraction or rewards, we
included this commonly-measured trait to gain information on
the plant perspective of the potential effects of wildfire and how
these effects may differ from those on plant traits important for
bees. We calculated the mean trait values of plant height, flower
number (square-root transformed for normality of residuals),
flower volume (log-transformed), and SLA (log-transformed)
across all individuals of all species measured for each plot mean
N = 39 individuals per plot; range = 5–75 individuals per plot).
We did not weight these mean trait values by their proportional
abundances (i.e., community-weighted means) because traits
were measured on a subset of species in each plot, though
weighting was used for calculation of inter- and intra-specific
variation (below).

Inter- and Intra-specific Variation in Bee
and Plant Traits

RESULTS

To test how wildfire influenced inter- and intra-specific variation
in bee and flowering plant traits, we first standardized each trait
separately using Z-scores and then followed Leps et al. (2006).
Specifically, to determine the interspecific variation (i.e., the
among-species variation) of a trait for each plot, we calculated
the weighted mean deviation of the average trait value of each
species from the trait mean of all individuals of all species in
the plot. For intra-specific variation, we calculated the weighted
mean within-species trait variance across all species in each
plot. For both inter- and intra-specific variation, weighting
was incorporated as the proportion of individuals (i.e., bee
individuals or flowers) of a given species in each plot. It was
not possible to perform paired t-tests of variance for species
common to burned and unburned areas of Helena or Paradise
(i.e., control for potential differences in community composition)
due to too few replicate species with two or more individuals
in a plot. Interspecific variation in plant height, flower volume,
and SLA was log-transformed, and interspecific variation in the
number of flowers per inflorescence was cube-root transformed
for normality of residuals. Intraspecific variation in bee ITD was
cube-root transformed and intraspecific variation in all plant
traits was log-transformed for normality of residuals.

Density and Species Richness of
Native Bees
Overall, we observed 281 bee species from 32 genera and 5
families (Reese et al., 2018). Across localities, dominant bee
genera included Bombus (i.e., bumble bees like Bombus bifarius
and B. appositus), Osmia (mason bees), Megachile (leafcutter
bees), and Lasioglossum (sweat bees).
Bee density and species richness were higher in burned
than unburned plots (Table 1). Moreover, these patterns differed
among localities (locality × burn interaction; Table 1). Bee
density was 100 and 155% higher in burned plots of Helena
and Paradise, respectively, compared to unburned plots (Table 1;
Figure 1A). Likewise, bee species richness was 85 and 120%
higher in burned plots of Helena and Paradise, respectively,
compared to unburned plots (Table 1; Figure 1B). Bee density
and richness were similar in burned and unburned plots of
Whitefish (Table 1; Figures 1A,B). Bee density and richness were
generally higher in Helena than in Paradise or in Whitefish
(Table 1; Figures 1A,B).

Floral Resources

Statistical Methods

Overall, we observed 239 flowering plant species from 128 genera
and 40 families. Widespread flowering plant species included
Achillea millefolium, Campanula rotundifolia, Rosa woodsii, and
Symphoricarpos albus.
Floral density and species richness were higher in burned
than unburned plots (Table 1), but these patterns differed among
localities (locality × burn interaction; Table 1). Floral density
was 510% and 450% higher in burned than unburned plots of
Helena and Paradise, respectively (Table 1; Figure 1C). Floral
species richness was 80 and 68% higher in burned plots of Helena
and Paradise, respectively, compared to unburned plots (Table 1;
Figure 1D). Floral density and richness were similar in burned
and unburned plots of Whitefish (Table 1; Figures 1C,D). Floral
species richness was generally highest in Helena, intermediate in
Paradise, and lowest in Whitefish (Table 1; Figure 1D).

We tested the effects of wildfire (burned vs. unburned), locality,
and their interaction on the density and species richness of
bees and flowers, nesting resources, trait values of bees and
flowering plants, and inter- and intra-specific variation in traits
of bees and flowering plants across plots using separate mixedeffects ANOVA models, including unit within locality as a nested
random effect. Significant ANOVAs were followed by Tukey HSD
tests. For plant traits, we first used a MANCOVA including all
traits. Following a significant MANCOVA for mean trait values
[Wilks λ = 0.071, F (12, 262) = 37.45, P < 0.0001], interspecific
variation in plant traits [Wilks λ = 0.29, F (12, 262) = 12.93, P
< 0.0001], and intraspecific variation in plant traits [Wilks λ =
0.38, F (12, 254) = 9.26, P < 0.0001], we proceeded with a separate
two-way ANOVA for each trait.
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Functional Trait of Bees

TABLE 1 | Results of two-way ANOVAs testing the effects of wildfire (i.e., burn
status as burned or unburned), locality (i.e., Helena, Paradise, or Whitefish) and
their interaction on native bee density and species richness, floral density and
species richness, and nesting resources (i.e., bare ground and coarse woody
debris [CWD]) measured across plots.
Response

Source

DF

F

Mean ITD of all species was 28% greater in burned plots
compared to unburned plots in HE, but was similar between
burned and unburned plots in PV (Table 2; Figure 2A). In both
Helena and Paradise, there was no difference in mean bee ITD of
species common to burned and unburned areas (Helena paired
t-test: t = 1.19, N = 84 species, P = 0.24; Paradise paired t-test: t
= 0.37, N = 17 species, P = 0.72).
Across Helena and Paradise, burned plots had 24% higher
interspecific variation in bee ITD than unburned plots (Table 3;
Figure 2B). Burned plots had 47% higher intraspecific variation
in bee ITD than unburned plots in Helena, but unburned plots
had 40% higher intraspecific variation than burned plots in
Paradise (Table 4; Figure 2C). Overall, interspecific variation
in bee ITD was much higher than intraspecific variation
(Figures 2B,C).

P

NATIVE BEES
Bee density

Bee richness

Burn status

1,154

134.96

<0.0001

Locality

2,154

83.21

<0.0001

Locality × Burn

2,154

25.52

<0.0001

Burn status

1,154

159.36

<0.0001

Locality

2,154

82.30

<0.0001

Locality × Burn

2,154

32.02

<0.0001
<0.0001

FLORAL RESOURCES
Floral density

Floral richness

Burn status

1,154

62.53

Locality

2,154

2.33

0.10

Locality × Burn

2,154

8.42

0.0003

Burn status

1,154

69.20

<0.0001

Locality

2,154

89.93

<0.0001

Locality × Burn

2,154

40.71

<0.0001

Functional Traits of Flowering Plants
Mean values of flowering plant traits generally differed between
burned and unburned plots. The main effect of wildfire on the
height of flowering individuals was positive: mean flowering
plant height across all measured individuals and species was 16%
higher in burned plots compared to unburned plots (Table 2;
Figure 3A). The mean number of flowers per inflorescence was
115 and 450% higher in burned plots compared to unburned
plots in Helena and Paradise, respectively (Table 2; Figure 3B).
Mean flower volume was similar between burned and unburned
plots in Helena, but was 193% higher in unburned plots
compared to burned plots in Paradise (Table 2; Figure 3C). Mean
SLA was similar between burned and unburned plots in Helena,
but was 95% higher in unburned plots compared to burned plots
in Paradise (Table 2; Figure 3D).
Mean flowering plant height of species present in both burned
and unburned areas (i.e., common species) was marginally higher
(by 9%) in unburned areas compared to burned areas in Helena
(paired t-test: t = 1.85, N = 26 species, P = 0.075), and was 9%
higher in unburned areas compared to burned areas in Paradise (t
= 2.75, N = 12 species, P = 0.019). Mean number of flowers per
inflorescence of common species was marginally higher (by 15%)
in burned areas compared to unburned areas in Helena (paired
t-test: t = 1.86, DF = 25, P = 0.074), but was similar between
burned and unburned areas of Paradise (t = 0.93, DF = 1, P
= 0.37). There was no difference in flower volume of common
species between burned and unburned areas in Helena (paired ttest: t = 1.35, DF = 25, P = 0.19) or in Paradise (t = 1.46, DF
= 11, P = 0.17). Mean SLA of common species was marginally
higher (by 7%) in unburned areas compared to burned areas in
Helena (paired t-test: t = 1.84, DF = 25, P = 0.078), and was
99% higher in unburned areas in Paradise (t = 6.22, DF = 11,
P < 0.0001).
There were main effects of wildfire on interspecific variation
in plant height and in the number of flowers per inflorescence
(Table 3): across Helena and Paradise, burned plots had more
variation in these traits than unburned plots (Figures 4A,B).
There was similar interspecific variation in flower volume
between burned and unburned plots in both Helena and Paradise
(Table 3; Figure 4C). In Helena, there was no difference in

NESTING RESOURCES
Bare ground

CWD

Burn status

1,154

38.89

<0.0001

Locality

2,154

3.88

0.023

Locality × Burn

2,154

9.11

0.0002

Burn status

1,154

48.81

<0.0001

Locality

2,154

25.66

<0.0001

Locality × Burn

2,154

6.02

0.0030

P-values < 0.05 are in boldface.

Nesting Resources
Nesting resources (bare ground & coarse-woody debris) were
higher in burned than unburned plots (Table 1), but these
patterns differed among localities (locality × burn interaction;
Table 1). The availability of nesting resources was higher in
burned plots of Helena and Paradise compared to unburned
plots, but similar between burned and unburned plots of
Whitefish (Table 1). Specifically, bare ground was 195 and 330%
higher in burned plots of Helena and Paradise relative to
unburned plots (Figure 1E), and CWD was 525 and 150% higher
in burned areas of Helena and Paradise (Figure 1F). Bare ground
was generally higher in Helena and Paradise than in Whitefish
(Table 1; Figure 1E), while CWD was higher in Whitefish than
in Helena or Paradise (Table 1; Figure 1F).

Nesting Success
Bees emerged from nesting tubes in burned plots, but not
from unburned plots. Across all nesting blocks, 262 nesting
tubes contained offspring cells, from which 230 adult bees of
10 species emerged. Bee individuals were primarily Megachile
lapponica (107) and Hoplitis albifrons argentifrons (87). No
emergence was observed from any of the 47 nesting tubes
collected from unburned plots that contained offspring cells,
while bee emergence was 48.4% (i.e., bee offspring emerged
successfully from 104 of 215 nesting tubes) in burned areas. An
average of 3.0 bee species nested in boxes in burned plots.
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FIGURE 1 | Influence of wildfire on bees, floral resources, and nesting resources. Back-transformed least square means (± 1SE) of bee density (A), bee species
richness (B), floral density (C), flowering plant species richness (D), bare ground (E), and coarse woody debris (CWD) (F) were higher in burned plots (orange) than in
unburned plots (green) in Helena (HE) and Paradise (PV), but not in Whitefish (WF). Letters represent significant differences in means at α = 0.05. N = 16–18
unburned plots per locality; N = 36 burned plots (mixed-severity and high-severity fires) per locality.

intraspecific variation in plant height in burned plots was
higher than in unburned plots (Table 4; Figure 4E). In both
Helena and Paradise, intraspecific variation in the number of
flowers per inflorescence was higher in burned plots compared
to unburned plots (Table 4; Figure 4F). There was similar

interspecific variation in SLA between burned and unburned
plots, but in Paradise, interspecific variation in SLA was higher
in unburned plots than burned plots (Figure 4D).
In Helena, burned and unburned plots had similar
intraspecific variation in plant height, while in Paradise,
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DISCUSSION

intraspecific variation in flower volume between burned
and unburned plots in both Helena and Paradise (Table 4;
Figure 4G). In Helena and Paradise, intraspecific variation in
SLA was higher in unburned plots compared to burned plots
(Table 4; Figure 4H).
Overall, interspecific variation in plant traits was greater than
their intraspecific variation across plots. One exception to this
pattern was the relatively greater mean intraspecific variation in
SLA across plots in Helena.

Areas burned by wildfires supported assemblages of native bees
with greater density and species diversity than unburned areas
in two of the three study localities. In these two localities,
we also observed greater density of floral resources, species
diversity of floral resources, and nesting resources in burned
areas, indicating that wildfire acts to enhance multiple aspects
of habitat important for bee success. Higher bee success in

TABLE 2 | Results of two-way ANOVAs testing the effects of wildfire (i.e., burn
status as burned or unburned), locality (i.e., Helena or Paradise) and their
interaction on the mean values of bee and plant traits of all individuals and species
measured across plots.

TABLE 3 | Results of two-way ANOVAs testing the effects of wildfire (i.e., burn
status as burned or unburned), locality (i.e., Helena or Paradise) and their
interaction on the mean interspecific variation in bee and plant traits of all
individuals and species measured across plots.

Response

Response

Source

DF

Burn status

1,95

13.71

0.0004

Locality

1,95

41.71

<0.0001

Locality × Burn

1,95

11.17

0.0012

F

P

BEE TRAITS
Bee intertegular distance

Flowers per inflorescence

Flower volume

Specific leaf area

DF

F

P

BEE TRAITS
Bee intertegular distance

PLANT TRAITS
Plant height

Source

Burn status

1,95

5.17

0.025

Locality

1,95

29.97

<0.0001

Locality × Burn

1,95

0.058

0.81
0.0044

PLANT TRAITS
Burn status

1,102

8.47

0.044

Burn status

1,102

8.48

Locality

1,102

4.51

0.036

Plant height

Locality

1,102

0.39

0.53

Locality × Burn

1,102

0.14

0.71

Locality × Burn

1,102

3.12

0.081

Burn status

1,102

97.61

<0.0001

Burn status

1,102

57.87

<0.0001

Locality

1,102

5.95

0.0164

Flowers per inflorescence

Locality

1,102

10.30

0.0018

Locality × Burn

1,102

8.56

0.0042

Locality × Burn

1,102

0.72

0.40

Burn status

1,102

5.34

0.023

Burn status

1,102

0.32

0.57

Locality

1,102

10.71

0.0015

Locality

1,102

12.34

Locality × Burn

1,102

9.86

0.0022

Locality × Burn

1,102

1.34

Burn status

1,102

118.87

<0.0001

Burn status

1,102

12.81

0.0005

Locality

1,102

245.08

<0.0001

Locality

1,102

41.29

<0.0001

Locality × Burn

1,102

61.63

<0.0001

Locality × Burn

1,102

14.22

0.0003

Flower volume

Specific leaf area

P-values < 0.05 are in boldface.

0.0007
0.25

P-values < 0.05 are in boldface.

FIGURE 2 | Influence of wildfire on a bee trait and its intraspecific and interspecific variation. Least square mean (± 1SE) bee intertegular distance (ITD) (in mm) (A),
and back-transformed least square mean interspecific (B) and intraspecific (C) variation in bee ITD across all individuals of all species measured in burned (orange)
and unburned (green) plots. Scaling is consistent between (B,C) for ease of comparison. Only the main effect of burn status is illustrated in panel B due to the lack of
interactive effect between locality and burn status in interspecific variation in ITD (Table 3). Letters represent significant differences in means at α = 0.05. N = 16–18
unburned plots per locality; N = 36 burned plots (mixed-severity and high-severity fires) per locality.
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likely harboring much of the full species pool from which bees
recruit to burned areas, either by flying in or emerging from nests
not destroyed by fire (sensu Love and Cane, 2016). Enhanced
bee density, diversity, and nesting success in burned areas was
accompanied by floral and nesting habitat, suggesting that both
of these resources contribute to bee success after wildfire. The fact
that both bare ground (supporting ground-nesting bee species)
and coarse woody debris (supporting cavity-nesting bee species)
were higher in burned compared to unburned areas indicates
that species in these two major functional groups of bees had the
potential to establish reproductive populations in burned areas,
potentially contributing to the enhanced interspecific variation
in ITD observed in burned areas (see section discussion below).
Whitefish, the locality for which we observed no differences
in native bee diversity or in floral or nesting resources between
burned and unburned areas, is also where forest succession
is rapid. Young trees already dominate many burned areas in
Whitefish (Burkle et al., 2015), suggesting that the window of
time conducive to native bees after wildfire, if any, is short in
this region and had passed before our sampling began. Such areas
with rapid tree regeneration deserve additional investigation,
particularly in the years immediately following wildfire, to better
understand the effects on native bees.

TABLE 4 | Results of two-way ANOVAs testing the effects of wildfire (i.e., burn
status as burned or unburned), locality (i.e., Helena or Paradise) and their
interaction on the mean intraspecific variation in bee and plant traits of all
individuals and species measured across plots.
Response

Source

DF

F

P

BEE TRAITS
Bee intertegular distance

Burn status

1,88

0.52

0.47

Locality

1,88

47.02

<0.0001

Locality × Burn

1,88

53.81

<0.0001
<0.0001

PLANT TRAITS
Plant height

Flowers per inflorescence

Flower volume

Specific leaf area

Burn status

1,102

22.62

Locality

1,102

1.94

0.17

Locality × Burn

1,102

8.27

0.0049
<0.0001

Burn status

1,102

62.67

Locality

1,102

7.19

0.0086

Locality × Burn

1,102

7.34

0.0079

Burn status

1,102

0.37

0.54

Locality

1,102

4.79

0.031

Locality × Burn

1,102

1.15

Burn status

1,102

14.29

0.0003

Locality

1,102

3.95

0.049

Locality × Burn

1,102

1.83

0.18

0.29

P-values < 0.05 are in boldface.

Traits of Bees

burned areas was also confirmed by the presence of bees
nesting in these areas and the complete lack of successful bee
nesting in unburned areas. However, although interspecific and
intraspecific trait variation of bees and plants was often higher in
burned areas, representing important functional diversity, some
unburned areas harbored trait variation as well, indicating that
a landscape mosaic containing both burned and unburned areas
represents the greatest reservoir of trait variation for both trophic
levels. Given that, to our knowledge, this is one of the first
studies to measure intraspecific trait variation in bees and that
we found some divergent patterns between bees and flowering
plants in the patterns of trait variation after wildfire, additional
consideration of this topic will likely yield important insights
into bee-forb interaction structure and function. Overall, despite
some variability in bee and plant responses to wildfire across
this wide biogeographic region in the Northern Rockies, wildfires
create environmental conditions that are generally conducive to
a wide variety of flowering plants and nesting habitat, which
support native bees with diverse functional traits. Together,
these results suggest that areas burned by wildfires likely also
support more complex networks of bee-flower interactions than
unburned areas.

Bees in Helena were, on average, bigger (i.e., higher intertegular
distance; proxy for body size, Cariveau et al., 2016) in burned
plots compared to unburned plots, while they were similarly sized
regardless of wildfire in Paradise, indicating that wildfires in some
environmental contexts may select for larger bees. For example,
bee species with larger body sizes and thus longer potential flight
ranges to reach the center of a large burn may be advantageous
in the Helena landscape. This result is especially interesting in
light of the pattern that Helena harbored smaller bees than
Paradise overall, perhaps related to Helena’s lower productivity.
Given that the mean ITD of individuals of common bee species
were similar between burned and unburned areas of Helena,
we can conclude that the overall effect of wildfire on bee body
size was driven by differences in species composition between
burned and unburned areas (LaManna et al. unpublished data),
with burning selecting for species with larger body size, and not
recruitment of especially large individuals. Thus, it is likely that
the environmental conditions important for bees are strongly
contrasting between burned and unburned areas of Helena,
and differential species sorting by body size is occurring. In
particular, bumble bees (Bombus sp.) are likely contributing
to these patterns as they are large bodied, requiring relatively
large quantities of nectar and pollen for individual and colony
success, and thus may be less likely to inhabit unburned areas. By
contrast, the similar ITD profiles between burned and unburned
areas in Paradise may indicate that recruiting into burned areas
was relatively easier for bee species with smaller body sizes.
Alternatively, it is possible the species pool present in Paradise
simply has few small-bodied species, and thus the body size
profiles of burned plots more closely reflects those of unburned
plots. These differences between Helena and Paradise may also
be indicative of the slower speed of succession in Helena (which

Density and Diversity of Native Bees, Floral
Resources, Nesting Resources, and
Nesting Success
Our study confirms that, like previously-studied fire-prone
systems (e.g., Potts et al., 2003a, 2005; Lazarina et al., 2016,
2017), the bee fauna of conifer forests of the western U.S. can
benefit from wildfires, including those that burned with high
severity. It is interesting to note that despite low bee density
and, thus, diversity observed in unburned forests, these areas are
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FIGURE 3 | Influence of wildfire on plant traits: plant height (A), number of flowers per inflorescence (B), flower volume (C), and specific leaf area (D). Least square
mean (± 1SE) plant traits across all individuals of all species measured in burned (orange) and unburned (green) plots. Back-transformed least square means are
shown for number of flowers per inflorescence, flower volume, and specific leaf area (SLA). Only the main effect of burn status is illustrated in panel A due to the lack
of interactive effect between locality and burn status on plant height (Table 3). Letters represent significant differences in means at α = 0.05. N = 16–18 unburned
plots per locality; N = 36 burned plots (mixed-severity and high-severity fires) per locality.

high intraspecific variation in body size may allow for the
maintenance of bee-flower interaction networks and continued
pollination services. These findings carry weight as this is one of
the first studies to evaluate intraspecific trait variation in bees
at the community level, and additional studies in this vein are
warranted (Classen et al., 2017; Rumeu et al., 2018).

is very dry and unproductive; trees have not regrown, Burkle
et al., 2015) compared to Paradise (which is wetter and more
productive), and it is possible that the difference in bee size
observed in Helena may attenuate with time.
Across localities, there was higher interspecific variation
in bee body size in burned areas compared to unburned
areas, suggesting that these post-wildfire landscapes pose a
less restrictive environmental filter to native bees than do
unburned landscapes. This pattern is consistent with the
patterns in bee species richness that we observed, albeit
weaker, and confirms that burned landscapes provide more
conducive habitat to a wider range of bee species than unburned
landscapes. Interestingly, however, Helena and Paradise
displayed contrasting patterns in the effect of wildfire on
intraspecific variation in bee body size, with higher withinspecies body size variation in burned communities in Helena but
higher variation in unburned communities in Paradise. While
the overall magnitude of intraspecific variation was small relative
to that of interspecific variation, these patterns in intraspecific
variation in bee body size have important implications for
interactions with flowers, including pollination effectiveness
(Willmer and Finlayson, 2014). Furthermore, higher betweenindividual variation in the body size of a bee species can allow the
population to be more generalized in foraging even if individuals
remain specialized, resulting in more links per species (i.e.,
higher degree) in a community-level interaction network (sensu
Bolnick et al., 2011). Higher average degree across species
would result in a more-connected interaction network that
would, in theory, be more robust to disturbances, species losses,
and other environmental changes (e.g., Dunne et al., 2002;
Memmott et al., 2004). Thus, in Paradise, where bee density
and richness is particularly low in unburned areas, the relatively
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Traits of Plants
Wildfire influenced plant traits important for pollination and
for plant growth (i.e., SLA). Across Helena and Paradise,
plants in burned areas were taller and had more flowers per
inflorescence than in unburned areas, while in Paradise only,
plants in unburned areas had larger flowers and higher specific
leaf area. These results suggest that post-wildfire conditions
promote tall plants and flower production. After wildfire has
cleared the canopy in previously forested areas, sunlight and
open space are initially plentiful, allowing the establishment of
a dense and diverse understory flowering plant community (e.g.,
Swanson et al., 2011). However, once established, there is likely
competition for light and selection for taller plants (e.g., Selaya
et al., 2008; Butterfield and Callaway, 2013). Because we found
that plant individuals of common species were taller in unburned
areas, species sorting for taller plant species may be particularly
strong in burned areas. With adequate sunlight in burned areas,
plants likely achieve a resource status that permits reproduction
(e.g., Kilkenny and Galloway, 2008), and resources are allotted
to flower production and reproduction. In Helena, the enhanced
floral displays in burned areas seem to be due to a combination
of both species composition (selection for species with larger
floral displays) and plant-level resource allocation (individuals of
common species had marginally more flowers per inflorescence),
while in Paradise, the pattern appeared to be mainly driven by
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FIGURE 4 | Influence of wildfire on intraspecific and interspecific variation in plant traits. Back-transformed least square means (± 1SE) of the interspecific variation
(A–D) and intraspecific variation (E–H) in plant height (A,E), number of flowers per inflorescence (B,F), flower volume (C,G), and specific leaf area (SLA) (D,H) across
all individuals of all species in burned (orange) and unburned (green) plots. Letters represent significant differences in means at α = 0.05 based on transformed values.
Scaling is consistent across panels for ease of visual comparison, though note the broken y-axis in panel to accommodate the extremely low intraspecific variation in
flower volume. N = 16–18 unburned plots per locality; N = 36 burned plots (mixed-severity and high-severity fires) per locality.

species composition. Likewise, the pattern of smaller flowers
in burned areas of Paradise appeared to be driven by species
composition, not individuals of common species producing
smaller flowers in burned areas. Because burned areas in Paradise
may be particularly hotter and drier relative to unburned areas,
it is possible that sorting of species with small flowers occurs
because flowers can be very expensive in terms of the water
budget of a plant (e.g., Galen et al., 1999; Galen, 2000; Carroll
et al., 2001). The higher SLA in unburned areas of Paradise
is consistent with plants growing in low light conditions (e.g.,
Björkman, 1981), and the physiological responses of individuals
of common species contributed to this pattern, though we cannot
rule out differences in species composition between burned
and unburned areas as well [i.e., potential for shade-tolerant
species with higher SLA in unburned areas; (Valladares and
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Niinemets, 2008)]. The lack of difference in flower size and SLA
between burned and unburned areas of Helena may indicate that
the environmental conditions influencing these traits are more
similar between burned and unburned areas of Helena than they
are in Paradise, that species composition swamps out any signal
in these traits, or that the relatively unproductive conditions of
Helena impose stronger selection on these traits at the regional
scale compared to any selective effects of fire at more local scales.
Across localities, burned plots had more interspecific variation
in plant height and flowers per inflorescence than unburned
plots, indicating that these burned areas posed a less restrictive
environmental filter to flowering plants—based on these traits—
than unburned areas. Again, these patterns are consistent with
patterns in flowering plant species richness. By contrast, the high
inter- and intraspecific variation in SLA in unburned areas of
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Paradise suggests that the conditions here permit species and
individuals with a wide range of values for this trait. Similar to the
patterns in interspecific variation, intraspecific variation in plant
height (in Paradise only) and in flowers per inflorescence was
higher in burned areas than in unburned areas, and thus may help
promote complexity and robustness in plant-pollinator networks
after wildfire. The lack of differences in interspecific variation in
flower size between burned and unburned areas may point to
a lack of species sorting based on this trait, or trade-offs with
other traits for which there is stronger sorting. In addition, the
lack of differences in intraspecific variation in flower size between
burned and unburned areas may indicate similar strengths of
evolutionary selection for consistency (or lack thereof) in flower
size within species regardless of community and environmental
context (e.g., Cresswell, 1998).

important for the maintenance of landscape-scale trait diversity,
and this remains true despite variable land-use, climate, and
community composition across our study wildfires. Therefore,
landscape mosaics of adjacent unburned and burned lands
likely lead to overall species diversity and ecological function
(Belote, 2015). Forest and fire management goals should include
objectives aimed at maintaining this landscape heterogeneity
(Hessburg et al., 2015).

Summary of Bee and Plant Traits
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Implications for Land Management
Ecologists have long recognized the importance of fire in
maintaining species diversity, composition, and structure of
forests (Larson, 2016). In recent decades, fire policy has begun
to shift from full suppression tactics to management and use.
However, few fires are allowed to burn as managed wildfires
(North et al., 2015), and public communications of fire is
still mostly negative (e.g., Jacobson et al., 2001; Donovan and
Brown, 2007). Our work provides insights into fire’s role in
maintaining plant and pollinator diversity across landscapes.
Fire increases the diversity and abundance of flowering plants
and pollinators, likely within a window of time post-wildfire
related to the system-specific rate of succession. Nonetheless,
unburned areas near recent fires support pollinator traits
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