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1 | INTRODUCTION

Climate change has altered wildfire regimes by increasing the size,
frequency and severity of wildfires (IPCC, Core Writing Team, 2014).
Animal communities have experienced substantial direct and indi-
rect effects of these increases in wildfires (Burkle et al., 2019; Koltz
et al., 2018; Pressler et al., 2018). One animal group of particular
interest is arthropods because they have the highest biodiversity
globally and are sentinels of climate change-induced shifts in distur-
bance regimes (Hgye et al., 2021). Arthropods have gained increased
attention because of precipitous declines in their abundance and
biodiversity, particularly among insects (Van Klink et al., 2020;
Wagner et al., 2021). However, we know little about how changes in
fire regimes differentially affect diverse arthropod taxa. A better un-
derstanding of responses across taxa and functional groups is neces-
sary, because variation in responses (e.g., increasing vs. decreasing)
to novel fire regimes may lead to changes in the ecosystem services
provided by arthropods. Given the important role that these inverte-
brates play in influencing the ecology, ecosystem services, and econ-
omies of ecosystems globally, it is critical that we develop a better
understanding of how fire disturbance influences the structure and
function of arthropod communities.

Fires have direct mortality impacts on arthropods, but these dis-
turbances can also indirectly influence arthropods through short-
and long-term changes to their habitats and food resources (Koltz
et al., 2018). For example, Kim and Holt (2012) found that insect
herbivores were more affected by the indirect effects of fire, rather
than the direct effects of fire due to mortality, and that these indirect
effects were mediated through changes in habitat structure. How a
fire may influence the arthropod community, therefore, depends on
the habitat in which it occurs and on the specific characteristics of the
fire itself. In particular, fire severity and frequency both influence the
extent of direct (i.e., mortality) and indirect (e.g., via changes in habi-
tat and food resources) effects of fire on arthropods. These same fire
characteristics, combined with the amount of time elapsed since a fire
event, can influence community recovery from fire. Previous work
suggests that increased fire severity may negatively influence some
arthropod groups, due to both higher mortality from severe fire events
and the corresponding loss of habitat and resources immediately fol-
lowing high severity fire (Certini et al., 2021; Koltz et al., 2018). For this
reason, wildfires may have stronger effects on arthropods compared

increased herbivory.

5. Our results suggest that the increasing prevalence of high-severity wildfires
are changing the structure of arthropod communities. Given their ubiquitous
presence and diverse roles in terrestrial ecosystems, these community changes

are likely to affect ecosystem functioning in various ways, including through

abundance, burn, climate change, diversity, environmental disturbance, fire regime, fire

to prescribed fires because wildfires tend to be more severe (Hiers
et al., 2020). Arthropods may also have differential responses to fire
between habitat types due to variation in fire severity. For instance,
fire severity can be higher in forests compared to grasslands be-
cause fuel loads are often higher in forests (Hurteau & Brooks, 2011).
Different habitats are also subject to often unique suites of manage-
ment - including grazing in grasslands and logging in forests—that may
interact with fire to influence arthropods.

Effects of fire on arthropods also vary depending upon the
life history strategies of different groups and which life stages are
exposed to fire. For example, some pyrophilic species of flat bugs
and beetles are attracted to areas that recently burned and their
increased survival and reproduction in these burned areas led to
increases in abundance and richness following fire disturbance
(Heikkala et al., 2016, 2017). Responses by other groups, like polli-
nators, are strongly dependent on time-since-fire, peaking in abun-
dance and diversity soon after fire and decreasing with declining
floral resources as succession proceeds (Carbone et al., 2019; Potts
et al., 2003). Previous meta-analyses investigating the effects of
fire on insects have largely focused on abundance and richness
measures of specific functional groups (e.g., Carbone et al., 2019
on pollinators and Pressler et al., 2018 on detritivores) or a few key
insect taxa, such as certain families of Hymenoptera, Lepidoptera,
and ground dwelling Coleoptera (Carbone et al., 2019; Mason Jr.
etal, 2021). These meta-analyses have shown that pollinator abun-
dance and richness can be positively affected by fire in some cir-
cumstances. However, by focusing on certain groups and metrics,
it is unclear how entire arthropod communities may be affected
by fire. Previous studies have also focused on adult responses to
fire, while the effects of fire on different life stages within groups
remain largely unexplored. Yet, developing a better understanding
of fire effects on arthropods across life stages is important, be-
cause some life stages may be more sensitive than others. For ex-
ample, for holometabolous insects, some life stages (e.g., larva) are
less mobile than others (e.g., adult), hampering their capability to
disperse and escape a fire event. Conversely, some stages of devel-
opment may be more resilient to threats from fire, such as subter-
ranean life stages of pupating insects. Thus, considering all groups
of arthropods across life stages is critical because taxa have previ-
ously been shown to display differing responses to fire (Mason Jr.
et al., 2021; Moretti et al., 2006; Nicholson & Egan, 2020).
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In this paper, we address the above knowledge gaps through
a global meta-analysis to provide a comprehensive review of ar-
thropod responses to fire across the entire arthropod community.
We investigated how the diverse natural histories of arthropods
influence their responses to fire, and we also considered how dif-
ferent fire characteristics are associated with a given response
type. Susceptibility to fire may depend on the arthropod functional
group, as some groups benefit from resource flushes available after
fire events, whereas others experience resource losses. Similarly,
arthropods have distinct life stages that are unequal in their vul-
nerability to fire due to different habitats and thus exposure to fire
(e.g., underground vs. aboveground; Koltz et al., 2018); therefore,
we investigated fire impacts across life stages. Variation in abiotic
and biotic conditions within different habitats suggests responses
to fire may vary according to habitat types as well, so we also ex-
amined how habitat type mediates arthropod responses to fire.
Previous meta-analyses have focused primarily on terrestrial sys-
tems where fires occur (e.g., forests and grasslands), but here we
expand our analyses to include the impacts on less-studied habitats
as well, such as streams, wetlands, and agricultural fields. Finally,
fire impacts vary based on fire severity and time since fire, so we
measured the roles played by these variables.

Here, we provide an exploratory analysis of how fire impacts all
arthropod taxa and functional groups for which there are published
studies available, including those groups for which responses to fire
are relatively understudied. Moreover, by including several global
regions, we are able to examine generalities of arthropod responses
to fire across various systems. We address the following questions:
(1) How are functional groups and life stages differently affected by
fires? (2) Do fires have different impacts on arthropod communities
depending on the habitat? (3) Do the impacts of fires on arthropods
vary by fire severity, time since fire, or type of fire (prescribed vs
wildfire)? Our study provides a novel and general perspective of how
increasing severity of fires, a major consequence of global change,
will affect some of the planet's most ubiquitous animals.

2 | MATERIALS AND METHODS
2.1 | Literature survey

We compiled papers from five databases, including Biological
Abstracts, Web of Science Core Collection, Academic Search
Complete, Agricultural & Environmental Science Collection
(ProQuest), and GreenFILE. We searched the databases on
December 10 and 11, 2020 using variations of the keywords ((burn*
OR prescribe* OR control* OR fire* OR wildfire* OR pyro*) AND (in-
tens* OR sever*)) AND (insect* OR arthropod* OR spider* OR bee*
OR parasitoid* OR pollinat* OR hexapod*). When searching these
databases, we selected the option to search for papers that were
in English, and while this is commonly done in many meta-analyses,
we recognize that this method can produce bias in results (Konno
et al., 2020). We then supplemented these results with several other

studies that had been cited in a recent review paper on the effects
of fire on insects (Koltz et al., 2018). The first search produced 4479
studies. We did an initial screening of these studies to remove pa-
pers that were non-empirical papers, including reviews or model-
ling studies, or those that did not include response variables related
to an arthropod. Of the remaining 831 studies, each was evaluated
for suitability by at least two authors. During this process, we kept
studies that were relevant to arthropod responses to fire, reported
some measure of variance (or provided raw data from which we
could calculate variance), included an unburned control treatment,
and did not have confounding variables that made it impossible to
determine the effect of fire (e.g., if grazing only happened in the fire
treatment but not in the control; if a confounding variable was found
in both the fire treatment and the control, we retained those studies
in the dataset and recorded the confounding variable). The response
variables that we were interested in studying were directly related
to the focal arthropod of the study and not proxies related to that
arthropod's impact on their host plant or environment. For example,
Murphy et al. (2018) measured percent herbivore damage; although
this is a proxy for herbivore abundance, it is not a direct measure
of abundance, so we did not include it in our analysis. Studies that
reported raw data were included if we could calculate the mean and
variance ourselves or if the authors were able to provide the miss-
ing information. After this second screening, 130 studies remained.

Within each of these studies, we extracted data from the text,
tables or figures into individual cases for each taxonomic group or
organism that was independently measured. For data reported in
figures, we used PlotDigitizer® (Huwaldt, 2020) to extract data to
measure the means and standard error or standard deviation. For
each paper, we attempted to record additional moderators that
could influence the effect of fire on our response variables; these
moderators included geographic region (country), taxa, functional
group, life stage, whether the arthropod species was generalist ver-
sus specialist, dispersal ability, subterranean life stage, habitat type,
fire type (wildfire vs. prescribed), time since fire for both the burned
and unburned plots, and fire severity (as assessed by the authors,
only 32% of cases reported any measure of severity). Fire type was
primarily categorized into wildfire or prescribed, but some studies
spanned areas that were both wildfire and prescribed fire and were
thus classified as “mixed”. Some experiments were conducted in a
laboratory and were classified as “lab” and many studies did not re-
port the fire type and those were classified as NA. While fire fre-
quency is an important attribute of fires, we instead analysed time
since fire because authors were more likely to publish dates of fires
than how often a fire occurred in their study sites.

We classified arthropods into functional groups based on the
arthropod's feeding habit or ecosystem service; for instance, herbi-
vores were arthropods that fed on vegetative plant parts, whereas
pollinators were arthropods that provided pollination service. We
categorized arthropods as pollinators based on (1) the authors' des-
ignation of the arthropod as a pollinator, or (2) the historical docu-
mentation of the taxa as pollinators (e.g., butterflies and bees). For
Lepidoptera, our classification approach meant that adults were
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considered as pollinators and larvae as herbivores. Time since fire
was binned into categories for analysis ranging from <0.5, 0.5-1,
1-5, and >5years. Some unburned plots had been burned many
years before or had an unknown burn history, but we deferred to the
classifications made by the authors. Most papers did not include all
of these moderators.

When organizing the data from each study, we considered the
control variable to be either from unburned or pre-burned plots;
studies had to report results from one of these controls to be in-
cluded. If results from both pre-burn and unburned areas were re-
ported, we used data from unburned plots as the control to avoid
differences between fire treatment and control due to temporal
factors. Whether the control treatment was considered unburned
depended on the habitat type and history of the land. For example,
when comparing habitats, a forest that burned over 50years ago
could be used as a control (e.g., Malison & Baxter, 2010), but 4 years
since the last burn might have been sufficient for a grassland control
(e.g., Anderson et al., 1989). We did not include a cut-off for the time
since fire for unburned controls because of this extreme variation in

intervals between burn events across habitats.

2.2 | Datasurvey and extraction

To calculate effect sizes for the meta-analysis, we used standard
mean difference (SMD). We decided to use this effect size meas-
urement because our cases included means with zero or negative
values, which precluded using other types of effect size calcula-
tions. The most common response variables that we recorded were
population and community level measures (e.g., abundance, species
richness, density, evenness, biomass) with fewer measures related
to individuals (e.g., body size, growth rate, development time). When
a study included development time of the insect, we switched the
treatment and control, since shorter development time is often as-
sociated with greater fitness (Price et al., 1980). Although the 130
studies yielded a total of 3783 cases for inclusion in the analysis,
close to half of these cases were repeated measures in a time series
of both unburned and burned sites, compared different treatment
means to the same control mean, or measured multiple response
variables for the same taxon. To avoid pseudoreplication for each
of these instances, we used the same case ID within the time series,
the same control group for multiple entries, or for a taxon with mul-
tiple measurements (following Nakagawa et al., 2017). If a study had
both time series and used the same control treatment across multi-
ple treatments, we used the same case ID numbers only within the
time series. Thus, from the 130 papers, there were 1925 independ-
ent cases included in the analysis.

2.3 | Statistical analysis

For our statistical analysis, we used multilevel error meta-analysis,

with case identity nested in publication identity as a random factor,

the moderators as fixed effects, and standardized mean difference
(SMD) as the response variable. We included the variation from each
effect size as our weight in the model. Although we show in the fig-
ures, we did not describe the results of moderator levels with six or
fewer effect sizes because such small sample sizes can cause impre-
cision in the analysis using random models (Borenstein et al., 2009;
Murphy et al., 2017). We analysed the response variables, functional
groups, degree of dietary specialization, life stages, habitat types,
taxa, fire severities, time since fire and fire types (wildfire, pre-
scribed, lab, or mixed) as individual moderators. We then tested for
the effect of fire on different response variables within the various
functional groups, life stages, habitat types, fire severity, time since
fire and fire type. Similarly, we investigated the potential for differ-
ent effects of fire on the taxon within life stages. The estimates and
confidence intervals used in our figures were obtained from models
including a -1 term to compare the main effects with a zero inter-
cept. We tested for publication bias using Rosenberg's fail-safe num-
ber (Rosenberg, 2005) and tested asymmetry of effect sizes (egger's
test) by using a rma.mv model with the function “mod = vi” for the
whole dataset and for each subset. We calculated heterogeneity
as I? using the function mim.variance.distribution from the package
DEMETAR (Harrer et al., 2019). We removed effect sizes that were ex-
tremely high given the distribution of the data (higher than 1000,
or lower than -1000), because these studies could have incorrectly
skewed the results. These removed effect sizes accounted for 0.66%
of all data points (n = 25 effect sizes). We performed the models
using the MeTaFor package with rma.mv function (Viechtbauer, 2010).
We performed all statistical tests in R environment 4.0.3 (R Core
Team, 2020).

We also conducted sensitivity analyses, whereby we first re-
moved cases that considered other variables along with fire (e.g.,
confounding variables such as logging, thinning, herbicide use, etc.)
and re-ran the overall model to see if those additional variables in-
fluenced the results. Lastly, we re-ran the analysis after removing
papers that had more than 100 data points to ensure that these few
papers (n = 9) were not biasing our results.

3 | RESULTS
3.1 | Literature review results

The studies in our analysis were published between 1962-2020,
with 89% of the studies published since 2000 (Figure S1), indicating
that the publication rate has increased over time. However, of all the
studies identified that were related to arthropods and fire (n = 831),
the proportion we were able to include in our meta-analysis (those
that included means and variance) was relatively constant for each
decade (16%) and did not increase over time. Just over half of the
total number of studies were from North America (52% of the stud-
ies; Figure S2) with the United States representing the most stud-
ies of any country (46% of the studies). Studies from Europe (18%),
QOceania (10%) and South America (9%) were also relatively common
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compared to Central America, Africa, Middle East, and Asia (all <5%
of studies), which may be due to bias in searching for only English
language papers (Konno et al., 2020). Most studies had relatively
poor replication. Moreover, many studies had different numbers of
replicates for different response variables; in terms of the maximum
number of replicates employed in a given study, over half of the
studies had 9 or fewer replicates for their control and fire treatments
(Figure S3). Interestingly, fire treatments (median replication n = 9)

were better replicated than controls (median replication n = 8).

3.2 | Data heterogeneity, asymmetry, and
sensitivity analyses

We obtained 3783 data points from 130 papers (Figure 1, see
Figure S4 for histogram of effect sizes and funnel plot and Data S1
for the list of papers used in the meta-analysis; Dataset available in
Bieber et al., 2022). Before conducting the analysis, we removed 25
data points that had extremely high effect size values (higher than
1000, or lower than -1000). The overall model without consider-
ing any moderator was heterogeneous (I2 =79.65%, Q. =16,426.82,
df = 3755, p <0.0001), and the effect size did not show a clear over-
all effect of fire on arthropods (Estimate = 0.027, 95% Cl = -0.093,
0.147, z-test = 0.44, p = 0.661). The heterogeneity shown by the
I statistics in our meta-analysis is slightly below the mean value
found in most ecological meta-analyses (91.7% according to Senior
et al., 2016); 34.4% of the heterogeneity can be attributed to within-
studies heterogeneity and 45.4% to between-studies heterogeneity.
All subsequent models performed to analyse the effects of modera-
tors showed significant Qg, and 1? ranged from 68.6% to 90.1%.

We tested for the influence of different response variables,
functional groups, degree of specialization, habitat types, taxa, fire
severities, time since fire and fire types to explain the heterogeneity
in the data by including these variables as moderators in our mod-
els. We found that fire severity did not account for heterogeneity in
the data (Q,, =5.5, df = 3, p = 0.139), nor did fire type (Q,, =0.37,
df = 3, p = 0.946), habitat type (Q,, =2.77, df = 10, p = 0.973), life
stage (QM = 1.89, df = 4, p = 0.594) or country of origin (Q,, =36.13,
df = 28, p = 0.139). The variables that accounted for portions of
heterogeneity in the dataset were response variable (i.e., abun-
dance, richness, diversity; Q, =91.59, df = 7, p <0.0001), functional
groups (Q =12.28, df = 5, p = 0.031), taxon (Q,, =67.99, df = 33,
p = 0.0003), diet breadth (Q,, =4.08, df = 1, p = 0.043), and time
since fire (Q,, =19.33, df = 3, p = 0.0002). Considering response
variables, we found that biomass and evenness were overall reduced
by fire. For functional groups, fire had a positive effect size for only
herbivores. For taxon, fire decreased oribatid mites, while Diptera
and Coleoptera increased. For time-since-fire, the heterogeneity
of this moderator can be explained by the bin from 0-0.5year-
since-fire having a negative effect size relative to the 0.5-1year
bin. Specialists, more than generalists, showed an increase in all
response variables pooled together following a fire; however, this
subset of data had very low sample size (Figure 1).

The meta-analysis data were asymmetric (egger's test: z = 3.69,
p = 0.0002, Figure S4), even though we did not encounter publica-
tion bias based on Rosenberg's test of fail-safe number (n = 447,697,
p <0.0001, above 5 N +10 of 18,965). The correlation between stan-
dard error and effect size was indicative of small-study effect (i.e.,
studies with low sample size having high effect sizes, Figure S4). To
explore the effect of publication bias shown by the asymmetry of
our dataset, we followed the approach by Nakagawa et al. (2022).
More specifically, we used a model that included as moderators the
variance and the factors that contributed the most to heterogeneity
(response variables and time since fire, see above; n = 3446 effect
sizes). We found that the model with the variance had an overall ef-
fect size of 0.003 (95% Cl = -0.133, 0.143), whereas the same model
not accounting for the small-study effect (without the variance) had
an effect size of 0.09 (95% Cl = -0.042, 0.222). This shows that the
publication bias can potentially change the effect sizes in our model;
thus, we performed a posteriori sensitivity analysis including the
variance as a moderator in all cases where there was a significant
asymmetry.

We performed two sensitivity analyses, one removing cases
that included confounding variables, and another removing studies
that had more than 100 effect sizes. The overall effect size without
confounding cases (n = 614 or 16% of all effect sizes) is 0.028 (95%
Cl = -0.100, 0.157), very similar to the effect size with these data
points. Similarly, the model without studies with more than 100 ef-
fect sizes (n = 1248, or 33%) resulted in an effect size of 0.033 (95%
Cl = -0.098, 0.165). Thus, as the effect sizes from these sensitivity
analyses were similar to the model using all data, we conducted the
rest of the analysis using the whole dataset.

3.3 | Effects of fire on arthropod functional groups

We investigated how response variables differed across func-
tional groups, finding that arthropod herbivores displayed the
most varied responses to fire irrespective of elements of fire re-
gime (Q,, =157.21, df = 8, p <0.0001, > =84.92%), followed by
detritivores (Q,, =53.35, df = 7, p <0.0001, I? =68.62%), pollina-
tors (Q,, =28.05, df = 5, p <0.0001, I? =77.09%), and omnivores
(Qy =12.23, df = 5, p = 0.03, I? =75.19%). The dataset of preda-
tors (Qy =13.31, df = 8, p = 0.102, > =69.97%) showed that the
response variable as a moderator did not contribute to explain the
heterogeneity in this subset of data. Fire reduced herbivore biomass
(z=-8.06, p = 0.002), density (z =-1.97, p = 0.048), and evenness
(z=-5.08, p <0.0001), but increased herbivore abundance (z = 2.4,
p = 0.016), diversity (z = 2.72, p = 0.007), and richness (z = 6.10,
p <0.0001). Predators and detritivores experienced null or negative
impacts from fire, which tended to reduce measures of arthropod
community diversity (detritivore: z =-2.73, p = 0.006) and even-
ness (detritivore: z=-6.72, P <0.0001; predator: z=-2.57, p = 0.01,
Figure 2). Pollinator diversity was also reduced by fire (z =-2.14,
p = 0.032), but pollinator abundance, density, and richness each
showed no overall effect from fire. However, pollinators were the
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FIGURE 1 Number of effect sizes for each response or moderator variable used in our analysis.

group with the lowest sample size analysed here and only pollinator
abundance (n = 194) and richness (n = 27) had large enough sample
sizes (e.g., >25, Gurevitch et al., 2018) to make reliable conclusions.
Therefore, our results for pollinators should be interpreted with
caution. Omnivores were the only group for which fire reduced the
growth of individuals (z =-2.67, p = 0.007).

The dataset with omnivores showed publication bias from both
the Rosenberg's fail-safe number (p = 0.063) and the Egger's test
(p <0.0001). The subsets with herbivores and pollinators were also
asymmetric, whereas predators and detritivores were not asymmet-
ric, based on Egger's test with alpha value at 0.01. When exploring
how the asymmetry could have influenced the results using variance

as a moderator, the differences we found were that herbivore abun-
dance (estimate = -0.002, 95% Cl = -0.281, 0.276) and diversity
(estimate = 0.252, 95% Cl = -0.194, 0.697) were not significantly
different from zero, whereas for omnivores, abundance had a neg-
ative effect size due to fire (estimate = -0.55, 95% Cl = -0.875,
-0.217). All other results remained the same.

3.4 | Effects of fire on arthropods life stages

Fire can also affect different life stages in variable ways, especially
when arthropods in particular life stages are more mobile than
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others. For those studies that reported the focal life stage, the vast
majority investigated the impact of fire on adults, while many fewer
included data on immature arthropods (Figure 1). The life stages
that can be considered immobile were rarely analysed: eggs were
included in just two papers, while insect pupae (i.e., life stage be-
tween immatures and adults of holometabolous insects) lacked any
representation. When analysing the life stages that had good rep-
resentation in our dataset, we found that both adults (Q,, =51.08,
df = 8, p <0.0001, I> =79.35%) and immatures (Qy =16.96, df = 5,
p = 0.005, I =72.96%) showed variable responses to fire.

Fire reduced both adult and immature arthropods biomass
(adults: z =-3.27, p = 0.001, immatures: z =-3.23, p = 0.001;
Figure 3a). Immature arthropod growth was also reduced by fire
(z =-2.26, p = 0.024, Figure 3a). For adults, we also found that
fire reduced species richness (z =-2.35, p = 0.019) and evenness
(z=-4.77,p <0.0001; Figure 3a). The only response variable mea-
sured for eggs was abundance, thus we did not analyse how fire
affects different egg responses. Our dataset included only two
arthropod orders (Lepidoptera and Hemiptera) whose egg stages
were investigated for their response to fire, but only the he-
mipteran showed greater abundance of eggs after fires (z = 2.53,
p = 0.0115; Figure 3b). When analysed by taxon, we found no
clear effect of fire among any order for adult and immature stages
(Figure 3b).

The subset of the adult life stage was asymmetric (z = 5.93,
p <0.0001), whereas the immature life stage subset was not (z=0.71,
p = 0.4). When exploring the effect of this asymmetry on the model

using adult life stage data, we found that adult diversity also had a
negative effect with fire (estimate = -0.4, 95% Cl = -0.587, -0.205),
whereas the other results followed the same pattern as before.

3.5 | Habitat type affects the impact of fire

Diverse abiotic and biotic factors within a habitat can influence
how fire affects arthropods and the bottom-up and top-down se-
lective pressures that affect fitness and community metrics (Vidal
& Murphy, 2018). While most of the response variables did not
differ significantly across different habitats, some decreased fol-
lowing fires in desert and forest habitats (QM =157.12, df = 38,
p <0.0001, I?> =80.81%). Species richness (z =-2.85, p = 0.004) and
diversity (z =-2.57, p = 0.010) were both reduced by fires in de-
serts (Figure 4). For forest dwelling arthropods, fire reduced biomass
(z =-2.83, p = 0.005) and species evenness (z =-2.22, p = 0.026;
Figure 4). Arthropod richness was marginally increased after fire
in forests (z = 1.99, p = 0.049), however, this result was not robust
to publication bias (estimate = 0.096, 95% Cl = -0.087, 0.279).
Additionally, when we consider variance in the model to account for
asymmetry, we found that fire reduced evenness in grasslands (esti-
mate = -0.823, 95% Cl = -1.633, -0.013) and richness in savannas
(estimate = -0.695, 95% Cl = -1.328, -0.062) and in scrub habitats
(estimate = -0.597, 95% Cl = -1.161, -0.033). The results with di-
versity and richness in deserts, and biomass and evenness in forests

remained significant.
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effect size given in parentheses. (b) The effects of fire on different taxa categorized by life stage with sample sizes for each effect size given
in parentheses. Dots represent the estimate of the variables based on the multilevel model and lines represent the 95% confidence interval
of the model. Variables that do not vary significantly from zero are shown in black, significantly negative effect sizes are in orange and

significantly positive effect sizes in blue
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3.6 | The effect of fire type, fire severity, and time
since fire on arthropods

Prescribed and wildfires had contrasting effects on arthropods
(Q,, =116.45, df = 23, p <0.0001, I? =81.26%), with positive effect

Effect size (Estimate)

sizes only observed with prescribed fires (Figure 5a). Prescribed
fires increased arthropod evenness (z = 5.1, p <0.0001), but re-
duced biomass (z =-2.54, p = 0.012). Wildfires only reduced
species evenness (z =-3.31, p = 0.0009). However, burn sever-
ity was a significant factor that influenced arthropod responses
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(Qy=162.99,df = 16,p <0.0001, > =90.1%; Figure 5b). High sever-
ity fire reduced arthropod richness (z =-2.64, p = 0.008) and diver-
sity (z =-3.40, p = 0.0006). Conversely, low severity fires resulted
inincreased evenness (z = 5.13, p <0.0001), and diversity (z = 3.23,
p = 0.012). We also tested if prescribed and wildfires could have
variable effects on arthropods depending on habitat type and fire
severity; however, we found no consistent effects of prescribed
and wildfire across either of these variables (Figures S5 and Sé).
All subsets of data for fire severity and type of fire were asym-
metric (Egger's test with p <0.0001), except for wildfire (z =-1.56,
p = 0.12). The model including variance as a moderator showed the
same pattern as without it for fire type, except for reduced richness
with prescribed fire (estimate = -0.24, 95% Cl = -0.421, -0.051).
For fire severity, when considering publication bias, richness was
not significantly negative with high severity fire (estimate = -0.39,
95% Cl = -0.081, 0.03).

Habitats undergo significant changes following burns, so ar-
thropod response and recovery are dependent on the amount of
time that has passed since a fire impacted the region. We found
the most significant effects to be when less than 1 year had passed
since the burn, with impacts varying depending on the response
variable (Q,, =363.19, df = 32, p <0.0001, > =79.77%; Figure 5c¢).
Considering the effects of variables that had more than 10 effect
sizes, we found that immediately after a burn (<0.5 year), even-
ness (z = 3.1, p = 0.002) and diversity (z = 2.44, p = 0.015) in-
creased, but richness (z=-3.87,p <0.0001) and biomass (z =-2.5,
p = 0.012) decreased. Studies examining the impact of fire be-
tween 0.5 and 1year following a burn found decreases in species
density (z =-4.16, p <0.0001), whereas these fires resulted in
increasing species abundance (z = 3.45, p = 0.0005). Arthropod
abundance again increased 1-5years after a fire (z = 2.95,
p = 0.003), and beyond 5years, fires increased species richness
(z=2.45. p = 0.023), but decreased species evenness (z =-8.98,
p <0.0001).

Data used to test time-since-fire were asymmetric (Egger's test
with p <0.0001). Considering the effect of publication bias in our
model, the differences from the model without variance were that
immediately after a fire, abundance was reduced (estimate = 0.24,
95% Cl = -0.427, -0.062). Between 1 and 5years after a fire,
abundance was not significantly different from zero anymore (es-
timate = 0.128, 95% Cl = -0.023, 0.279), whereas evenness was
reduced (estimate = -0.35, 95% Cl = -0.612, -0.088). After more
than 5years, fire led to reduced diversity (estimate = -0.256, 95%
Cl =-0.505, -0.007), whereas richness was not different from zero
(estimate = 0.15, 95% Cl = -0.042, 0.351). These results indicate
that the analysis of time-since-fire is prone to type | and type Il
errors. However, these differences with the models considering
asymmetry all occurred when the effect sizes and their confidence
intervals were close to zero, following Cohen's definition of small
effect size (<0.3, Cohen, 1988); effect sizes that are considered
moderate or high (0.5 and >0.8, respectively) tended to be robust
to asymmetry.

4 | DISCUSSION

Fire is a significant abiotic force that shapes arthropod populations
and communities. We found that arthropods display substantial vari-
ation in their responses to fire and that community-level responses
are most likely to be detected within the first year following a fire.
Notably, community metrics of diversity were increased by low se-
verity fires and reduced by high severity fires, which suggests that
the increasing prevalence of high-severity wildfires are likely detri-
mental for arthropods in the face of global change. Further, evenness
increased after prescribed burns, but was reduced after wildfires,
which demonstrates that the type of fire has important impacts on
community structure and diversity; differences in evenness may be
due to increased severity, temperature, and/or extent of wildfires
compared to prescribed burns. Overall, when there was a significant
effect of fire on a functional group, the response tended to be nega-
tive, except for herbivores which increased in richness, abundance,
and evenness. When considering the impacts of fire on community
structure, we show that species richness and evenness were often
reduced by fire, potentially indicating a shift towards communities
dominated by few abundant species. This pattern was more appar-
ent in deserts and forests, such that burned desert habitats experi-
enced reduced arthropod richness and diversity, while burned forest
habitats showed reduced evenness and biomass.

4.1 | Responses to fire differed among
functional groups

Arthropod communities showed high variability in their responses to
fire based on the functional group. Herbivorous arthropods repre-
sented the majority of effect sizes and the only group for which fire
increased abundance, richness, and diversity of herbivores. These
findings suggest that fire may drive increases in herbivore popula-
tions and consequently, in rates of herbivory, thereby exacerbating
other similar global change-induced increases in herbivore impacts
(e.g., Meineke et al., 2019).

Pollinators are another arthropod group that is likely sensitive to
fire, because of supposed mortality of low-mobility larval or juvenile
stages (potential negative effects) and typical post-fire increases
in floral resource availability (potential positive effects). However,
in contrast to findings from other recent meta-analyses (Carbone
et al., 2019; Mason Jr. et al., 2021), we did not find that fire increased
any response variable for pollinators. The reduction in diversity of
pollinators we found could result in potential negative effects at the
ecosystem level; however, we have only six effect sizes so that pre-
cludes reliable conclusions about ecosystem effects from our result.
The lack of a potential positive effect of fire on pollinators in our study
could be explained by several important differences in our analyses
compared to those used by previous researchers. First, the pollinator
group had relatively few data-points in our meta-analysis (Figure 1),

which may partly be explained by our avoidance of non-peer reviewed
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literature (grey literature), unlike Mason Jr. et al. (2021). Second, we
excluded non-insect pollinators (e.g., bats) and did not use search
terms in our literature search that focused on specific taxa, as done
by Carbone et al., 2019. Third, for studies to be included in our anal-
ysis, the response variable had to be a direct measure related to the
focal arthropod's fitness or population/community level measures
that included means and variance. For instance, we did not include
papers that measured beta-diversity, whereas these types of papers
were included in Carbone et al. (2019). Lastly, our assignment of func-
tional groups was primarily based on information provided by study
authors, so some pollinators may not have been designated as such.
Even with these narrower guidelines for which studies were included
in our analyses, we were able to obtain a number of effect sizes close
to Carbone et al. (2019) (342 vs 237 in our study).

The negative associations between fire and community metrics
for both predators and detritivores align with previously published
pyroentomological studies for these groups. In particular, fire re-
duced predator evenness, consistent with the expectation that
higher trophic levels will be negatively affected by global changes
due to their proportionally lower abundances and their dependency
on lower trophic levels (Price et al., 2011; Stireman & Singer, 2018). If
higher trophic levels are negatively affected by fire, this may lead to
enemy release scenarios depending on the identity of the predator
species being absent or at lower abundances after fire. The reduc-
tion in predator evenness that we found suggests that fire events
may skew the relative abundances in favour of predatory species
that can either survive the fire event or quickly take advantage of
the resources available following a burn. For example, Thompson
et al. (2022) observed both positive and negative impacts from fires
on predatory and parasitic Dipterans and Hymenopterans, however
fire-adapted species tended to be less negatively impacted. The cu-
mulative effect of fire on predator evenness may alter predator-prey
interactions and top-down pressures on lower trophic levels.

Reductions in detritivore diversity due to fire aligns with pre-
vious work showing that detritivores are particularly sensitive to
environmental change, including a recent meta-analysis that found
fire reduces the richness and abundance of soil arthropods (Pressler
et al., 2018). Detritivore sensitivity to fire may be explained by their
poor dispersal abilities (e.g., Lehmitz et al., 2012) limiting recoloni-
zation of burned areas and from the short- and long-term changes
to the quantity and quality of available litter resources and habitat
after fires. Thus, the reduction in population and community metrics
of detritivores shown in this meta-analysis and others could result in

reduced ecosystem services, such as nutrient cycling.

4.2 | Theinfluence of fire severity, time since
fire and management on arthropods

Ecological impacts of fire are influenced by management strategies and
time since fire. We found that prescribed fires increased species even-
ness. In comparison, evenness was reduced after wildfires; however,

this result suffers from low replication (n = 7 effect sizes). Similarly, the

strongest effect of time since fire occurred on evenness, in which there
was a positive effect size less than 1year after fire, but negative effect
size after more than 5years since the fire event. The sample size in
these cases was moderate (>20 effect sizes). This result suggests that
immediately after a fire, the arthropod community is more even with
different species similarly being affected by the fire event. However,
after the community has time to re-establish, some species may domi-
nate the community, thereby reducing evenness.

We found that high severity fires decreased richness and diver-
sity in communities whereas low severity fires increased diversity and
evenness in arthropod communities. This result is fairly intuitive given
that areas affected by high severity burns take longer to recover their
aboveground and belowground resources, which are necessary for
higher trophic levels to rebound. Overall, few studies actually reported
the severity of the fire they studied, which limits our ability to gener-
alize how arthropods respond to changing fire regimes. A major hin-
drance in synthesizing literature on the ecological effects of fire is that
unlike some other major environmental disturbances (e.g., hurricanes,
tornadoes) that are categorized using an accepted scale, measures of
fire severity vary widely. Even with some proposed scales for fire se-
verity, few studies followed a standardized scale or reported severity
using a difference Normalized Burn Ratio (ANBR), as used by the mon-
itoring Trends in Burn Severity (MTBS), an interagency programme in
the United States. This lack of consistency leads to arbitrary assess-
ments of fire severity across studies even when it is reported, thereby
reducing our ability to assess its impact on arthropods. Thus, our un-
derstanding of how fire severity can influence communities would be

greatly improved by the development of more standardized metrics.

4.3 | Geographic, taxonomic, and life stage
representation

We reviewed 130 studies spanning 58years, a period that showed
a trend of increasing attention to how fire impacts arthropods. Our
analysis included global representation from fire-affected ecosys-
tems. However, over half of our data were from North America,
indicating that this region may disproportionately shape our under-
standing of the effects of fire on arthropod communities. In addi-
tion, while arthropods are a highly diverse taxon, we found a skewed
representation across taxonomic orders, suggesting that just a few
groups contribute to most of our understanding of the impacts of
fires on arthropods. In fact, coleopterans along with hymenopter-
ans (75% being ants) accounted for the same number of effect sizes
as did all other arthropod taxa combined. When the arthropod life
stage was considered within studies, we found both adult and imma-
ture life stages responded negatively to fire. However, overall there
was a disproportionate focus on abundances of adult arthropods
and very little data on responses of other life stages (e.g., eggs, lar-
vae, pupae) or on other metrics of fitness (e.g., growth, body mass).
Thus, knowledge gaps remain regarding how fire may affect the fit-
ness and various life stages of different arthropod groups, especially
less mobile stages (e.g., eggs and pupae).
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4.4 | Challenges and future directions

We initially wanted to fill knowledge gaps from a recent review
(Koltz et al., 2018) that highlighted the lack of information reported
on the relationship between fire and arthropod life stage, func-
tional group, diet breadth (i.e., dietary generalist vs. specialist), dis-
persal ability and subterranean life stage. While we were able to
analyse how the life stage and functional group mitigate arthropod
responses to fire, we encountered challenges when trying to ana-
lyse how diet breadth, dispersal ability, and subterranean life stages
are affected by fire. Koltz et al. (2018) suggested that a more gen-
eralized diet breadth, greater dispersal ability, and/or subterranean
life stages may increase an arthropod's ability to survive, escape,
or repopulate a high-severity fire area. Unfortunately, these attrib-
utes were only infrequently reported. Further, when multiple taxa
were collected in a single trap or data were lumped into a single
taxonomic group (e.g., beetles), functional group, and distinction
of generalists or specialists was difficult to establish. Importantly,
most studies also neglected to mention what life stage (immobile
or mobile) or whether their focal organism occupied subterranean
habitats during the fire, and this information is unfortunately im-
possible to determine post-hoc for outside readers especially when
species were lumped by higher-order taxon, functional group or
community. To be able to make predictions about how fire will im-
pact species, future studies should report diet breadth, dispersal
ability and subterranean life stages of their organisms at the time
of the fire whenever possible.

In addition to the limitations associated with the specific mod-
erators described above, many studies were omitted from our
analyses because they did not report any measure of variance
(e.g., standard error) within the text or in their figures, and raw
data were not available to directly calculate means and variance.
Further, some studies that reported variance failed to specify if
their variance measure corresponded with the control or the ex-
perimental treatment (e.g., in some data tables there was only one
column for variance even though there were multiple treatments)
while others did not indicate if the reported variance was the stan-
dard deviation or standard error. While these additional data on
how fire affects arthropods would have been helpful, these studies
had to be excluded from our analysis; to increase the number of
studies in future meta-analyses, it is imperative that researchers
report both the mean and a measure of variance in their studies, or
make their data available so that calculations could be performed.
We also frequently struggled to determine the sample sizes for
replication of both the control and fire treatments and appreci-
ated authors who included that information clearly in the methods
or table/figure captions. An additional problem with replication is
that >50% of the studies in our meta-analysis included fewer than
10 replicates in either the control or fire treatment and more wor-
ryingly 21% of the studies had sample sizes between 1-4. These
sample sizes are small enough to cause concern about the power

of some studies to detect an effect of fire.

4.5 | Conclusions

Altered fire regimes are an anticipated result of global climate
change. Our meta-analysis highlights the negative relationship be-
tween arthropod communities and increasing fire severity. Even a
year after a burn, the effects of fire were associated with modi-
fied community dynamics that favoured a few abundant species.
Furthermore, while fires occur in a number of different types of
ecosystems, we found that arthropod community responses to fire
varied by habitat type. We also highlight important knowledge gaps
that have hindered our ability to make predictions about how fire
will impact arthropod species in the future. One existing challenge
in understanding the global implications of fire on arthropods is that
North American studies are overrepresented within the pyroento-
mological literature. Given that fire regimes are changing in ecosys-
tems on nearly every continent, additional studies are needed from
underrepresented regions that are increasingly being affected by
fire. While the plight of larger wildlife species often attracts most
of our attention, arthropods are the most ubiquitous terrestrial ani-
mals in several ecosystems; thus, they should gain more attention
when assessing the impact of fire on wildlife. With our analysis, we
show that high severity wildfires present a serious threat to some
arthropod communities whose demise is likely to have broader im-

plications on ecosystem functioning.
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