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Abstract
1. Wildfires drive global biodiversity patterns and affect plant-pollinator inter-

actions, and are expected to become more frequent and severe under climate
change. Post-fire plant communities often have increased floral abundance and
diversity, but the effects of wildfires on the ecological process of pollination
are poorly understood. Nocturnal moths are globally important pollinators, but
no previous study has examined the effects of wildfire on nocturnal pollination

interactions.

. We investigated the effects of wildfire on nocturnal pollen-transport networks.

We analysed the abundance and species richness of moths and flowers, and the
structure of these networks, at three burned and three unburned sites in Portugal

for two years, starting eight months after a large fire.

. Nocturnal pollen-transport networks had lower complexity and robustness fol-

lowing the fire than at nearby unburned sites. Overall, 70% of individual moths
carried pollen, and moths were found to be transporting pollen from 83% of the
flower species present. Burned sites had significantly more abundant flowers, but
less abundant and species-rich moths. Individual moths transported more pol-
len in summer at burned sites, but less in winter; however, total pollen transport
by the moth assemblage at burned sites was just 20% of that at unburned sites.

Interaction turnover between burned and unburned networks was high.

. Negative effects of fire upon moths will likely permeate to other taxa through

loss of mutualisms. Therefore, if wildfires become more frequent under climate
change, community resilience may be eroded. Understanding the responses of
ecological networks to wildfire can inform management that promotes resilience

and facilitates whole-ecosystem conservation.
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1 | INTRODUCTION

Wildfire drives biodiversity patterns globally through heteroge-
neous disturbance regimes (Kelly & Brotons, 2017). It is especially
important within Mediterranean ecosystems (Faivre, Roche, Boer,
McCaw, & Grierson, 2011), where wildfires have become more fre-
quent and severe since the 1970s because agricultural abandon-
ment has caused fuel accumulation (Moreira, Rego, & Ferreira, 2001;
Pausas & Fernandez-Mufoz, 2011). Climate change is expected to
drive further increases in frequency and severity of fires (Flannigan
et al., 2013).

Fires can shape plant-pollinator communities (Brown, York,
Christie, & McCarthy, 2017; Ponisio et al., 2016), leading to reduced
abundance of pollinators and flowers (Potts, Dafni, & Ne'eman,
2001) and reductions in plant reproductive success (Ne'eman, Dafni,
& Potts, 2000), or increased floral resources through a flush of sec-
ondary succession (Capitanio & Carcaillet, 2008; Potts et al., 2003).
By altering community composition, fire may have secondary effects
on plant-pollinator networks (Welti & Joern, 2017), but no study has
investigated the direct effects of fire on plant-pollinator network
properties (Brown et al., 2017). Ecological network metrics are in-
creasingly used as tools for biodiversity monitoring and assessment
of environmental change (Derocles et al., 2018), because they can
describe important changes in the structure and function of whole
ecosystems that might not be detected by measuring species abun-
dance and diversity.

Moths are potentially pollinators of global importance
(Macgregor et al., 2019; Macgregor, Pocock, Fox, & Evans, 2015) and
may be especially important in the Mediterranean (Banza, Belo, &
Evans, 2015). They are in decline (Conrad, Warren, Fox, Parsons, &
Woiwod, 2006), with probable drivers of those declines including
habitat fragmentation, climate change (Fox et al., 2014), and artificial
light at night (van Langevelde et al., 2018; Macgregor, Evans, Fox, &
Pocock, 2017). Wildfire may also affect moths; of the few studies
of the effects of wildfire upon Lepidoptera, most find negative im-
pacts (Kral, Limb, Harmon, & Hovick, 2017). Fire can lead to mortal-
ity of larvae through host plant destruction (Fowles, Bailey, & Hale,
2004), subterranean pupae (Schmid, Thomas, & Rogers, 1981), and
even adults (Gerson & Kelsey, 1997). However, the effects of fire
on moths and their pollen-transport interactions at community level
have not been studied.

Here, we examined the response of nocturnal moth-plant inter-
action networks to a large fire in southern Portugal. By assessing
the abundance and diversity of moths, flowers and their networks
of pollen-transport interactions year-round at three burned and
three unburned large sites for 2 years following the fire, we tested
four hypotheses about the effects of wildfire on nocturnal pollen-
transport systems: (a) that burned sites would have more flowers
than unburned sites, because some species would respond to fire
by flowering; (b) that burned sites would have fewer moths than
unburned sites, because of damage to larval host plants; (c) that
pollen-transport networks at burned sites would be less interac-

tion-rich (because under hypothesis ii, the abundance and species

richness of moths would be lower) and have lower complexity than
at unburned sites; and (d) that pollen-transport networks at burned
sites would have lower robustness (a measure of the tolerance of
networks to species extinctions (Memmott, Waser, & Price, 2004))
than at unburned sites, because generalist species play important
roles in maintaining network stability (Tylianakis, Laliberté, Nielsen,
& Bascompte, 2010), but the loss of larval host plants might drive

random local extinctions of generalist flower-visiting moths.

2 | MATERIALS AND METHODS

2.1 | Study system

The study followed a large fire in July 2012, affecting approximately
225 km? in the Serra do Caldeirdo region near Faro, Portugal (see
Figure S1). This is a mountainous shrubland ecosystem (maximum
altitude 575 m) containing semi-natural cork oak woodland with high
conservation value.

Fieldwork took place from April 2013 to May 2015. We estab-
lished three 40 x 40 m study sites each in the burned area and a
nearby unburned area (Figure S1). All sites had intermediate densi-
ties of oak trees and shrubs at a similar successional stage. The sets
of burned sites and of unburned sites each contained a similar range
of aspects and altitudes, and all were situated on slopes of >10%
gradient (Table S1). Sites within the same treatment were separated
by >300 m, and sites in different treatments by >500 m. Throughout
the study, sites were sampled approximately every 2 months by
moth sampling and floral transects. Each site was sampled on 13-15
occasions in total.

2.2 | Moth sampling

Moths were sampled using Heath-style light traps (Heath, 1965)
baited with 6 W actinic tubes (Philips TL6W/05, Philips) powered
by 12 V batteries. Traps were situated at the centre of the site
and operated between sunset and sunrise; exact set-up and col-
lection times varied throughout the year (Figure S2). Captured
moths were retained in individual tubes for subsequent pollen
analysis. Moths were identified to the lowest possible taxonomic
level, using a local reference collection and several UK field guides
(Manley, 2008; Sterling & Parsons, 2012; Waring & Townsend,
2009).

2.3 | Floral transects

Two parallel 10-m transects were established, 10 m apart, at the
centre of each plot. A 1 x 1 m quadrat was placed every two me-
tres along each transect line (n = 10). For each quadrat, percentage
cover of all plant species currently in flower (henceforth referred to
as flowers) was recorded. Specimens of all flowers were collected
and identified using the Iberian Flora (Castroviejo, 1986-2014),
Flora-On: Flora de Portugal Interactiva (http://flora-on.pt), and col-
lections in the University of Evora herbarium (HUEV); nomenclature
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and family-level taxonomy were subsequently corrected to follow
the Plant List (http://www.theplantlist.org). A pollen reference col-
lection was prepared to assist with pollen analysis, by sampling pol-
len from each species of flower present at the sites and fixing it on
microscope slides. The reference collection contained pollen of 86
plant species from 34 families, including all species recorded on
transects.

2.4 | Pollen identification

All sampled moths were examined for pollen. After relaxation for
12 hr, the head, proboscis and legs of each moth were swabbed with
a small cube of fuchsin jelly (Beattie, 1972), and a microscope slide
prepared with the swab and examined at 400x magnification. Pollen
was identified to the lowest possible taxonomic level using the pol-
len reference collection described above. Whilst pollen transport
by moths does not prove the existence of successful pollination of
any plant (King, Ballantyne, & Willmer, 2013), it is a commonly used
proxy in pollination networks (Banza et al., 2015), being less time-
consuming to collect data on than alternative measures such as sin-

gle-visit deposition.

2.5 | Analytical methods

Analyses were conducted in R version 3.4.4 (R Core Team, 2018),
using a range of packages (Table S2).

Seasons were defined as follows: October-December (“autumn”),
January-March (“winter”), April-June (“spring”) and July-September
(“summer”). These represented clearly separated phases in annual
cycles of floral and moth abundance, with flushes in spring and au-
tumn. Over the study period, we sampled for 9 seasons. Therefore,
“season” henceforth refers to a four-level categorical variable (spring,
summer, etc.), and “sampling period” refers to a nine-level continu-
ous variable (spring of year 1, etc.) describing the number of sea-
sons since the study commenced. For network analysis, we pooled
interactions across sites and samples into distinct networks for each
treatment (burned or unburned) and sampling period, to construct a

total of 9 pairs of networks.

2.6 | Sampling completeness

Detecting 90% of species and/or interactions comprising a network
has previously been proposed as a balance between obtaining a
representative sample of the network, and the diminishing returns
of increasing sampling effort (Chao, Colwell, Lin, & Gotelli, 2009).
For each of our networks, we estimated sampling completeness of
species and interactions. Sampling completeness of moth and flower
species was calculated for each network as (100 x observed rich-
ness) + (estimated richness), where the estimated species richness
was calculated using the Chao2 estimator (Chao, 1987). Sampling
completeness of interactions was calculated following Macgregor,
Evans, and Pocock (2017), using SCW2 and the Chao2 estimator.
Interaction sampling completeness was estimated for each observed

moth species as (100 x observed interactions) + (estimated interac-
tions), where the estimated interaction richness was calculated using
Chao2, and the mean of all species' interaction sampling complete-
ness was taken, weighted by each species' estimated interaction
richness.

2.7 | Pollen-transport networks

We constructed 9 pairs of bipartite pollen-transport networks using
the pooled data from each sampling period and treatment, and cal-
culated weighted descriptive metrics for analysis. We created quan-
titative, interaction frequency-weighted pollen-transport networks,
weighting each interaction by the number of individual moths of a
species carrying pollen of a plant species, because interaction fre-
quency predicts the relative strength of pollination interactions well
(Vazquez, Morris, & Jordano, 2005). Specifically, to test the effects
of burning on network complexity and consumer-resource asymme-
try, we analysed linkage density (a measure of network complexity),
generality of plants and of moths (measures of consumer-resource
asymmetry; sometimes termed “vulnerability” and “generality”, re-
spectively), and niche overlap (a measure of the degree to which
species share interaction partners). Additionally, we compared the
“robustness” (tolerance to species extinctions (Burgos et al., 2007))
of burned and unburned networks by simulating the random loss
of moth species (taking the mean robustness across 1,000 boot-
strapped simulations). For comparison, we repeated these analyses
with quantitative, pollen load-weighted pollen-transport networks,
weighting interactions by the total number of pollen grains of a plant
species carried by all individual moths of a species.

2.8 | Statistical testing

We used generalized linear models (GLMs) and generalized linear
mixed-effects models (GLMMs) to test the effects of burning, sea-
son, sampling period and their two-way interactions. We tested for
effects on abundance and estimated species richness (using Chao2)
of moths and flowers between samples, separately retesting the ef-
fects of fire on floral abundance and richness of annual and biennial
plants only (henceforth “annuals”) and all other plant species (peren-
nials, bulbs, shrubs and trees; henceforth “perennials”). Additionally,
we tested for differences in community composition of moths and
flowers at family level, and moths, flowers and interactions at spe-
cies level, between burned and unburned sites, using Bray-Curtis
dissimilarities tested by permutational multivariate analysis of
variance.

To investigate effects on pollen transport, we first tested for ef-
fects on the proportion of moths carrying pollen. Using individual,
pollen-carrying moths as replicates, we tested for effects on pollen
count and species richness. We then pooled the pollen loads of all
moths within each sample and tested for effects at sample level on
the total quantity and species richness of pollen being transported
by the entire moth assemblage. We examined the relative abundance
of species recorded on floral transects and in winter, when a single
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plant species (Ulex argenteus Webb) dominated the assemblage, we
separately retested the effects of burning on floral abundance, pro-
portion of moths carrying pollen and pollen count at individual and
sample levels, both for U. argenteus alone and for all other plant spe-
cies combined.

Finally, we tested for effects on the five network metrics de-
scribed above. We used treatment and season in all models as fixed
effects; an interaction term between the two was initially included,
but if found to be non-significant, was removed and the model re-
tested with the two variables included separately. For analyses with
multiple replicates per sampling period (i.e. when replicates were in-
dividual moths [n = 3,406], pollen-carrying moths [n = 2,934], samples
of moths [n = 73] or quadrats on floral transects [n = 1,260], but not
when replicates were networks [n = 18]), we also included sampling
period as a fixed effect and tested its two-way interactions with both
treatment and season as above. To account for spatio-temporal au-
tocorrelation, we included site as a random effect in all analyses with
multiple replicated per sampling period, but no random effects were
included when networks were replicates. For dependent variables, we
selected between Poisson and log-transformed Gaussian error distri-
butions on a case-by-case basis (selecting the best-fitting model by vi-
sual inspection of model residual plots). The exceptions to these were
the proportion of moths carrying pollen, for which we used a binomial
error distribution, and the five network metrics, for which we used
untransformed Gaussian error distributions. Significance of fixed ef-
fects was tested in GLMs using F tests and GLMMs using likelihood
ratio tests; consequently, where interaction terms were significant
and retained, we present chi-square and p-values for the interaction
term only (not independently for its constituent variables).

Moths might have cross-contaminated each other with pollen
whilst in moth traps, so we repeated all relevant main analyses using
only the individual-level pollen-transport interactions where 25 pollen
grains of a plant species were sampled from a single moth. This ap-
proach has been used previously in similar studies (Banza et al., 2015;
Devoto, Bailey, & Memmott, 2011) to provide a conservative estimate
of true flower-visitor interactions, and is likely to be sufficient to ex-
clude all such contamination (Del Socorro & Gregg, 2001), but might
also lead to exclusion of some functional pollination interactions.

To test the effect of burning on species' degree (number of links
formed per species), we also aggregated data from all sampling periods
to form a single network for each treatment (n = 1 pair) and for each
combination of treatment and season (n = 4 pairs). We tested the effect
of burning on the frequency distribution of degree of each network
for both moths and plants overall and in each season, using one-tailed
Kolmogorov-Smirnov tests, with the null hypothesis that degree distri-

bution was not higher for unburned sites than burned sites.

2.9 | Interaction turnover

We examined the causes of spatial interaction turnover between
burned and unburned networks within pairs. Interaction turnover
can be driven by change in species presence (of plants, moths or
both) or change in interactions despite universal presence of both

partners (interaction rewiring). All scenarios are plausible outcomes
of burning, so we calculated the p-diversity of the pair of net-
works for each of the 9 sampling periods attributable to, respec-
tively, change in moth and/or plant species presence, and network
rewiring, following Kemp, Evans, Augustyn, and Ellis (2017). This
was the number of interactions present in one network but absent
from the other for each reason, as a fraction of the total number of
unique interactions across both networks. We also calculated the
total Jaccard p-diversity of each pair of networks, which is the total
number of interactions present in only one network divided by the
total number of unique interactions, and was therefore equal to the
sum of the B-diversity attributable to each cause of turnover. We in-
spected these results for seasonal trends in the causes of interaction

turnover between burned and unburned networks.

3 | RESULTS

3.1 | Overview

A total of 3,406 moths of 327 morphotypes, representing at least
311 species in 31 families (Table S3), were caught in light traps. Of
these, 2,394 individuals (70.3%), of 297 morphotypes (90.8%) rep-
resenting at least 282 species of 31 families, carried pollen of 66
morphotypes. Of 70 plant species (representing 28 families; Table
S4) identified on floral transects, at least 58 (82.9%) were also iden-
tified as pollen carried by moths. Applying a conservative threshold
to remove potential cross-contamination of pollen within light traps,
the number of moths carrying at least 5 pollen grains of a given plant
species was only 950 (27.9%) of 186 morphotypes (56.9%). Fifty-two
pollen morphotypes were found in quantities of at least 5 pollen

grains on an individual moth.

3.2 | Abundance, richness and composition

We found that burning and season had significant, interacting
effects on the abundance of both moths (Table S5; x? = 36.24,
p < 0.001) and flowers (X2 = 34.81, p < 0.001). There was no in-
teraction between the effects of burning and season on estimated
species richness of either moths or flowers, but estimated spe-
cies richness of moths was significantly affected by both burning
(x* = 9.39, p = 0.002) and season (% = 41.71, p < 0.001), whilst
estimated species richness of flowers was significantly affected
by season (X2 = 17.96, p < 0.001) but not by burning (XZ = 1.88,
p = 0.170). Specifically, moths were more abundant and species-rich
in unburned sites, and peaked in abundance in summer (Figure 1).
Flowers peaked in abundance and richness in spring, but were less
abundant in unburned sites in winter (Figure 1): a pattern driven
primarily by annual flowers, whereas perennial flowers had reduced
abundance at burned sites (Figure S3). Both burning and season
significantly altered community composition at family level of both
moths and flowers (Table S6), whilst at species level, community
composition of moths, flowers and interactions was significantly
altered by burning but not by season (Figure S4).
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3.3 | Pollen transport

Burning and season had significant, interacting effects on four
pollen-transport metrics (Table S7): the proportion of moths car-
rying pollen (X2 =33.21, p < 0.001), the total pollen load (Xz = 8.84,
p = 0.032) and number of pollen types (2 = 11.17, p = 0.011) per
individual pollen-carrying moth, and the number of pollen types
per sample of moths (X2 = 9.65, p = 0.022). The total pollen count
per sample of moths was also affected by both burning (X2 =11.82,
p < 0.001) and season (X2 = 44.28, p < 0.001), but without inter-
action. Specifically, moths were most likely to carry pollen in
spring, when over 95% of moths carried pollen at burned and
unburned sites alike (Figure 2). However, individual moths were
more likely to carry pollen, and had larger and more species-rich
pollen loads, in burned sites than unburned sites during summer,
and vice versa during winter (Figure 2). In winter, moths were less
likely to carry pollen of the dominant flower species, U. argenteus,
at burned sites, but equally likely to carry pollen from other spe-
cies; the abundance of U. argenteus was significantly reduced at
burned sites whereas other flowers were more abundant (Figure
S5). The total quantity and species richness of pollen transported
by the moth assemblage were lower at burned sites than unburned
sites in all seasons, except that species richness did not differ be-
tween treatments in autumn (Figure 2). Repeating these analyses
with only interactions consisting of 25 pollen grains did not quali-
tatively change our findings (Table S7), except that there was no
significant effect of burning on the species richness of individual
moths' pollen loads.

3.4 | Network analysis

We found that linkage density of pollen-transport networks was
significantly affected by both burning (X2 =477, p = 0.049) and
season (Xz = 6.83, p = 0.006), without interaction. Linkage den-
sity was lower in burned networks across all seasons, and lower in
autumn and winter than spring and summer (Figure 3). Likewise,
network robustness was significantly affected by both burning
(? = 5.04, p = 0.044) and season (32 = 4.69, p = 0.022), being lower
in burned networks and in winter (Figure 3). Generality (mean
links per species) both of moths and of plants was significantly af-
fected by season (plants: Xz = 7.10, p = 0.005; moths: XZ = 13.13,
p < 0.001) but not by burning (plants: X2 =4.10, p = 0.066; moths:
X2 = 0.97, p = 0.344). Generality of plants was highest in summer,
and of moths in spring (Figure 3). Niche overlap was not affected
by either variable (burning: ¥? = 0.87, p = 0.370; season: y2 = 2.44,
p = 0.813). Results were qualitatively similar when we weighted
pollen-transport networks by pollen load, except linkage density
was not significantly affected by burning (Table S8). Likewise,
repeating analyses with only interactions consisting of =5 pollen
grains, we found the same directional trends as described above
(Table S9), but reductions in linkage density and robustness at
burned sites were no longer significant. This is most likely because
these networks contained many fewer interactions, increasing the
error margins around metrics.

The frequency distribution of degree (no. of links per species)
was significantly lower at burned sites than unburned sites for both
moths and plants (Figure Sé), indicating that species formed fewer
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interactions at burned sites. Testing seasons separately, degree dis-
tribution was significantly lower in burned networks for moths in

winter only, and for plants in winter and spring.

3.5 | Longevity of effects of fire

Overall, across almost all community and network metrics, we found
no significant interaction between burning and sampling period,
once season was taken into account (Tables S5-510). This indicates
that temporal trends over the duration of our study did not differ

between burned and unburned sites.

3.6 | Interaction turnover

In all sampling periods, there was high spatial turnover of inter-
actions between burned and unburned networks, indicating that
few interactions were present in both (Figure 4). From spring to

autumn, the principal cause of this turnover was change in the

moth species present in the network; however, in winter, there was
comparatively high turnover attributable to change in both moths
and flowers, indicating that wintertime interactions at burned and
unburned sites involved very different assemblages of both flowers

and moths.

3.7 | Sampling completeness

On average, the sampling of our 18 networks was substantially
less complete than the ideal threshold of 90% (Figure S7), espe-
cially for moths (mean sampling completeness 48.3%), with plants
(75.0%) and interactions (73.5%) being slightly better-sampled.
Nevertheless, sampling completeness did not differ significantly
between burned and unburned networks for moths (t = 1.93,
df = 13.17, p = 0.076), plants (t = 1.48, df = 15.29, p = 0.158) or inter-
actions (t = 0.52, df = 14.20, p = 0.613), suggesting that any conclu-
sions drawn from our comparisons between burned and unburned

sites are robust.
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4 | DISCUSSION

We show the disruptive effects of wildfire on moth communi-
ties and nocturnal pollen-transport networks, contrasting with
positive effects of fire reported in some diurnal plant-pollinator
systems (Capitanio & Carcaillet, 2008; Potts et al., 2003). It may
therefore be important to merge diurnal and nocturnal networks
to gain an unbiased understanding of the effects of environ-
mental change on pollination systems. After burning, nocturnal
pollen-transport networks were less robust to perturbation and
comprised a substantially changed set of interactions. Moths
provided abundant pollen transport, with 70% of individuals car-
rying pollen, but the total effect of burning on pollen transport
was negative in all seasons, in spite of increased floral abundance
after burning, because moths were less abundant and speciose
at burned sites. These negative impacts could permeate to other
taxa, but building resilience into ecosystems, especially those
under managed burning, might be facilitated by understanding
relationships between fire history and plant-pollinator network

properties (Brown et al., 2017).

4.1 | Fire as a driver of environmental change

Previous studies of the effects of fire on Mediterranean plant com-
munities (Capitanio & Carcaillet, 2008) and diurnal pollinators (Potts
et al., 2003; Van Nuland et al., 2013) reported a flush of secondary

succession, consistent with the increase in winter floral abundance

at our burned sites. In fire-prone systems, some native plants may
be stimulated to germinate by fire (Herranz, Ferrandis, & Martinez-
Sanchez, 1998) or assisted by increased light levels associated with
reduced shrub cover at burned sites.

The negative effects of wildfire on moth populations over a
period of 1-3 years after burning, with no detectable return to
pre-fire states, can be interpreted in the light of demonstrated
negative impacts of wildfire on moths (Fowles et al., 2004; Gerson
& Kelsey, 1997; Schmid et al., 1981). Whilst most abundant bee
species are generalist flower visitors and could capitalize on in-
creased general availability of pollen and nectar resources in
burned areas (Potts et al., 2003), many Lepidoptera are specialists
as larvae (Bernays & Chapman, 1994), and may be unable to breed
in burned areas if host plants are destroyed by fire. We found that
the moth community changed significantly at burned sites, indi-
cating that the severity of the effects of fire may vary between
different moths. Further research might reveal whether this vari-
ation is linked to life-history or functional traits in moths, or more
directly to changes in the availability of each species' larval host
plants. Whether ecological succession would, over a longer time-
scale, cause the burned sites to converge on the state of the un-
burned sites, or whether they would instead reach an alternative
stable state, remains to be seen.

However, the long-term role of wildfires in driving moth popu-
lation declines remains unclear. Wildfires are mostly of low impor-
tance in countries where moth declines have been most convincingly

shown, for example in the UK (Conrad et al., 2006), but play a
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FIGURE 4 The quantity and causes
of spatial interaction turnover between
burned and unburned networks. In (a),
bars show the total number of unique

— — interactions observed in each sampling
period, and coloured sections show the
proportion of those interactions observed
in the burned or unburned network only
or in both networks. In (b), bars show the
total Jaccard B-diversity value for spatial
turnover of interactions in each sampling
period, and coloured sections show the
proportion of interaction turnover caused
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substantial role in shaping ecosystems in other regions (Flannigan
et al., 2013; Kelly & Brotons, 2017). Evaluating trends in moth popu-
lations in such regions at a large spatio-temporal scale would there-
fore be valuable. Potential interactions between wildfire and other
drivers of environmental change also warrant further attention.
Climate change and agricultural abandonment may be especially im-
portant since both drivers are of known importance to Lepidoptera
(Parmesan, Ryrholm, Stefanescu, & Hill, 1999; Uchida & Ushimaru,
2014) and play a role in increasing fire frequency (Flannigan et al.,
2013; Pausas & Fernandez-Mufioz, 2011; Price & Rind, 1994), which
might reduce the long-term ability of communities to recover (Oliver
et al., 2015).

Finally, it should be noted that our results pertain to the effects
of a single wildfire, due to the logistical challenges that would be
posed by sampling after multiple fires. All burned sites were burned

|:| Interaction rewiring . Change in flowers
D Change in pollinators - Change in flowers and pollinators

at the same time, by the same fire, and burned and unburned sites
were spatially more clustered within treatments than between
treatments. Therefore, further study of the effects of other wild-
fires, covering a wider range of conditions than was feasible in this
study (e.g. fires on different continents, in different ecosystems and
habitat types, of different sizes and intensities, with burning occur-
ring at different times of year, in association with different weather
conditions, and so forth), might unveil even greater complexity in the

responses of moth and plant communities.

4.2 | Moths as pollinators

Our findings add to the evidence that moths are previously under-
valued providers of pollen transport (Macgregor et al., 2019, 2015),
perhaps especially in Mediterranean systems (Banza et al., 2015),
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where we detected the highest proportion of moths carrying pollen
in any study to date. The pollen of some 83% of locally flowering
plants was carried by moths. An important future research question
is the functional importance of moths as pollinators of the plant spe-
cies whose pollen they transport.

Pollen transport by individual moths was increased at burned
sites in summer, but reduced in winter, despite the increase in flo-
ral abundance and richness. In winter, moths mainly transported
pollen of U. argenteus at unburned sites, but rarely did so at burned
sites (Figure S5). Potentially, more moths may have visited U. ar-
genteus at unburned sites in search of nectar (Stokes, Bullock, &
Watkinson, 2003) because there were fewer alternative floral re-
sources (Figure 1). Moths were less abundant at burned sites in sum-
mer but floral abundance was unchanged, potentially increasing the
likelihood of pollen removal by making each moth more likely to be
among the first visitors to any given flower (Young & Stanton, 1990).
Variation in diurnal visitation rates between burned and unburned
sites could also have influenced pollen availability in all seasons.
Finally, changes in community composition at burned sites could
have made certain species with important roles in pollen transport
relatively more or less abundant.

When the pollen loads of all moths in a sample were aggregated,
the overall effect of burning was a consistent reduction in nocturnal
pollen transport across all seasons. This reflected previous studies of
other pollinator taxa, where flower visitation was reduced after fire
(Ne'eman et al., 2000), even for plant species that respond to fire by
flowering (Geerts, Malherbe, & Pauw, 2011).

4.3 | Networks

Ecological network approaches have considerable potential to help
understand the effects of fire on the risk of cascading extinctions due
to loss of mutualisms (Brown et al., 2017). We find significant struc-
tural differences between networks at burned and unburned sites.
Reduced robustness at burned sites indicates that wildfire leads to
nocturnal pollen-transport systems that are less tolerant of further
perturbation, and at greater risk of cascading extinctions. There was
high interaction turnover between networks at burned and unburned
sites, driven by change in moth species presence (in all seasons) and
plant species presence (in winter). The interactions comprising net-
works can vary spatio-temporally with little associated change in
network structure (Kemp et al., 2017; Olesen, Bascompte, Elberling,
& Jordano, 2008); turnover is often demonstrated within seasons or
over consecutive years. By gathering year-round data, we showed
that the direction and significance of the effects of wildfire changed
seasonally. Future ecological network studies could therefore run
across seasons to avoid over-simplified conclusions.

5 | CONCLUSIONS

Improving the understanding of the functional importance of noctur-
nal pollinators, especially in Mediterranean systems where very large

proportions of moths carry pollen, is important. The effects of driv-
ers of environmental change on nocturnal plant-pollinator networks
have generally not been investigated (but see Knop et al., 2017).
Given that our results contrasted with the positive effects of wildfire
reported in some diurnal plant-pollinator systems, it is unsafe to as-
sume that the effects of drivers of change on nocturnal pollination
networks will be the same as their known effects on diurnal systems.

The negative impacts of wildfire on moth abundance and pol-
len transport were likely driven by direct mortality of immature life
stages and reduction in availability of larval resources. However, fu-
ture mechanistic studies are required to understand the relative im-
portance of these mechanisms at population and community level,
and the impacts on co-evolutionary dynamics. Further study, over
time as the burned ecosystem regenerates and across multiple fires
at the same sites, could establish the influence of repeated pulse
perturbations on ecosystem recovery, improving our understanding
of the resilience of fire-prone systems and the potential importance
of increasingly frequent fires under climate change. A deeper un-
derstanding of the responses of ecological networks to wildfire may
facilitate whole-ecosystem conservation (Tylianakis et al., 2010) and
restoration (Raimundo, Guimaraes, & Evans, 2018), allowing resilience
to be built into fire-prone ecosystems (Evans, Kitson, Lunt, Straw, &
Pocock, 2016).
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