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Abstract

Smoke emissions from landscape fires contain trace gases and aerosols - some of

which not only pose hazards to human health but also have potential ecological

impacts. Since insects play an important role in ecosystems, this research focuses

on the potential that smoke has to impact insect migration which may be related

to insect dispersal and distribution and which has not been much studied thus far.

The overall aim is to use laboratory experiments to quantify the potential effects of

landscape fire smoke pollution on migratory insect flight, and to explore which smoke

components may be contributing to any effect. Comparative laboratory experiments

were conducted to explore these impacts, based around Vanessa cardui L. (Painted

lady butterfly) as the research target as they are famous for their annual migration

between Africa and Europe. A tethered flight mill (TFM) approach was used to

quantitively study the flight behaviour of the adult butterflies, including total flight

distance (m), average speed (m·s−1), maximum speed (m·s−1), and flight durations

(minutes). Adult butterflies were exposed to different smoke conditions and their

flight behaviour compared to butterflies being flown in clean-air conditions (as a

control group). To ensure the experiments produced smoke with realistic properties,

the emissions characteristics of agricultural residue burning and incense burning (as

used in the experiments) were measured.

Vanessa cardui L. was found to have a complex response to different smoke condi-

tions - as assessed by fine particulate matter (PM2.5) concentration. There is a nega-

tive linear relationship between flight speed and PM2.5 concentration when Vanessa
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cardui L. are exposed to very high PM2.5 concentrations (up to 4000 µg·m−3) for

relatively short amounts of time (less than thirty minutes), and other behavioural

parameters associated with flight also show a significant decrease. However, the

butterflies increased their flight speed by around 50% as when exposed to a lower,

stable smoke PM2.5 concentration of 127 µg·m−3 for six hours. The research finds

that the emissions from incense burning are similar to that from landscape fire agri-

cultural residue burning, with similar emission factors of CO2, CO, CH4, and PM2.5,

and suggests that it is the particulates rather than the trace gas component of the

smoke that is the main driver for the flight behaviour impact. We conclude that

exposure to smoke from landscape burning significantly affects the flight behaviour

of adult Vanessa cardui L, although the exact impacts depend on the smoke con-

centration and the duration of exposure. There appears to be reasonable evidence

that smoke released from landscape fires may thus affect insect migration, especially

when periods of widespread and intense agricultural or other burning closely match

migration times.
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Chapter 1

Introduction

This thesis describes work conducted to improve the understanding of the impact

of smoke pollution from landscape fires on migratory insects, in particular focusing

on flight performance. Landscape fires, containing both wildfires and prescribed

fires, are occurring increasingly due to climate change and anthropogenic activities

(Dupuy et al., 2020; Moritz et al., 2012). Smoke pollution released from landscape

fires is comprised of various chemicals, including trace gases (such as CO2, CO, NOx,

and SO2) and atmospheric aerosols (Cascio, 2018; Johnston et al., 2012; X. Li et

al., 2007). The impacts of smoke pollution on human health have been extensively

studied (Cascio, 2018), for example, respiratory problems (Henderson et al., 2011;

Henderson and Johnston, 2012), cardiovascular diseases (Henderson et al., 2011),

and mortality (Johnston et al., 2012; O’Dell et al., 2021). However, there has been

less attention given to the impacts of smoke pollution on ecosystems and other

species.

Insects occupy a key position natural environment and play different roles in ecosys-

tems, such as predators (T. R. New et al., 1992), parasites (Schmid-Hempel, 1998),

and pollinators (McGregor, 1976). Moreover, they work as bioindicators of their

habitat or ecosystem health because they are quite sensitive to environmental pollu-
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tion and provide useful information on environmental alterations (Ghannem et al.,

2018; Parikh et al., 2021).The butterfly in particular is considered a bioindicator

in studies as, in addition to their high sensitivities to environmental changes, they

are relatively easy to classify and track (Hirowatari et al., 2007; Parmesan, 2019).

Moreover, the richness and abundance of butterfly species have been shown to be di-

rectly related to forest fires, possibly through the destruction of their habitat by fires

(Cleary and Grill, 2004; Topp et al., 2022). For instance, in Indonesian fires dur-

ing 1997-1998, butterfly species richness declined remarkably from over 200 species

pre-fire to less than 40 species post-fire so that the community composition altered

obviously, however, The presence of most butterfly species is determined by plant

composition, the number of Jamides celeno (The common cerulean) increased by

over 50% from pre-fire to post-fire due to their host plant was abundant (Cleary and

Grill, 2004). In addition to the direct effects, landscape fires may have some indirect

effects on insects, for example, the derivatives of landscape fire-smoke emissions may

also have potential effects on insects. The research in Tan et al. (2018) indicated

fire smoke impacts the development of butterflies. However, there are fewer studies

on other perspectives, for instance, insect migration. Many migratory insects in the

southern hemisphere migrate during December and February (Farrow, 1984; Maelzer

et al., 1996; Qi et al., 2021; Smithers, 1983), such as Spodoptera frugiperda (Fall

armyworm) (Qi et al., 2021), Helicoverpa punctigera (the native budworm)(Maelzer

et al., 1996). However, insects, such as Agrotis ipsilonsuch (Dark sword-grass) (Zeng

et al., 2020), Mythimna separata (Oriental armyworm) (X. Jiang et al., 2011), in the

northern hemisphere mainly have three migration periods, including spring period

(early March-May), summer period (June- July), and autumn period (September-

October) (R.-L. Chen et al., 1989; H. Feng et al., 2004; H.-Q. Feng et al., 2003;

Hallworth et al., 2018; X. Jiang et al., 2011; Zeng et al., 2020). The migration peri-

ods between May and June, September and October coincide with the time of some

seasonal biomass burning (Tang et al., 2013; Xia et al., 2013). Thus, fire smoke

may affect their flight performance during migration, change the breeding sites of

insects, and alter the local ecological landscape. In addition to coinciding in time,

they may also coincide in location, with implications. The global distribution of fire
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Chapter 1. Introduction

activity determined from Fire Radiative Power (FRP) data and the modelled mean

annual average surface level PM2.5 concentration resulting from smoke emitted from

landscape fire have been shown in Figure 1.1 (from Roberts and Wooster (2021)).

Figure 1.2 shows the global distribution of migratory butterflies (except Antarc-

tica), which indicates that butterflies are globally migratory although the species

and number vary among regions (Chowdhury, Fuller, et al., 2021). From these two

figures, there seems overlap between where fires occur and migratory butterflies are

located. However, no study has addressed the potential impact of smoke pollution

from landscape fires on the flight performance of migratory insects.

In this thesis, Vanessa cardui L. (Painted lady butterfly) has been chosen as the

research target because of its wide distribution, strong flight ability, and regular

migration (Abbott, 1951; Chowdhury, Fuller, et al., 2021; Ecuador, 1992; Stefanescu

et al., 2017; Stefanescu et al., 2013). For example, Vanessa cardui migrates between

Africa and Europe every year, sometimes in large numbers (Stefanescu et al., 2007;

Stefanescu et al., 2013). The flight performance of Vanessa cardui is quantitatively

measured in different smoke conditions and clean-air conditions to explore whether

smoke pollution impacts their flight performance. In addition, the emissions from

landscape fires are studied to understand the specific substances contained in the

smoke and their relative abundance. This study aims to evaluate the effects of

smoke pollution from landscape fires on the flight performance of butterflies, helping

understand how insects might respond to air pollution during migration.

1.1 Overview of the Thesis

The contents of this thesis comprise five further chapters.

Chapter 2: Background, Aim and Objectives. This chapter provides an

overview of the literature on smoke emissions from landscape fires, the roles of

insects in ecosystems, and the impacts of landscape fires smoke on insects. In this

chapter, a published paper is presented (Y. Liu et al., 2022), which focuses on the
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1.1. Overview of the Thesis

Figure 1.1: Global distribution of (a) Fire Radiative Power (FRP) areal density
(W·m−2) coming from Global Fire Assimilation System (GFAS) derived using Mod-
erate Resolution Imaging Spectroradiometer (MODIS) FRP data from the MODIS
active fire product; (b) annual averaged PM2.5 surface level concentrations caused by
landscape fire-emitted PM2.5 from the Copernicus Atmosphere Monitoring Service
(CAMS) calculated over the period 2016–2019 (Figure is copied from Roberts and
Wooster (2021) with copyright permission).
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Chapter 1. Introduction

Figure 1.2: The distribution of migratory butterflies in the world, including five
families. Colours on the map indicate the percentage of all described butterflies
for each zoogeographic region that are considered migrants (Figure is copied from
Chowdhury, Zalucki, et al. (2021) with copyright permission).

review of the impact of smoke pollution from landscape fires on insects. Also, this

chapter concludes with a series of specific research objectives addressed in the later

chapters.

Chapter 3: Measurement of gaseous and particulate emissions from agri-

cultural residue burning. This chapter mainly contains measurements of emission

factors of trace gases and aerosol from agricultural fires in China, mainly comparing

the emissions from different agricultural residues (rice straws, wheat straws, millet

straws, soybean straws, and corn straws). These samples are burned in different

ways to understand the variability in emissions based on different packing densi-

ties and moisture contents. Furthermore, incense sticks are shown to have similar

smoke emissions as biomass burning, so that they are used to create stable smoke

environments for further experiments.

28



1.2. Publications

Chapter 4: Impact of dense smoke conditions on butterfly flight perfor-

mance. This chapter aims to study whether emissions from fires have an impact on

butterflies. Part of the content in this chapter presents a published paper (Y. Liu

et al., 2021), which focuses on investigating the impact of dense smoke pollution on

the flight performance of butterflies.

Chapter 5: Impacts of light smoke conditions on butterfly flight perfor-

mance over long flight periods. This chapter is to explore the potential impacts

of landscape fire smoke on insect migration and to explore what substances in the

smoke emissions impact butterfly flight performance.

Chapter 6: Conclusion and future work.

1.2 Publications

The material presented in this thesis has led to the following papers published or to

be submitted.

1.2.1 Published

• Liu, Y., Francis, R. A., Wooster, M. J., Grosvenor, M. J., Yan, S., & Roberts,

G. (2022). Systematic Mapping and Review of Landscape Fire Smoke (LFS)

Exposure Impacts on Insects. Environmental Entomology, 51(5), 871-884.

• Liu, Y., Wooster, M. J., Grosvenor, M. J., Lim, K. S., & Francis, R. A. (2021).

Strong impacts of smoke polluted air demonstrated on the flight behaviour of

the painted lady butterfly (Vanessa cardui L.). Ecological Entomology, 46(2),

195-208.
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1.2.2 To be Submitted

• Estimating emissions from agricultural burning based on laboratory measure-

ments. Journal paper.

• Impacts of light smoke conditions on the flight performance of painted lady

butterfly (Vanessa cardui L.) over long periods. Journal paper.
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Chapter 2

Background, Aim and Objectives

This Chapter reviews the literature related to this PhD and identifies a set of aims

and objectives for the work. Section 2.1 includes a literature review looking at

studies on the impacts of smoke pollution from landscape fires already published

as a systematic review paper. Since migratory insects are the research targets in

this thesis, Section 2.2) introduces insect migration, and Section 2.3) describes the

roles of migratory insects in ecosystems which emphasizes their importance. The

environmental factors that might impact insect migrations are introduced in section

2.4. The focus then turns to different techniques used to study the impact of en-

vironmental changes on insect migration (Section 2.5). After reviewing the related

literature, aims and objectives of this thesis are summarised in Sections 2.6 and 2.7.

2.1 Systematic Mapping and Review of Landscape

Fire Smoke (LFS) Exposure Impacts on In-

sects
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Abstract 

Landscape fire activity is changing in many regions because of climate change. Smoke emissions from land-
scape fires contain many harmful air pollutants, and beyond the potential hazard posed to human health, 
these also have ecological impacts. Insects play essential roles in most ecosystems worldwide, and some 
work suggests they may also be sensitive to smoke exposure. There is therefore a need for a comprehensive 
review of smoke impacts on insects. We systematically reviewed the scientific literature from 1930 to 2022 to 
synthesize the current state of knowledge of the impacts of smoke exposure from landscape fires on the de-
velopment, behavior, and mortality of insects. We found: (1) 42 relevant studies that met our criteria, with 29% 
focused on the United States of America and 19% on Canada; (2) of these, 40 insect species were discussed, all 
of which were sensitive to smoke pollution; (3) most of the existing research focuses on how insect behavior 
responds to landscape fire smoke (LFS); (4) species react differently to smoke exposure, with for example some 
species being attracted to the smoke (e.g., some beetles) while others are repelled (e.g., some bees). This re-
view consolidates the current state of knowledge on how smoke impacts insects and highlights areas that may 
need further investigation. This is particularly relevant since smoke impacts on insect communities will likely 
worsen in some areas due to increasing levels of biomass burning resulting from the joint pressures of climate 
change, land use change, and more intense land management involving fire.

Key words: landscape fire, smoke, insect, behavior, development

Landscape fires, including wildfires and fires purposely lit for clearing 
or managing land, are widespread globally, occurring in almost all 
vegetated biomes worldwide (Fried et al. 2004, 2008; Johnston et al. 
2012; Roberts and Wooster 2021). Whilst many biomes may benefit 
from landscape fires ecologically, not all are well suited to the pres-
ence of fire (Keane et al. 2008). In some regions, anthropogenic fires 
have become too widespread, or are so disparate from the natural 
regimes that the ecological benefits of fires have diminished (Syphard 
et al. 2007, 2009). Beyond terrestrial impacts such as the removal 
of vegetation and the combustion of organic soil, landscape fire has 

a significant effect on the atmosphere through the smoke released 
(Keshtkar and Ashbaugh 2007, Gadde et al. 2009, Shi et al. 2014).

This smoke is composed of a mix of gases and airborne 
particulates, some of which pose risks to normal biological 
functioning (Erb et al. 2018, Vokina et al. 2019, Sanderfoot et al. 
2021). The smoke emissions can affect the air quality locally or even 
far from the fires (Einfeld et al. 1991, Ward et al. 1992, Streets et 
al. 2003, Chen et al. 2017, Cascio 2018, Wang et al. 2020, Roberts 
and Wooster 2021). Whilst most research has focused on the effect 
of this air pollution on human health (Reid et al. 2016, Roberts and 
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Wooster 2021, Sanderfoot et al. 2021), other animals, including 
insects, may also be affected. Landscape fires emit thousands of 
kilograms of carbon into the atmosphere every year – predominantly 
carbon dioxide (CO2), carbon monoxide (CO), and methane (CH4) 
(Jenkins et al. 1992, Andreae and Merlet 2001, Gupta et al. 2004, 
Gadde et al. 2009, Van der Werf et al. 2010, Zhang et al. 2015, Li 
et al. 2019, Ravindra et al. 2019). Additionally, nitrogenous gases 
such as ammonia (NH3), nitric oxide (NO), nitrogen dioxide (NO2), 
and nitrous oxide (N2O) are also released from fires (Gupta et al. 
2004, Oppenheimer et al. 2004, Li et al. 2019, Ravindra et al. 2019). 
Another group of gaseous emissions emitted in smaller quantities 
are sulfur-containing gases such as sulfur dioxide (SO2) (Gadde et 
al. 2009; Akagi et al. 2011; Li et al. 2017, 2019), along with smaller 
quantities of toxic and/or carcinogenic compounds such as hy-
drogen cyanide (HCH), hydrogen chloride (HCI), benzene (C6H6), 
and polycyclic aromatic hydrocarbons (PAH). Certain constituents 
of the smoke can react to generate other toxic pollutants downwind, 
such as tropospheric ozone (O3) (Jaffe and Wigder 2012, Marlier 
et al. 2013). These gases may pose a hazard to insects in sufficient 
concentrations. For example, short term exposure to CO2 can act as 
an anesthetic for Drosophila melanogaster (Diptera: Drosophilidae), 
which leads to a significant decrease in their electroretinogram 
responses to light stimulation (Stark 1972, Wong et al. 1972, Nicolas 
and Sillans 1989). CO affects the respiration of insects and causes 
them to become less active and consume less food (Baker and Wright 
1977). NO2 has been shown to interfere with the olfactory responses 
of Asobara tabida (Hymenoptera: Braconidae) (Gate et al. 1995). 
Drosophila melanogaster, when exposed to SO2 concentrations 
of around 0.4  ppm in the environment, displayed significantly 
decreased pupal survival and adult endurance to the polluted envi-
ronment (Ginevan and Lane 1978).

Particulate matter (PM) is another risk-related concern from LFS 
(landscape fire smoke), especially those particles of less than 10 microns 
in diameter (PM10) and less than 2.5 microns in diameter (PM2.5) 
(Simoneit 2002, Dhammapala et al. 2007, Broyles 2013). The PM is 
mainly found in black and organic aerosols, and the PM size distribu-
tion is typically skewed strongly toward smaller size particles (Reid et al. 
2005, Rissler et al. 2006, Zhang et al. 2011, Roberts and Wooster 2021). 
The finer PM2.5 is regarded as the most significant, health-impacting, 
and widely transported particulate component of smoke (Johnston et 
al. 2012, Chen et al. 2017). Fig. 1 shows the fire radiative power density 
and averaged PM2.5 surface level concentration caused by landscape fire 
in 2017, which Roberts and Wooster (2021) calculated exposed over 65 
million people to hazardous PM2.5 conditions worldwide. These particu-
late concentrations are likely to also have direct impacts on insects. For 
instance, increased concentrations of airborne PM2.5 have been linked 
with shortened lifespans of Drosophila melanogaster; in a treatment 
with an average PM2.5 concentration of 80 µg m−3, 50% of males and 
females died after 20 and 21 d respectively, while 50% of flies in filtered 
air (with an average PM2.5 concentration of 4 µg m−3) died after 48 and 
40 d, respectively (Wang et al. 2017).

Previous review articles primarily focused on the effects of LFS 
on human health (Reid et al. 2016), while the impacts on ecosystems 
have been less extensively summarized. A comprehensive and sys-
tematic synthesis of present research on the effects of LFS on insects 
is needed to predict the changes in ecosystem services and manage 
the impact of LFS effectively. This review examines the evidence for 
the impacts of smoke exposure on insects. Here we focus on LFS and 
some indoor biomass burning, since the composition of smoke from 
indoor sources, such as indoor fuelwood burning and incense sticks, 
is relatively similar to the smoke components from landscape fires 
(Jetter et al. 2002, Lin et al. 2008, See and Balasubramanian 2011). 
For instance, in some laboratory work to observe insect response to 

smoke, smoke emitted from incense coils is used to simulate the haze 
from forest fires (Tan et al. 2018, Liu et al. 2021). Anthropogenic 
burning sources such as industrial coal fire, domestic fossil fuel com-
bustion, and traffic engine combustion, were not considered because 
these commonly occur in anthropogenic settings according to the 
classification from De Gouw et al. (2004). We used a systematic map-
ping approach to review the effects of LFS (and other smoke sources 
that have similar compositions) on insects and we summarized how 
insects responded to the LFS. Our classification and summary will 
consolidate the current state of knowledge in this area to facilitate 
future research on the effects of air pollution on ecosystems and fur-
ther understand the impacts of climate change on insects.

Methodology

Systematic Mapping Methods
Unlike traditional inductive methods for collating information, 
systematic mapping is a method of organizing, describing, and 
categorizing available evidence on a specific subject by using an 
objective and transparent manner to format a usable database and 
understand knowledge deficiencies (Haddaway et al. 2016, James 
et al. 2016). We searched papers on PubMed, Web of Science, and 
Google Scholar using keywords (‘smok*’ and ‘landscape burning’ 
and ‘insec*’; also with suitable alternatives) to identify those associ-
ated with LFS exposure and relevant insect impacts.

Following standard systematic mapping methods, including iden-
tification, searching, and screening (James et al. 2016, Berger-Tal et 
al. 2018), we found 293 articles in PubMed, 296 articles in Web of 
Science, and 7,070 articles in Google Scholar up to, and including, 
January 2022. All records obtained were considered, from the 
earliest articles incorporated in the databases (1930–2022). From 
these, we removed articles if they described mosquito coil smoke 
impacts on various types of mosquitoes or focused on tobacco 
smoke impacts. Mosquito coils are made from base materials such 
as teak wood and coconut shell powder (Pauluhn 2006). However, 
they are usually used indoors and overnight to repel mosquitoes by 
gradually releasing insecticide (Pauluhn 2006, Hogarh et al. 2016). 
Tobacco is made by drying leaves from tobacco plants, and its smoke 
contains not only CO2, CO, hydrocarbons but also nicotine and aro-
matic amines (Rodgman and Perfetti 2013). Since the nicotine from 
tobacco is toxic to many insects, it has been commonly used as a 
commercial pesticide (Gorrod and Jacob III 1999). We, therefore, 
did not include those studies because the insecticide chemicals and 
nicotine released from these sources do not naturally occur in smoke 
from landscape or domestic wood fires.

After reading abstracts, we scrutinized all records and selected 
studies that focused on the impacts of real-world LFS and simu-
lated LFS on insects, excluding articles that only studied LFS and 
were not related to insects, or if they assessed the insect response to 
stressors not associated with LFS. After accounting for duplicates, 
we identified 42 unique articles. From the remaining environmental 
entomology studies (N = 42), we extracted the following informa-
tion from each paper: (1) insect species covered; (2) type and source 
of smoke pollution; (3) aspects of insect ecology impacted by the 
pollutant – categorized into development, behavior, and mortality; 
and (4) geographical location of study.

Results

Species of Insect Occurring in Relevant LFS 
Literature
A total of 42 studies met the criteria for this review, with 40 species 
of insect studied for their response to smoke polluted conditions. 
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These 40 species were included in twenty-three families and seven 
orders, including Coleoptera (18 studies), Diptera (12 studies), 
Hymenoptera (8 studies), Lepidoptera (5 studies), Hemiptera (1 
study), Phasmatodea (1 study) and Orthoptera (1 study).

Many species only occurred once in the studies mapped, but 
some were the foci of several papers. For instance, of the eighteen 
Coleoptera studies, three focused on Melanophila acuminata 
(Coleoptera: Buprestidae) and other species had two studies in-
dividually, including Monochamus galloprovincialis (Coleoptera: 
Cerambycidae), Rhyzopertha dominica (Coleoptera: Bostrichidae), 
Sericoda bembidioides (Coleoptera: Carabidae) and Sitophilus oryzae 

(Coleoptera: Curculionidae). Six of twelve Diptera studies referred to 
Anopheles gambiae (Diptera: Culicidae). Five out of eight studies on 
Hymenoptera focused on Apis mellifera (Hymenoptera: Apidae).

Smoke Types and Sources
Landscape fires contain various fire types, including forest fires, 
savanna fires, peat fires, and agricultural fires (Finney 1999, 
2004; Keane and Finney 2003; Giglio et al. 2018). A range of 
smoke sources covered in the literature, is drawn from landscape 
fires and indoor burning. This study reclassified the reported 

Fig. 1. Globally mapped outputs calculated in 2017, with (a) GFAS Fire radiative power (FRP) areal density and (b) the averaged PM2.5 surface level concentrations 
caused by landscape fire-emitted PM2.5 (For more information, refer to Roberts and Wooster 2021 for a description of how these data are constructed, and to 
view longer-term mean plots derived from multiple years).
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smoke sources into the two broad indoor and outdoor smoke 
source categories, with ten specific categories (Fig. 2). Twenty-
two studies described the actual landscape fires, of which seven-
teen articles studied smoke generated from wildfires, and others 
consisted of wood fire and prescribed fires. Fourteen out of the 
seventeen wildfire studies focused on forest fires; others included 
bushfires and savanna fires.

Twenty studies utilized indoor biomass burning to simulate 
smoke conditions from landscape fires, using fuel such as burlap, 
cow dung cake, wood, and weeds. Indoor sources in this context 
include those studies that covered the actual domestic fuel burning 
activities and biomass sources used in the experimental work to 
allow more direct measurement of pollutants and particulates. This 
included where incense coils/sticks were used in the laboratory work, 
which mainly consist of wood, organic adhesive, and potassium ni-
trate (Yadav et al. 2020), and therefore, the smoke released by in-
cense has similar components to the smoke from biomass burning 
(Jetter et al. 2002, Lee and Wang 2004, Lin et al. 2008, Shi et al. 
2014). Another two biomass fuels commonly burned indoors are 
burlap– a woven fabric usually made from the skin of the jute plant 
and widely used by beekeepers, and hop pellets – which are dried 
from Humulus lupulus (Reilly 1906, Van Cleemput et al. 2009, Gage 
et al. 2018).

Overall, forty-two papers described eighteen different biomass 
sources, with one-third of the articles focusing on forest fires (Fig. 2). 
The dominant emissions in those studies were generically described 
as ‘smoke’ or ‘volatiles’. Although most papers did not measure 
the specific gases or particulates produced, they suggested that the 
smoke emissions from forest fires, vegetation fires, and wood fires 
contain similar components (Larson and Koenig 1994, Goldammer 
et al. 2008, Simpson et al. 2011).

Impacts of Smoke Pollution on Insects
The impacts of smoke pollution on insects recorded in the published 
literature were divided into three broad aspects: (1) larval devel-
opment (3 studies); (2) behavior (33 studies); and (3) mortality (6 
studies) (Fig. 3). From the literature, four species of insects were 
demonstrably impacted by smoke across more than one aspect 
(e.g., Lepidoptera (Family: Noctuidae) had smoke-related impacts 
on larval development, behavior, and mortality). Three insect or-
ders had evidence of results from only one part: e.g., Hemiptera, 
Orthoptera, and Hymenoptera were affected in their behavior. The 
overall findings are summarized below.

Impacts on Insect Larval Development
Smoke pollution from burning activities can affect insect growth 
and lifespan, with one relevant study reporting positive, and two 
reporting negative influences. Firstly, the larval development of some 
insect species can be affected. Forest fire smoke was associated with 
over 90% of eggs of three stick insect species (Ctenomorphodes 
tessulatus [Phasmatodea: Phasmatidae], Podacanthus wilkinsoni 
[Phasmatodea: Phasmatidae], and Didymuria violescens 
[Phasmatodea: Phasmatidae]) failing to hatch (Campbell 1961). 
Tan et al. (2018) demonstrated that Bicyclus anynana (Lepidoptera: 
Nymphalidae) larvae exposed to burning incense coil simulating 
forest fire smoke of average PM2.5 concentration at 120 µg m−3 
exhibited significantly decreased survival, prolonged larval develop-
ment time, and reduced pupal weight compared with those exposed 
to an average PM2.5 concentration of 50 µg m−3 (control treatment). 
An increase in development time and a decrease in pupal weight 
were also observed when larvae were fed on corn plants exposed 
to the same concentration of smoke, demonstrating an indirect 
impact of exposure to smoke. Nevertheless, not all smoke-related 
impacts are harmful, and some insects respond positively to LFS. 
The volatiles from burned vegetation stimulated the biosynthesis of 
virgin female juvenile hormones of Actebia fennica (Lepidoptera: 
Noctuidae), which would accelerate sexual maturation and reduce 
the period of mating and oviposition. The average number of cho-
rionic eggs in smoke-exposed females was twice that of the control 
group (Everaerts et al. 2000).

Impacts on Insect Behavior
In addition to directly affecting the growth of insects, smoke also 
impacts insect behavior. Insects may be attracted to, or repelled 
by, potential substratum-rich recently burned habitats due to the 
smoke and heat (Evans 1972;, Saint-Germain et al. 2008, Tribe et 
al. 2017). Fire-favoring beetles, such as Buprestidae (Coleoptera) 
and Cerambycidae (Coleoptera), were attracted to fire activity by 
smoke and reproduced quickly in the freshly-burned forest (Linsley 
1943, Gardiner 1957, Ross 1960, Evans 1972, Leatherman and 
Aguayo 2002, Koivula et al. 2006, Saint-Germain et al. 2008, 
Paczkowski et al. 2013, Álvarez et al. 2015, Milberg et al. 2015, 
Elia et al. 2016, Ali et al. 2017). The smoke plumes can attract these 
insects (Saint-Germain et al. 2008) to habitats where landscape 
fires are still occurring or have just ended (Richmond and Lejeune 
1945, McCullough et al. 1998, Leatherman and Aguayo 2002, 
Koivula and Spence 2006, Koivula et al. 2006). Guaiacol derivatives 
released from burning Pinus sylvestris (Scots pine) can stimulate the 

Fig. 2. Hierarchy plot showing smoke source classifications collected from 42 papers reviewed, including two general categories (indoor and outdoor) and ten 
more specific sources, with the number of studies in brackets. Some studies included more than one burning source.
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antennae of Jewel beetles (Coleoptera: Buprestidae) (Schütz et al. 
1999, Paczkowski et al. 2013). For instance, Melanophila acuminate 
(Coleoptera: Buprestidae) are highly sensitive to guaiacol (Schütz et 
al. 1999), but Phaenops cyanea (Coleoptera: Buprestidae) and Ips 
typographus (Coleoptera: Curculionidae) are less so, although they 

show escape behavior regarding LFS (Schütz et al. 1999, Schmitz et 
al. 2000, Álvarez et al. 2015, Ali et al. 2017). More specifically, there 
are several types of sensilla on the antenna, among which the basal 
sensilla respond to odor stimulation (Ali et al. 2017). A group of nine 
cells in Monochamus galloprovincialis (Coleoptera: Cerambycidae) 

Fig. 3. Insect species were studied concerning smoke from landscape fire activities within the published literature. The smoke-related impacts from landscape 
fire activities on insects have been divided into three aspects, including development, behavior, and mortality. The order and species of insects studied are listed. 
P refers to Positive impacts and N refers to Negative impacts.
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was sensitive to smoke plumes which helped them to detect smoke 
from several kilometers away (Álvarez et al. 2015).

Smoke as a product of fire has also been observed to attract 
fire-favoring flies, such as Hormopeza spp. (Diptera: Empididae) 
and Microsania spp. (Diptera: Platypezidae) (Kessel 1947, Brues 
1950, Evans 1972, Leatherman and Aguayo 2002, Milberg et al. 
2015). It was reported that dozens of Microsania flies (Diptera: 
Platypezidae) aggregated and swarmed within the smoke plume due 
to forest fires (Klocke et al. 2011a, Milberg et al. 2015). In addi-
tion to smoke from fires, impacts can also be seen from ‘cold smoke’ 
sources, for example, an aerosol-bomb-dispensed smoke concentrate 
used by beekeepers, can also attract Microsania spp. (Kessel 1960). 
Moreover, the burnt sites after a fire can also attract Hypocerides 
nearcticus (Diptera: Phoridae) aggregating and swarming outside the 
smoke plumes (Klocke et al. 2011a).

Smoke generated from wildfires has also been shown to affect 
Hymenoptera, including indirectly through habitant change, or di-
rectly through injury or death (Love and Cane 2019). Brues (1950) 
observed that Eumenes curvata (Hymenoptera: Vespidae) were 
attracted to smoke generated from burning weeds, lingering in smoke 
as they moved back and forth from their nests. However, more studies 
have observed that smoke could restrain honey bees for an extended 
period. For instance, Apis mellifera capensis (Hymenoptera: Apidae) 
as a subspecies of Apis mellifera (Hymenoptera: Apidae) have been 
observed to stay far away from their nests because they are sensitive 
to fire smoke and have continuous absconding behavior (Tribe et al. 
2017). This may be because smoke blocks their chemical communi-
cation that is needed to coordinate swarming, in particular through 
weakening of the electroantennography response of their antennae 
to alarm pheromones (Visscher et al. 1995).

Honey bees whose sensory perceptions were blocked by smoke 
exposure performed apparent and temporary suppression of ag-
gression compared to those allowed to recognize typical social cues 
(Harrison et al. 2019). Smoke can affect whether droplets of venom 
are released with the stinger, although it may have no impact on the 
likelihood of the sting extending. Smoke from burlap and hops has 
also been shown to reduce droplet formation and possibly lead to 
fewer alarm pheromones being released (Gage et al. 2018). When 
Apis mellifera were exposed to smoke, the bees in the colony be-
came engorged (Newton 1968). Smoke also reduces the number of 
guards and foragers due to the alarm pheromone isopentyl acetate 
(Newton 1969). Extending the impact to other species, the number 
of attacks by Bombus sonorous (Say) (Hymenoptera: Apidae) and 
Vespula pensylvanica (Saussure) (Hymenoptera: Vespidae) reduced 
by over two- and ten-fold respectively when smoke was close to their 
colonies (Visscher and Vetter 1995).

Lepidoptera are also affected by smoke; Exyra semicrocea 
(Lepidoptera: Noctuidae) initiate flight in response to smoke from 
a periodic fire in pine savannas (Lee et al. 2016). The flight per-
formance of Vanessa cardui (Lepidoptera: Nymphalidae) was sig-
nificantly affected by smoke-contaminated air showing that dense 
smoke conditions negatively impact the flight performance of the 
butterfly (Liu et al. 2021).

When smoke from large forest fires darkened the sky, some 
insects such as grasshoppers and seed bugs decreased their flight 
distances or delayed their flights/migrations until the weather cleared 
(Johnson et al. 2005, Hegedüs et al. 2007).

Moreover, smoke from burning domestic fuels has been found to 
show repellent effects on Anopheles gambiae (Diptera: Culicidae) in 
some developing countries (De Meillon 1930, Symes 1930, Gibbins 
1933, Wilson 1936, Bockarie et al. 1994, Biran et al. 2007). It 
has also been discussed that smoke can have a series of effects on 

mosquitoes, including deterrence, expellence, reduced abilities to 
find hosts and bite, knockdown, and death (Vernède et al. 1994).

Impacts on Insect Mortality
Smoke can impact insect dynamics at individual and population 
levels by affecting their growth and behavior and even directly de-
termining their mortality. Over 80% of Bicyclus anynana larvae 
and pupae could not survive in the presence of smoke from in-
cense coil burning (Tan et al. 2018). Smoke from wildfires can 
also cause bee mortality (Love and Cane 2019). Smoke created 
from burning cow dung and neem leaves accounted for the high 
mortality of some Coleoptera species, including Rhyzopertha do-
minica (Coleoptera: Bostrichidae), Sitophilus oryzae (Coleoptera: 
Curculionidae), Tribolium castaneum (Coleoptera: Tenebrionidae), 
and Callosobruchus chinensis (Coleoptera: Chrysomelidae) (Yadav 
and Tiwari 2018, Kishor and Tiwari 2021). In addition, smoke, at 
a concentration where CO exceeded 5000  ppm, generated by the 
combustion of dried harvested paddy, may lead to more than 50% 
deaths of Rhyzopertha dominica and Sitophilus oryzae when those 
insects were in a sealed environment for up to 72 hr (Wijayaratne 
et al. 2009). Furthermore, there was nearly 70% mortality when 
adult Corcyra cephalonica (Lepidoptera: Pyralidae) were exposed to 
smoke generated from biomass burning for 72 hr (Yadav and Tiwari 
2018). However, several early observational studies from Africa 
showed that the decrease in Anopheles funestus (Diptera: Culicidae) 
does not appear to be caused by the smoke from domestic fires (De 
Meillon 1930, Symes 1930; Gibbins 1933).

Positive or Negative Impacts From LFS on Insects
LFS has both positive and negative impacts on insects. The posi-
tive impacts are reflected in LFS attracting insects, especially fire-
loving insects, mainly from four insect orders, including Coleoptera, 
Diptera, Hemiptera, and Lepidoptera (Fig. 3). Some fire-loving 
insects typically rely on forest fires to reproduce, especially, 
pyrophilous beetles. They quickly approach persistent fires using an-
tenna sensors to detect the smoke and locate hot spots using infrared 
radiation sensors, generally located on the thorax or abdomen. Both 
sensors help pyrophilous beetles to find burning areas. Once they ar-
rive, they can occupy these burnt areas immediately after the fire (for 
example, Leatherman and Aguayo 2002, Milberg et al. 2015). These 
pyrophilous insects find suitable habitats by detecting smoke plumes 
and breeding in these areas, increasing their population.

LFS restricts insect development and repels insects, that are 
regarded as negative impacts. LFS can inhibit butterfly growth and 
cause their mortality (for example, Tan et al. 2018). The smoke keeps 
bees away by disturbing their sense of smell. LFS can suppress the 
alarm pheromones secreted by bees, and if LFS is sensed by bees, 
they can be driven to leave their current habitat (for example, Tribe 
et al. 2017). Sometimes, LFS induces anomalous sky polarization, 
in which LFS causes reddish skylight, and the degree of linear po-
larization between skylight and the sun is less than 90°, which can 
disorient insects (Hegedüs et al. 2007). Moreover, LFS can repel the 
insects by acting as a camouflage for the signals emitted by the host 
plant, and insects are sensitive to chemicals in the smoke (Vernède 
et al. 1994).

Geographical Distribution of Studies
Of the 42 studies reviewed here, 41 studies were conducted in 6 
continents, including North America (20 studies), Asia (6 studies), 
Europe (5 studies), Africa (6 studies), and Australia (4 studies). The 
remaining 1 study only referred to ‘developing countries’ rather than 
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specific locations. Thirty-eight articles were associated with 16 coun-
tries (Fig. 4). Most of the research took place in the United States 
of America (12 studies), Canada (8 studies), Australia (3 studies), 
Germany (2 studies), and India (2 studies), with only 1 study in 
each country of the remaining 12 countries, including Kenya, Sierra 
Leone, South Africa, China, Singapore, Sri Lanka, Philippines, Papua 
New Guinea, Spain, Sweden, and the United Kingdom.

The findings are transferable to other locations for some studies 
involving lab work. For example, lab work conducted in the United 
Kingdom by Liu et al. (2021), investigating the impact of smoke on 
butterflies in a combustion chamber, could be applied to various geo-
graphical contexts. While these are the countries where impacts are well 
known, they are not necessarily the countries experiencing the most se-
vere effects from smoke. This is because the relevant research articles on 
smoke-insect interactions are relatively limited. We did not consider the 
effect of mosquito coil smoke on insects for the reasons given earlier, 
however, there are many studies on the repellent effect of household 
mosquito coils on mosquitoes in Southern Asia (Liu et al. 2003, 2013; 
Hamid et al. 2017; Amelia-Yap et al. 2018).

The number of specific species studied worldwide is summarized 
in Fig. 4. The species in those papers investigating the effects of 

smoke on insects are mainly from the United States of America 
(9 species), Canada (9 species), Australia (7 species), Germany 
(5 species) and India (5 species). Three Diptera species and one 
Coleoptera species were studied in Sweden (Milberg et al. 2015). 
Three Diptera species were mentioned in Papua New Guinea 
(Vernède et al. 1994), and two Coleoptera species were studied 
in Sri Lanka. The remaining eight countries all cover only one 
insect species.

The number of specific species, the number of studies, and the 
number of distributed countries related to the nine known insect 
species mentioned previously are summarized in Fig. 5. Research on 
Coleoptera (18 species) was the most prevalent, with 18 studies in 9 
countries, including the United States of America, Canada, Germany, 
Australia, China, India, Spain, Sweden, Sri Lanka. Hymenoptera 
studies were distributed in the United States of America and 
South Africa. Diptera studies had a wide research range, including 
Australia, Philippines, Sweden, and the United States of America, 
Papua New Guinea, Kenya, and some south and east African areas. 
Lepidoptera studies were distributed in the United States of America, 
Canada, India, Singapore the United Kingdom. The Hemiptera study 
and Orthoptera study were in Canada. Phasmatodea were only 
studied in Australia. The number of studies did not precisely match 
the number of insect species investigated in each country because 
some studies covered more than one insect species, and several pa-
pers covered the same species.

Discussion

Evidence suggests that LFS exposure impacts insect population dy-
namics through development, behavior, and mortality, although the 
literature is limited. Approximately 80% of studies discussed how 
insect behavior responds to LFS, mainly reflected in mating and 
flight (Hegedüs et al. 2007, Bazzett 2008, Schmitz et al. 2008). These 
behaviors comprise an extensive range of activities and can eventu-
ally affect many aspects including population viability, species per-
sistence, and so on, as described in Lester et al. (2007) and Berg et al. 
(2010). Understanding the behavior of insects could improve both 
pest management and conservation programs (Cunningham et al. 
1999, Witzgall et al. 2010), and therefore is particularly relevant to 
human health (e.g., mosquitoes; Greenberg 2019, Steven et al. 2020) 
and economics (e.g., honeybees; Smith et al. 2013).

Fig. 4. The global distribution of 38 out of 42 smoke-insect studies as determined from a systematic mapping exercise, covering 16 countries, with the number 
of studies and insect species per country in brackets.

Fig. 5. Total number of species, the number of studies, and the number of 
countries included in the seven insect orders.
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Main Insect Species Studied
In the LFS related articles, we found that three insect groups were 
most discussed and studied. The most commonly occurring insects in 
the literature were beetles (Order: Coleoptera), which can be abun-
dant in wildfire areas. Various fire-loving beetles can inhabit burning 
or burned trees by detecting smoke and heat (Schmitz et al. 2008, 
Klocke et al. 2011b, Álvarez et al. 2015). For instance, woodboring 
beetles (e.g., Buprestidae and Cerambycidae) that regard dead trees 
as habitat, have a high reproduction rate leading to impacts in their 
population dynamics (Saint-Germain et al. 2008). Moreover, the 
population of adult buprestids is found to be higher when burn se-
verity is higher (Ray et al. 2019). Outbreaks of beetles are common 
in the areas of the U.S. and Canada where wildfires occur frequently 
due to the increasingly severe drought (McCullough et al. 1998, 
Gillett et al. 2004, Gavin et al. 2007, Marlon et al. 2012, Ray et al. 
2019).

The second group of insects is related to economic activities, such 
as honeybees (Order: Hymenoptera), which are highly valued world-
wide for not only producing honey and wax but also pollinating 
many crops (Sabbahi et al. 2005, vanEngelsdorp and Meixner 2010, 
Smart et al. 2016). Smoke can reduce the aggression of bees and 
is therefore used as the most basic and effective method to obtain 
honey (Crane 1983). Moreover, bees are sensitive to smoke, so bee 
behavior may be used to predict the impact of LFS on their colony, 
particularly in forested areas (Moretti et al. 2009, Galbraith et al. 
2019).

The third group of studies focused on those insects having a direct 
relationship to human health, such as flies and mosquitoes (Order: 
Diptera), through their spread of diseases and their being of general 
public health concern (Harrison 1979, Beier 1998, Lacroix et al. 
2005, Peter et al. 2005, Vijay Kumar and Ramaiah 2008, Greenberg 
2019, Steven et al. 2020). For example, Drosophila melanogaster 
has been commonly used as a research model for human diseases 
because it is a widely studied and efficiently handled genetic model 
organism (Kale and Baum 1982, Hamatake et al. 2009, Yamaguchi 
and Yoshida 2018, Santalla et al. 2021). Anopheles gambiae has 
been studied for decades because it spreads malaria. Smoke from 
burning plants or wood is often used to repel mosquitoes (Vernède 
et al. 1994), and therefore, information on their efficacy is vital in a 
public health context.

Main Smoke Sources Studied
LFS comes from various natural sources, but most attention is given 
to wildfires, particularly forest fires, while others include wood 
fires and prescribed fires. Fires and insects work interactively as the 
disturbance agents to the ecosystems of many forests, which have 
effects on the composition of the species in the forests (McCullough 
et al. 1998, Swengel 2001). Prescribed fires are primarily used as 
a land management tool to control the natural fires and reduce 
the frequency or severity of wildfires (Ryan et al. 2013). Swengel 
(2001) summarized how insects responded to fires, including wild-
fire and prescribed fires. Several pieces of evidence showed that local 
ecosystems would be maintained and improved by managed fires 
because they are controlled and can have positive impacts on bi-
odiversity while wildfire is normally uncontrolled, irregular, and 
damaging (Ferrenberg et al. 2006, Fernandes et al. 2013). Hence, 
some insects associated with herbaceous vegetation responded fa-
vorably. For instance, the exacerbated landscape fires induced by the 
El Niño Southern Oscillation (ENSO) event of 1997-1998 in East 
Kalimantan, via its ability to depress rainfall, caused approximately 
90% of forest cover over a 400 km2 area in the Balikpapan-Samarinda 

region to burn (Harrison 2000, Cleary and Grill 2004). Although 
many insect species significantly declined following this event, the 
proportion of Jamides celeno (Lepidoptera: Lycaenidae) increased 
from less than 5% in the pre-ENSO butterfly assemblage to over 
50% in the post-ENSO assemblage, becoming the dominant but-
terfly species in the local area (Cleary and Grill 2004). However, 
whether wildfire or prescribed fires, the smoke emissions are sim-
ilar, and the concentration of the emitted substances depends on the 
proximity to the source of the fire (Navarro et al. 2018). In the re-
lated articles studying the impacts of LFS on insects, it is hard to 
collect accurate information on wildfire density, length, and area 
because researchers have predominantly focused on how insects re-
spond to smoke from forest fires rather than studying the fires them-
selves. Some observations were over a short period (e.g., five days, 
Richmond and Lejeune 1945; Johnson et al. 2005), while some were 
studied over a far more extended period (e.g., 30 yr, Saint-Germain 
et al. 2008). One driver of this lack of study may be that fire-loving 
insects are difficult to sample, except after a bushfire (Milberg et 
al. 2015). Most of the articles qualitatively described the observed 
smoke conditions or weather changes caused by the smoke, and a 
few articles quantified the concentration of the gases and PM2.5 to 
specify the severity of the smoke conditions (Wijayaratne et al. 2009, 
Tan et al. 2018, Liu et al. 2021).

Main Locations Studied
The distribution of insect studies broadly follows trends in global 
wildfire distribution, particularly for field-based studies. Lu et al. 
(2021) studied global fire distribution using remote sensing data 
(VIIRS 750m) and showed that high-frequency fires are distributed 
in North America, Australia, and Africa. The historical focus on these 
geographical regions is understandable. However, it is still somewhat 
surprising that there is so little focus on the ecological impacts of 
smoke on insects, particularly given (1) their critical functional roles 
in ecosystems globally (Humphrey et al. 1999), (2) the global diver-
sity of insects (Gaston 1991), (3) the increasing and dramatic eco-
logical impacts that may result from changing wildfire regimes in 
some regions (McKenzie et al. 2014), and (4) the extensive entomo-
logical literature that covers many thousands of species. Indeed, the 
relationships between insects and smoke need further investigation. 
Most published research has focused on impacts on insect behavior 
and larval development and to a lesser extent mortality. There is a 
gap for more research, particularly into smoke impacts on popula-
tion ecology and how this may influence community composition 
and diversity.

Other Fire Factors Impacting Insects
In addition to LFS, other fire factors may also influence the insect 
community. Koltz et al. (2018) summarized the direct and indirect 
impacts of fire factors on insects, such as fire intensity, frequency, 
and severity. These fire factors may impact insect dispersal ability, 
life stages, diet, and habitat utilization. Fire at high frequency but 
low severity may attract fire-loving insects and increase insect di-
versity, while fire at high frequency and high severity may nega-
tively impact insect recovery (New 2014). Fire at high frequency but 
low intensity can significantly reduce some insect numbers, such as 
beetles and bugs (York 1999). Swengel (2001) illustrated that insect 
species abundance significantly reduced after a fire, which can be 
an effective conservation management tool for open habitats. The 
magnitude of the reduction in insect populations was related to 
flame exposure. However, insect species diversity can be increased 
due to frequent prescribed fires by controlling the local plants and 
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maintaining habitats (Ferrenberg et al. 2006, Ulyshen et al. 2021). 
For instance, the species richness of saproxylic beetles increased after 
a prescribed fire compared to a set of unburned sites (Ulyshen et al. 
2020). As Kral et al. (2017) show, the response of different species 
of insects to fire is variable, not simply an increase or decline, and is 
driven by multiple factors.

Climate Change Impacts on LFS
Changes in fire frequency, intensity, and severity lead to poten-
tial impacts on the ecology of a region (Dale et al. 2001). Climate 
change increases the temperature globally and changes precipitation 
patterns, which aggravates frequency, severity, and extent of land-
scape fire activities (Moritz et al. 2012, Pachauri et al. 2014, Reid 
et al. 2016). Dupuy et al. (2020) indicated that the probability of 
wildfires in Europe increases by 2% this century due to climate 
change, while the burned area is likely to increase by 45%. This 
increase in wildfires could result in severe atmospheric pollution 
both locally, and globally (Reid and Maestas 2019). For instance, 
Indonesian forest fires have been shown to impact air pollution 
in the neighboring country of Singapore (Sheldon and Sankaran 
2017). The increase in the burned area could lead to a doubling of 
the current carbonaceous aerosol emissions from wildfires by 2050 
(Spracklen et al. 2009). These fire smoke impacts may be seen in 
the structure and function of insect communities (Koltz et al. 2018).

Recommendations for Future Research
Most behavioral work has examined how smoke (and burning 
more generally) may attract or repel insects, with some biochem-
ical work on response mechanisms. As insects have different func-
tional roles within ecosystems, such as plant pollinators (Ollerton 
2017) and seed dispersers (Farwig and Berens 2012), one poten-
tial research area is the impact of LFS on insect ecosystem services. 
Sagili and Chakrabarti (2021) suggested that smoke pollution from 
wildfires decreased the pollination services of honey bees, providing 
rare evidence showing that LFS impacts insect ecological function. 
We suggest that the impact of various types, concentrations, and 
compositions of smoke emission on ecosystem service aspects of in-
sect ecology should be priorities for future research.

Another potential direction is studying the flight behavior 
of insects under smoke conditions, especially as many impacted 
functions of insects relate to their flight behavior. Apart from some 
recent work on butterflies (Liu et al. 2021), there is little work on 
how smoke may impact the flight behavior of insects, including flight 
initiation, speed, duration and flight direction-finding ability. It is 
necessary to explore their flight performance under different LFS 
conditions. Conditions in the atmospheric environment can sub-
stantially impact insect migration, one of which is that insect mi-
gration usually occurs on clear days (Drake and Farrow 1988). LFS 
can cause extreme weather phenomena that are detrimental to insect 
migration. If insects do not migrate, they are likely to be trapped in 
the fire-prone region, ultimately threatening survival (Hegedüs et al. 
2007).

In addition, it would be important to investigate how smoke 
emissions may impact insect reproductive behavior (Ridley 1988, 
Musolin 2007). As Tan et al. (2018) have shown, not only can smoke 
pollution negatively impact butterfly development, but also repro-
ductive capacity and behavior. Some fire-loving insects complete 
their reproduction in burning trees during forest fires (Schmitz et al. 
2008). Usually, plant succession after landscape fires creates habitats 
for various insects, which causes insect outbreaks (Sanderfoot et al. 
2021). For instance, the abundant resprouting of host plants after a 
fire provides a habitat for butterflies, allowing their populations to 

increase (Cleary and Grill 2004). When LFS impacts insect popula-
tion distribution and habitat, it may impact insect metapopulations 
at a broad spatio-temporal scale, where effects are seen among 
interacting insect populations (Singer and Wee 2005), including pop-
ulation genetics (Nyabuga et al. 2012). The environmental change 
also impacts the structure of insect assemblages, although the cor-
relation between environmental variables and assemblage structure 
is relatively weak (Heino and Mykrä 2008). Knowledge of these 
areas is essential not just for understanding the ecology of insects 
but also for the ecosystem services that are associated with them 
because insects are crucial components of biodiversity in most terres-
trial ecosystems – as predators, parasites, herbivores, saprophages, 
and pollinators (Schowalter 2016, Brockerhoff and Liebhold 2017). 
More evidence is needed to determine what specific components in 
LFS impact insects to better predict insect performance under var-
ious degrees of atmospheric pollution.

Furthermore, the responses of insects to different sources of 
smoke pollution can be studied and summarized. For example, 
when Drosophila melanogaster are exposed to cigarette smoke 
for over six hours, there is an increasing possibility of gene muta-
genesis (Uchiyama et al. 2016). Some butterfly species can display 
mortality when exposed to high-level air pollution induced by coal 
power plants, like Thecla betulae (Lepidoptera: Lycaenidae) (Corke 
1999). Although the chemical components in cigarette smoke, 
power plant emissions, and LFS are different, similar impacts may 
(or may not) result. More specifically, the concentrations of gas and 
particulates in the smoke need to be measured in the future study. 
There were some pieces of evidence showing that specific gas compo-
nent impacts insects. For instance, Drosophila melanogaster exposed 
to SO2 concentrations at 400 mg m−3 significantly decreased pupal 
survival and adult endurance in the polluted environment (Ginevan 
and Lane 1978). Also, this was observed for the larvae of Junonia 
coenia (Lepidoptera: Nymphalidae), when reared under high CO2 
conditions (700 mg m−3) grew significantly slower and took longer 
to pupate compared to those larvae in ambient CO2 conditions 
(300 mg m−3) (Fajer et al. 1991). Although some studies measured 
PM2.5 concentration to show how severe the smoke conditions, such 
as Tan et al. (2018) and Liu et al. (2021), many LFS-insects studies 
did not describe the specific components in the smoke.

To achieve what has been mentioned above, both field work 
and laboratory experiments are required to enable controlled 
conditions and allow target organisms to react more naturally to 
smoke in their environment. Specific measurements of smoke char-
acteristics can be challenging, but as far as possible, this should be 
conducted in future work to increase comparability and transfera-
bility of results. It was not always possible to ascertain key smoke 
characteristics from some of the studies reviewed here, for example, 
smoke concentrations or components. Many papers considered only 
general smoke from wildfires, meaning that while the impacts may 
be clear, in the absence of details on concentrations and components, 
the key drivers of the impact may not become apparent. An essential 
aspect of future research will be the more significant investigation of 
smoke components from different sources, including different types 
of wildfires, controlled agricultural burning, and domestic sources 
(Sun et al. 2014, Tan et al. 2018).

Conclusions

We reviewed the effects of LFS on insects and summarized the in-
formation identified. LFS can be used as a cue to attract insects who 
ultimately find suitable habitats, such as fire-loving beetles (Saint-
Germain et al. 2008). However, it can also trap or repel insects, such 
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as honey bees (Tribe et al. 2017). Besides the impact on insect be-
havior, LFS can also inhibit insect development and cause mortality, 
for example, in butterflies (Tan et al. 2018) and moths (Yadav and 
Tiwari 2018). Most studies relating to LFS effects on insects have 
concentrated on developed countries, though landscape fire activity 
is highest in developing countries and regions. More information 
is needed in these areas to develop a comprehensive understanding 
of ecological feedback in response to LFS, such as in regions of 
Southern Africa, South Asia, and South America. So far, only seven 
orders have been studied concerning the effects of LFS. Therefore, 
a wider range of insects need to be taken into consideration to un-
derstand the broader effects of LFS and enable these impacts to be 
considered when attempting to understand the future impacts of 
landscape fires under changing climate and human activity.
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2.2 Insect Migration

The definition of ‘migration’ from the Cambridge English Dictionary is ‘the process of

animals travelling to a different place, usually when the season changes ’. C. Williams

(1957) mentioned that the term ’migration’ pertains to the deliberate movements

of animals, wherein they have a direction, covering a certain distance that leads to

a temporary or permanent shift in their habitat. Migration is a widespread phe-

nomenon observed across all major insect orders and occupies a significant role in the

evolutionary development of various life-history strategies (Denno et al., 2001). The

distances covered by insects during migration exhibit significant variation, ranging

from localized movements within a specific area to traversing thousands of kilometers

between continents and even hemispheres(J. W. Chapman et al., 2015; Chowdhury,

Fuller, et al., 2021; Denno et al., 1985; Dingle, 2014). Also, insect migration typi-

cally occurs during specific seasons or periods of the year, sometimes coinciding with

favorable conditions, such as resource availability and climate patterns(Carlson et

al., 1992; Dingle and Drake, 2007; Stefanescu et al., 2017). Besides, insect migration

might involve movements over multiple breeding generations, such as monarch but-

terflies, painted lady butterflies, fall armyworm (Flockhart et al., 2013; Stefanescu

et al., 2017; J. Westbrook et al., 2019). In summary, most migratory insect species

engaged in large-scale, seasonal timing, multi-generational, and long-distance jour-

neys. (J. W. Chapman et al., 2015; Chowdhury, Fuller, et al., 2021; Denno et al.,

1985; Dingle, 2014), including butterflies, dragonflies, moths, aphids, and flies(Clem

et al., 2022; H.-Q. Feng et al., 2007; Hobson et al., 2021; Lundmark, 2010; J. R.

Riley et al., 1995).

2.3 Migratory Insect Roles in Ecosystem

Insects are the most abundant and diverse animals on the planet, with an estimated

5-15 million species (over 60% of all animal species) (Dirzo and Raven, 2003; Jankiel-

sohn, 2018; May, 1988; Sabrosky, 1953). The migratory insect is a type of insect

species that exhibits regular and predictable movements across large distances dur-

ing specific times or seasons, including butterflies, moths, dragonflies, beetles, bees,
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and certain species of flies (J. W. Chapman et al., 2015; Satterfield et al., 2020;

C. Williams, 1957). As migratory insect species can be found in various functional

groups of insects, including pollinators, herbivores, predators (in a general sense),

decomposers, and pests (Chowdhury, Fuller, et al., 2021; Dingle, 2006; D. Reynolds

et al., 2006; Walther et al., 2002), they are inextricably linked to the whole ecosys-

tem functions, and have both direct and indirect impacts on ecosystems. Therefore,

we review some key roles of migratory insects in ecosystems in greater depth in

Sections 2.3.1 to 2.3.6.

2.3.1 Pollinators

Over 1500 crops worldwide rely on insects to complete pollinations and reproduc-

tion (Klein et al., 2007). Depending on the crop species, insect pollination has been

shown to increase average crop yield by varying percentages, ranging from 18% to

over 70%(Bartomeus et al., 2014). There exists a pollination mutualistic relation-

ship between insects and plants, such as fig and fig wasps (Cook and Rasplus, 2003),

glochidion trees and epicephala moths (Kawakita and Kato, 2006), yuccas and yucca

moths (James et al., 1994). Among pollinating insect species, bees are regarded as

the most economically valuable pollinator for most crops, especially Aplis millif-

era (Honeybees), because of their wide range of applications, convenience, and low

cost (Khalifa et al., 2021; Pardo and Borges, 2020; Watanabe, 1994). Insects are

beneficial to plant diversity and indirectly affect landscape structure (Jankielsohn,

2018).

2.3.2 Seed disperser

Insects, such as beetles (de Vega et al., 2011), grasshoppers (Duthie et al., 2006),

and hornets (G. Chen et al., 2017) also provide seed dispersal service, with over

90% plant species is dispersed by insects in tropical regions (Howe and Smallwood,

1982). They transport seeds from one place to another, helping plants colonize new

areas, maintain genetic diversity, and expand their range. This process contributes

to plant community dynamics and ecosystem resilience (Dı́az et al., 2013; Kremen
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et al., 2007).

2.3.3 Decomposers

Certain insects also work as decomposers in breaking down and decomposing organic

matter (Galante and Marcos-Garcia, 2008). For example, grasshoppers are major

components of the food web, and sometimes their presence is critical to rapidly

breaking down the nutrition of plant litter, speeding up the nutrient cycling, to

ensure a quick return of nutrients to the primary producers and finally increase

plant production (Belovsky and Slade, 2000).

2.3.4 Bioindicator

Some migratory insects exhibit an enhanced sensitivity to environmental fluctua-

tions, making them valuable bioindicators for assessing the condition of habitats or

ecosystems, such as beetles (Ghannem et al., 2018), butterflies(Pan et al., 2015), and

dragonflies(Shafie et al., 2017). This is due to their close interaction with various

toxic elements found in soil, water, and air. Their population dynamics, migration

patterns, and responses to climate and habitat alterations provide valuable insights

into the impacts of human activities on ecosystems(Ghannem et al., 2018).

2.3.5 Herbivores

Insects also occupy an important place in the food web. Approximately 50% of all

living insects are herbivores (Wiens et al., 2015), which are the primary consumers

in the food web, such as grasshoppers (Belovsky and Slade, 2000), moths (Harvey

et al., 2010), and butterflies (Hawkins and Porter, 2003). Insect herbivores can act

as regulators of forest primary production, keeping water and nutrient application

at sustainable levels (Schowalter, 2012). However, large insect herbivores may have

negative impacts on plant consumption, which is harmful to chemical element cycling

and net primary production (Throop and Lerdau, 2004).
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2.3.6 Predators/Preys

Some insects are secondary consumers (carnivorous predators) that can control the

population growths of herbivores below threshold, especially pests. In the insect

orders, Odonata (dragonflies) and Neuroptera (lacewings and antlions), all insect

species are predators, normally eating crop pests (Zada et al., 2016). For exam-

ple, Othetrum sabina (Slender skimmer) Crocothemis servilia (Scarlet skimmer),

and Crocothemis erythraea (Broad scarlet) have consumed large number of rice

pests (Yousuf et al., 1998). However, insects are also the main diets to many birds

(Rytkönen et al., 2019), fish (Barroso et al., 2014), and mammals (Sánchez-Muros

et al., 2014).

2.4 Environmental factors impacting insect mi-

gration

2.4.1 Effects of wind on insect migration

Although migration is an active behaviour of insects to enable them to search for

more quality resources (Dingle, 2014), the migration distance and habitat locations

are also driven by metrological phenomena and climate change (Dingle and Drake,

2007; Lemoine, 2015; Sparks et al., 2007). Wind is probably the primary envi-

ronmental factor influencing insect migration (Becciu et al., 2019), as insects can

take advantage of wind conditions to maximize flight distance and optimize migra-

tion route (J. W. Chapman et al., 2010; J. W. Chapman et al., 2015; Hu et al.,

2016). For instance, the average flight speed of Autographa gamma (Sliver Y) is

only around 5 m·s−1. However, they can select the fastest airstreams to maximise

their migration speed and distance to achieve movements of up to 24 m·s−1 (J. W.

Chapman et al., 2008). Similarly, studies have shown that Anax junius (Common

green darner dragonfly) could fly at speeds up to 21 m·s−1 daytime with the favor of

wind (Knight et al., 2019) when tracking their autumn migration between Canada

and the United States. In addition to speeding up migration, wind can also shift the

direction of insect migration (J. W. Chapman et al., 2015) as typically migrators
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maintain a common heading that coincides with the wind direction (downwind).

For example, Autographa gamma (Sliver Y) showed the same migration orientation

as the downwind direction during autumn migration in the UK (J. W. Chapman

et al., 2008).

2.4.2 Effects of temperature on insect migration

In addition to the wind, the optimal flight performance of insects occurs within the

temperature range to which they are adapted (Minter et al., 2018; D. R. Reynolds

et al., 2017). When the average temperature is above or below the limit that best

supports their life cycle, the flight behavior of insects will probably be inhibited

(X. Jiang et al., 2011; Z. Liu et al., 2011). At temperatures within insect habitual

ranges, normally there is a positive relationship such that flight speed increases

with increasing air temperature (Minter et al., 2018). For example, Anax junius

(green darners) were observed to move faster with increasing temperatures within

the range 18◦C to 23◦C. At higher than 23◦C, Anax junius flew slower with higher

temperatures (Knight et al., 2019). Similarly, the most flight activity of Mythimna

separata (Northern armyworm) occurs at temperatures from 11◦C to 32◦C, but the

optimum occurs at 17◦C to 22◦C (X. Jiang et al., 2011). Air temperature may

influence insect migration through its implications on take-off time, transfer speed,

direction, distance, and altitude (R.-L. Chen et al., 1989; B. Jiang et al., 2003).

2.4.3 Effects of climate change on insect migration

Since insects have an optimal air temperature range for flights, Climate change may

have potential impacts on insect migration. Sparks et al. (2007) indicated that the

frequency of insect migration to northern altitudes is rising due to climate change.

Climate change is characterized by rising air temperature, increased levels of carbon

dioxide, and changing precipitation patterns, impacting extend to both individual

species and entire ecosystems. Migratory insects, in particular, are highly susceptible

to the effects of climate change due to their reliance on multiple habitats and sites

for breeding, feeding, and relaxing during their migration. Climate change has the
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potential to disrupt insect migrations by altering habitat quality, changing resource

availability, increase habitat disturbance (Moore, 2011). For instance, the number of

Danaus plexippus (Monarch butterfly) migrating to Mexico has been greatly reduced

by the loss of breeding habitat, as climate change lead a reduction in the extent of

areas with suitable microclimate conditions, as well as a potential limitation in the

number of host plant (Asclepias spp.) for Danaus plexippus (Howard and Davis,

2009).

2.5 Techniques to Study Insect Migration

In order to detect and monitor the migration of insects, a few techniques have been

created, some of which are briefly detailed below.

2.5.1 Entomological radar observation (ERO)

ERO can be effectively used to detect and monitor insect migration (Drake and

Reynolds, 2012; Dwivedi et al., 2020), as it works in different weather conditions,

mainly based on transmitting radio frequency electromagnetic waves to the insects

and receiving the target backscattered echoes (Long et al., 2020). Since 1960s,

the insect system radar was firstly built to detect migration of locust, moth, and

butterfly (Schaefer, 1969), and a number of insect radar with special applications

were subsequently developed, especially scanning insect radar (SIR), vertical looking

radar (VLR) (J. W. Chapman et al., 2003; J. Chapman et al., 2002; Long et al.,

2020; Smith et al., 1993), and weather radar (Leskinen et al., 2011; Rennie, 2014).

2.5.1.1 Scanning insect radar (SIR)

SIR is modified from marine radar with a wavelength of 320 mm since the 1960s,

which is used to detect insect species with medium to large body size at 0.5-4 cm2

in the range of 1-2 km (Schaefer, 1969). Later, SIR with a shorter wavelength at 8.8

mm was applied to detect small insects starting in the 1980s (D. Reynolds, Riley,

et al., 1997). For example, Nilaparvata lugens (planthopper) was observed by SIR

that fly between 400 m and 1000 m above ground during September in Nanjing City,
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southeast China (J. Riley et al., 1991). However, it is hard to identify insect species

and monitor long-period migration (Long et al., 2020).

2.5.1.2 Vertical-looking radar (VLR)

VLR has improved in insect species identification and long-term migration detection,

as it can provide more detailed information in insect characteristics by emitting a

plane-polarised vertically directed beam and receiving signals between 150 m and

1200 m above the radar. VIR can be set to detect the insect targets from 15 altitude

bands for 24 hours per day when insects fly through the beam. Insects that pass

through the radar beam reflect back a signal, and once signal is received, they are

automatically analysed by an iterative procedure depends on components of their

Fourier transformation, which provides information in size, shape, positions of insect

target (J. W. Chapman et al., 2003; J. Chapman et al., 2002; Smith et al., 1993),

and furthermore provides information in insect density and migration (Long et al.,

2020). For example, the flight intensity, flight altitude, and movement direction of

Vanessa cardui was provided by VLR located at Hampshire, UK to analyse butterfly

migration pattern (Stefanescu et al., 2013). VLRs are well-calibrated, and self-

running, and the analysis of their observations benefits from a priori information

about the organism being observed (Lukach et al., 2022).

Entomological radars play an important role in insect migration. However, they are

few in number and have limited spatial coverage (Lukach et al., 2022), and they still

need improvements in detection of lower-altitude movement and vertical resolution

(J. W. Chapman et al., 2003).

2.5.2 Weather surveillance radar (WSR)

WSR is used extensively to provide aero-ecological observations at large scale. Al-

though it is mainly applied to meteorological observations, such as rain, storm, and

hail (Stepanian et al., 2016), it can also detect movements of birds (O’Neal et al.,

2015; Van Doren et al., 2016), bats (Frick et al., 2012; McCracken et al., 2008), and

insects (J. Westbrook et al., 2014; J. K. Westbrook, 2008) in a large spatial and
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temporal domains with resolution of less than 1 km and 5 minutes (Stepanian et al.,

2016; J. Westbrook and Eyster, 2017). WSR has a similar priciple as SIR (X-band)

which monitors transmitted radar energy reflected back to the radar by insects. For

instance, WRS was applied to demonstrate the aboundance and displacement of

Helicoverpa zea (Corn earworms) over a large area in North America (J. Westbrook

et al., 2014). However, WRS has a problem in discriminating between different

types of bio-reflectors in the atmosphere(Gauthreaux Jr et al., 2008).

2.5.3 Stable-hydrogen isotope (SHI)

SHI detects insect migration mainly by estimating the birth origin of insects collected

in different locations, thereby predicting the population size of insect species and

then understating insect migration strategy (Hobson et al., 2021; Miller et al., 2011).

For example, SHI was applied to the wings of Danaus plexippus collected from

different sites along the eastern United States coasts to determine their place of

origin and found that 90% Danaus plexippus originated from the Great Lakes regions

by analyzing SHI composition (Miller et al., 2011). However, it hardly provides

information on specific behavior changes during migration.

2.5.4 Tethered flight mill (TFM)

In addition to the previously mentioned technologies used to track insect flight

behavior in natural settings, tethered flight mills (TFMs) serve as an affordable,

flexible, and laboratory-based flight system that provides a practical method for

quantifying the flight behavior of migratory insects (Attisano et al., 2015; H. B.

Jones et al., 2016; Minter et al., 2018; Naranjo, 2019). TFMs offer a viable approach

to studying and analyzing the various aspects of insect flight within experimental

conditions (Minter et al., 2018). There are two main tethered flight techniques, one

is the rotational flight mill and another one is the flight simulator.
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2.5.4.1 Rotational flight mill (RFM)

RFM is commonly used to evaluate the relative flight performance of migratory in-

sects, encompassing flight distance, speed, and duration (H. B. Jones et al., 2016;

Minter et al., 2018; J. Riley et al., 1997). The RFM has been applied to study

insect flight performance since the 1950s (Hocking et al., 1953; Krogh and Weis-

Fogh, 1952), and the current operation principle of RFM involves attaching the

insect to one side arm of the mill by adhering it to the back of the thorax, while a

counterweight is affixed to the opposite side of the mill to maintain balance. This

arrangement enables the insects to fly continuously in a cyclical manner. The cen-

tral arm axle remains vertically stabilized through opposing magnetic forces exerted

by two magnets, facilitating minimal friction rotation when the insect applies suf-

ficient force to initiate arm movement (Fahrner et al., 2014; Mart́ı-Campoy et al.,

2016; Minter et al., 2018). Flight performance data is detected using a light sensor,

with more comprehensive information available in Chapter 4. However, the flight

performance observed on the tethered flight mill (TFM) for migratory insects is not

natural as the experimental setup lacks environmental cues that could potentially

stimulate (such as wind) or suppress flight (Hoddle et al., 2015; Minter et al., 2018;

R. A. Taylor et al., 2010).

2.5.4.2 Flight simulator (FS)

FS is a tracking system specifically designed to monitor the horizontal orientation of

migratory insects during their flight(Merlin et al., 2009; Minter et al., 2018; Mourit-

sen and Frost, 2002; Nesbit et al., 2009). The FS setup consisted of white plastic

barrels, within which the insects are suspended on a delicate tungsten rod. The rod

is connected to an optical encoder, enabling accurate the precise recording of the

heading of the insects as they fly . Using the FS, the flight path of individual insects

can be recorded, allowing for easy analysis of their preferred orientation (Dreyer et

al., 2021; Minter et al., 2018; Nesbit et al., 2009). This information provides valu-

able insights into the flight behavior and orientation of migratory insects. However,

tethered flying insects are deprived of certain visual stimuli that free-flying insects

experience (Dreyer et al., 2021).
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2.6 Thesis Aim

In this chapter, the impact of air pollution from landscape fire smoke (LFS) on

insects and how insect migrations are influenced by climatic factors have been re-

viewed. The review of the literature identified neither studies describing the impact

of LFS on insect migration nor any studies exploring the specific components of

smoke and how these might impact insect movements. As shown in the review,

insect migration can have large implications on ecological landscapes - as the insects

settle down in a new habitat where they may provide essential ecosystem services

such as crop pollination (Holland et al., 2006; Wotton et al., 2019). It is impor-

tant therefore to understand the impact of LFS on migratory insects, to further

understand the impact on ecosystems and landscape change. There is also signifi-

cant uncertainty in how global landscape fire activity may develop in the future in

response to changing climate and anthrophonic activities (K. L. Riley et al., 2019),

which may further alter the impact that landscape fires have on these phenomena.

The aims of this thesis are therefore to understand (i) whether LFS impacts the

movement of migratory insects; (ii) how it does so if they are affected; and (iii)

which of the various components of LFS might be responsible. The specific objectives

designed to achieve these aims are presented in Section 2.7.

2.7 Specific Objectives

2.7.1 Determination of suitable migratory insect species as

research target

In the last two decades, research has estimated that there are between 5 to 30 million

insect species on Earth (Esṕırito-Santo and Fernandes, 2007). Among this remark-

able diversity, a significant number of insect species engage in extensive long-scale

seasonal migrations, with notable examples found within the orders of Lepidoptera,

Orthoptera, and Hemiptera (J. W. Chapman et al., 2015; Guo et al., 2020). The

main objective of this study is to select a suitable insect species that possesses sev-
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eral key characteristics. Ideally, the chosen species should have a global distribution,

large population size, strong flight abilities, and high sensitivity to environmental

factors. Furthermore, it is desirable for the selected species to inhabit areas prone to

significant landscape fires, as this will enhance the likelihood of observing the effects

of fire and smoke on their migration patterns. Butterflies, in particular, fulfill these

criteria, as they are highly responsive to environmental disturbances and simple to

identify and monitor (Mills et al., 2017; T. New, 1997; Parikh et al., 2021; Tan et al.,

2018). Moreover, certain butterfly species, such as Danaus plexippus (monarch but-

terfly), Vanessa atalanta (red admiral butterfly), and Vanessa cardui (painted lady

butterfly), are known for their impressive migration performances (Cuadrado, 2017;

Reppert and de Roode, 2018; Stefanescu, 2001; Talavera and Vila, 2017). How-

ever, when comparing these species, Vanessa cardui possesses distinct advantages

for investigating the impact of LFS on migratory insects.

In contrast to the round-trip migration of Danaus plexippus involving up to five

generations between Canada and Mexico, Vanessa cardui exhibits a more expansive

distribution encompassing various regions globally (Ecuador, 1992). Additionally,

Vanessa cardui demonstrates greater dietary flexibility, as it can utilize a diverse

range of plant species (Talavera and Vila, 2017). There is no doubt that Vanessa

cardui is widely recognized and highly regarded as one of the most prominent and

well-studied migratory butterflies globally, particularly in the context of the United

Kingdom, where it is one of the most abundant immigrant butterflies regularly

observed (Asher et al., 2001; Stefanescu, 2011). Overall, Vanessa cardui as a rep-

resentative insect species has been selected for this study. More details have been

described in Chapter 4.

2.7.2 Quantitative method to study the impact of LFS on

migratory insects

The second objective is to apply suitable tools and methods to quantitatively study

the impact of LFS on migratory insects. While several methods discussed in Section
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2.5 have yielded valuable insights into tracking and characterizing insect migration

patterns, their efficacy in accurately elucidating the effects of environmental changes

on migration specifics, particularly individual movement patterns, is hindered by

limited information on fixed displacement points and the diminutive size of the in-

sects. This rather requires a detailed exploration of individual insect behavior in a

controlled environment, as the behavior of migratory insects will directly influence

the outcome of their migration. To fulfill this requirement, the application of teth-

ered flight mills (TFM) emerges as an appropriate approach to quantitatively assess

the impact of LFS on migratory insects. TFM, being a laboratory-based technique,

enables the precise measurement of the influence of environmental factors on flight

behavior in controlled settings which described in Section 2.5.4. The TFM setup

details can be found in Chapter 4.

2.7.3 New field and laboratory methods to measure land-

scape fire emissions

Following Section 2.7.2, we also need to assess the different components of landscape

fire smoke. The so-called emission factors (EFs) of landscape fires have been com-

monly derived from laboratory work (França et al., 2012; Koss et al., 2018; H. Zhang

et al., 2008), but may not be fully representative of the smoke from real landscape

fires as fire behavior may differ from real landscape-scale fires (Delmas et al., 1995;

M. Wooster et al., 2011). It is harder to generate field-derived EFs because many in-

struments for precise measurement of smoke constituents cannot be used in the field,

and also the smoke from many landscape fires is driven vertically upwards making

it difficult to sample without aircraft or UAVs (Vernooij et al., 2022). Here the task

will be to measure the EFs of agricultural residue materials that are very commonly

burned in countries such as China and India from combined laboratory-field-work.

Certain measurements of smoke in the field will be made, along with measurements

of burning the same material in a combustion chamber using more sophisticated

instruments. Through comparisons of the measurements from laboratory work and

fieldwork, the EFs of a range of substances emitted from actual landscape burning

57



Chapter 2. Background, Aim and Objectives

but only measured in the laboratory are hoped to be determined.

2.7.4 Study whether LFS impact migratory insects

Depending on the laboratory-based flight system selected in the prior objective, in-

sect individuals will be put in ambient (“clean air”) conditions and also in conditions

representative of smoke-polluted air for various time periods in order to compre-

hensively determine whether LFS impacts migratory insect behaviors in ways that

might affect their migration. The study will assess statistically how sets of individ-

ual insects respond to different LFS conditions. A key task will be to create stable

real-world landscape fire smoke environments (Finney, 2004; Giglio et al., 2018).

2.7.5 Explore what LFS components may impact migratory

insects

Finally, a further task will be to build on the work done under Section 2.7.4 to

identify which component of landscape fire smoke is the one more likely to affect

the insect behavior - for example, which of trace gases or aerosols. This will enable

us to learn more about the effects of specific components of the gaseous and aerosol

environments on butterflies based on their responses to gases and particulate matter.
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Chapter 3

Measurement of gaseous and

particulate emissions from

agricultural residue burning

3.1 Introduction

In this chapter, we identified the smoke components and estimated the smoke emis-

sions released by landscape burning, specifically by agricultural residue burning,

based on emission factors (EFs) measured through a combination of laboratory and

field experiments. Besides, we also investigated whether incense sticks can produce

smoke of a similar composition to agricultural residue burning, such that the for-

mer can be more confidently used as a smoke source within the planned laboratory

experiments in the later chapters.

In Section 3.3, we first describe the detail of experiments designed to characterise

smoke from actual agricultural residue burning. Different agricultural residues, in-

cluding rice, wheat, millet, soybean and corn straw, are burnt in the lab under

different conditions, such as moisture contents, packing densities and combustion
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types - and the results compared to measurements conducted in the field (Section

3.4). Assessments of both trace gases and aerosols are conducted, and Section 3.5

investigates the similarity between these emissions and those from incense sticks, so

as to determine whether the latter can be a stand-in for the former in our TFM

experiments.

3.2 Background

3.2.1 Agricultural Residue Burning

Fire is a critical landscape process in the Earth system that has shaped many land-

scapes for thousands of years (Finney et al., 1999; Keane and Finney, 2003). Land-

scape fires are widespread and relatively frequent in the world. Depending on dif-

ferent land types, they are divided into forest fires, shrubland fires, savanna fires,

grassland fires and cropland fires (Finney, 2004; Giglio et al., 2018). The estimated

burned area was over 40 million km2 from 1997 to 2008, which is equivalent of

approximately 40% of the total terrestrial vegetation area on Earth in these eleven

years (Giglio et al., 2010; Giglio et al., 2018; M. J. Wooster et al., 2013). The average

annual global burned area between 1997 to 2008 was quite similar at between 3 and

5 million km2 (Chuvieco et al., 2018; Giglio et al., 2010). In fact, many landscape

fires are small fires (less than 0.5 km2) (Fornacca et al., 2017), which are hard to

be captured through satellite remote sensing products and so these figures maybe

somewhat underestimated (Randerson et al., 2012).

Agricultural residue fires normally occur in small patches, with an average area of

0.16 km2 (McCarty et al., 2009). It is a seasonal activity conducted by farmers

actively igniting fires to clear crop residues after harvest, including straw, stubble,

weeds, and hulls (Gadde et al., 2009; Shi et al., 2014). Agricultural burning in

general has two peak periods at the global scale, one is between May and June

for instance in China (Tao et al., 2013; T. Zhang et al., 2018), and the other one is

concentrated in September for example in Brazil (Reinhardt et al., 2001). Compared

to other methods to process agricultural resides, such as landfill and mechanized
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disposal, agricultural burning is the easiest, fastest, and cheapest way to process

agricultural residues (D. Jiang et al., 2012; Shi et al., 2014). Such burning is widely

applied in the developing countries, despite the fact that there are many policies

prohibiting it (Bhuvaneshwari et al., 2019; H. Zhang et al., 2008; T. Zhang et al.,

2015). It is estimated that close to 30% of crop residues are burned in agricultural

lands in China and India (Venkataraman et al., 2006; Yan et al., 2006) - so the

impact on the atmosphere and air quality from the emitted smoke can be quite

extreme (Du et al., 2011; W. Li et al., 2010). In addition to Asia, crop residues

are produced cumulatively in many countries in Africa and Latin America. Africa

produces 10% of the total agricultural residues in the developing world, including in

countries such as Egypt, Madagascar and South Africa (Yevich and Logan, 2003).

3.2.2 Emissions from Agricultural Residue Burning

Smoke released from burning biomass contains a variety of trace gases, including

CO2, CO and CH4, as well as particulates such as black carbon (BC) and organic

carbon (OC) (H. Zhang et al., 2017; H. Zhang et al., 2008; L. Zhang et al., 2016;

T. Zhang et al., 2015). These emissions have a significant impact on worldwide

atmospheric chemistry and radiative forcing since they not only degrade local air

quality but also can spread thousands of kilometres downwind from the source (J.

Chen et al., 2017; Z. Cheng et al., 2014; Satyendra et al., 2013). In addition,

particulate emission from agricultural burning has been regarded as one of the major

contributors to haze formation during the harvest seasons, which can both impact

human health and visibility (Gadde et al., 2009; Keshtkar and Ashbaugh, 2007; Shi

et al., 2014). An important parameter called the emission factor (EF) is widely used

to quantitatively demonstrate how much amount of chemical species will be released

from per kilogramme of a fuel burnt. It is derived from emission ratios ERx/y which

is defined as the relatively excess amounts of two smoke species [x] and [y] (M.

Wooster et al., 2011). A lot of laboratory work, such as H. Zhang et al. (2008) and

França et al. (2012), and in situ measurements, such as T. Zhang et al. (2015), has

been conducted to measure the EFs of trace gases and particles from agricultural

burning. However, laboratory studies may lack some realism since fires created in
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the laboratory are smaller and perhaps burn differently to real agricultural burning

(M. Wooster et al., 2011). In situ measurements though are more difficult to make

in the field, for example because the smoke moves about with the wind and may also

travel vertically upwards, and certain of the equipment is hard to operate outside

of the laboratory (X. Li et al., 2007; Sahai et al., 2007). For this reason, this thesis

combines laboratory work and fieldwork to assess the EFs of agricultural residue

burning. It quantitatively analyses the effects of moisture content and packing

density of straw on these EFs, and since fires have different combustion phases (M.

Wooster et al., 2011), it calculates EFs for each entire fire but also for its pure

flaming and smouldering phases. The EFs of trace gases and aerosol generated from

burning incense sticks are also assessed to determine how similar these are actual

agricultural residue burning.

3.3 Methodology

3.3.1 Experimental Overview

This experiment measures smoke from burning the following residues - rice, wheat,

millet, soybean and corn straw. The experiment consisted of two parts. One part was

carried out in the laboratory to precisely estimate the emission factors (EFs) of the

trace gases and aerosols by continuously measuring the mixing ratios of various trace

gases (CO2, CO and CH4) and concentrations of aerosols (PM2.5) under controlled

conditions. Since the literature (Andreae and Merlet, 2001; He et al., 2011; Van der

Werf et al., 2010) suggests that the EFs of certain smoke components are affected

by the properties of the biomass, different moisture contents, packing densities, and

types of combustion (bonfire and spreading fire) were considered, and data for the

pure flaming and pure smouldering phases were analysed as well as the ‘total fire’.

The second part of the work was conducted on the agricultural land measuring the

emission ratio of CO and CO2 to understand how close this was to that of the

laboratory fires. The mixing ratios of CO and CO2 were collected with a Gaslab

Multi Gas Sampling Data Logger (Gaslab), a sensor also used in the laboratory

experiments.
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3.3.2 Laboratory Experiment

3.3.2.1 Experiment Setup

The laboratory experiment was conducted with a Combustion and Measurement

System at Rothamsted Research Institution, UK, as shown in Figure 3.1. It con-

sisted of a combustion chamber and a laboratory platform. A square burning tray

(diameter 100 cm) was placed in the combustion chamber (Figure 3.1a) and a set

of analytical instruments for trace gases and particles were equipped in the labora-

tory platform (Figure 3.1b). Agricultural straws were put on the burning tray and

weighted during the combustion process by a scale that was placed at the bottom of

the burning tray. Fresh air was introduced into the combustion chamber through a

small vent on the bottom left. There was an extraction hood on the top of the burn-

ing tray which extracted the emissions from the burning activities to an extraction

flue (diameter 15 cm) connected with a stainless-steel tube. Two instruments were

connected to the stainless-steel tube, including Gaslab Multi Gas Sampling Data

Logger (Gaslab) to measure the mixing ratios of CO2 and CO, and a TSI Dusttrak

II Aerosol Monitor 8530 for PM2.5 concentrations measurement. Besides, another

stainless-steel tube was put above the fire emissions, which was connected to a Los

Gatos Research (LGR) Ultraportable Greenhouse Gas Analyser for measuring the

mixing ratios of CO2, CO and CH4.

3.3.2.2 Experimental Design

The overall design of the laboratory experiment is summarised in Table 3.1. Five

agricultural residues, including rice, wheat, millet, soybean straw and corn straw,

were chosen as representatives of agricultural crop residues because they are the

most abundant crops in the world (Leff et al., 2004). These straws were collected

after harvest from a rural region in Shaanxi province, China.

Our first objective is to quantify the EFs of trace gases and particles from different

agricultural residues. In order to avoid the effects of other factors, all five types

of agricultural straw are burnt as bonfires with a mass of 100 g in a completely

63



Chapter 3. Measurement of gaseous and particulate emissions from agricultural
residue burning

Table 3.1: Fires measured in the laboratory with different biomass, fire types, pack-
ing volume, mass, moisture contents, and durations. Each fire was repeated 3 times.

Fire
No. Biomass

Fire
type

Volume (cm3)
(L × W × H)

Mass
(g)

Moisture
contents (%)

Duration
(minutes)

1
Rice
straw Bonfire

12250
(35 × 35 × 10) 100 0

6
7
8

2
Rice
straw Bonfire

12250
(35 × 35 × 10) 100 10

11
11
8

3
Rice
straw

Spreading
fire

12500
(50 × 50 × 5) 100 10

8
5
7

4
Rice
straw

Spreading
fire

12500
(50 × 50 × 5) 150 10

10
11
9

5
Rice
straw

Spreading
fire

12500
(50 × 50 × 5) 200 10

11
9
9

6
Wheat
straw Bonfire

5000
(25 × 25 × 8) 100 0

17
15
11

7
Wheat
straw Bonfire

5000
(25 × 25 × 8) 100 5

22
27
10

8
Wheat
straw Bonfire

5000
(25 × 25 × 8) 100 10

16
19
22

9
Wheat
straw Bonfire

5000
(25 × 25 × 8) 100 15

23
15
16

10
Wheat
straw Bonfire

5000
(25 × 25 × 8) 100 20

19
21
25

11
Millet
straw Bonfire

12250
(35 × 35 × 10) 100 0

5
6
6

12
Soybean
straw Bonfire

4800
(30 × 20 × 8) 100 0

14
11
10

13
Corn
straw Bonfire

6400
(40 × 20 × 8) 100 0

13
13
13
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Figure 3.1: Schematic graph of the experiment setup: (a) combustion chamber,
containing (1) burning tray (2) smoke extraction hood, (3) scale, (4) vent, and (5)
extraction flue; (b) laboratory platforms with a series of associated instruments,
including (6) Los Gatos Research (LGR) Ultraportable Greenhouse Gas Analyser,
(7) TSI Dusttrak II Aerosol monitor 8530, (8) Gaslab Multi Gas Sampling Data
Logger, (9) Extraction fan.

dry condition. The straw was placed in an oven at a constant temperature of 60◦C

overnight to evaporate the original moisture. The straw was weighed before and

after placement in the oven until the weight remained constant, at which point the

straw was considered to be in a completely dry condition and the moisture content

inside was regarded as 0%.

Moreover, to understand the effects of different combustion types on EFs of trace

gases and particles, 100 g rice straw in ambient conditions was burned as bonfires

and spreading fires. The main difference between bonfire and spreading fire is that

biomass is piled up differently. To create a bonfire, biomass is piled up as a rectangle,

while spreading fire is created by spreading the biomass out on the ground, which

leads to a different area of biomass surface in contact with air (T. Zhang et al.,

2015). For example, a bonfire was created by burning rice straw burn as bonfire fire

with 12250 cm3 with a length of 35 cm, width of 35 cm and height of 10 cm (Figure

3.2a) and a spreading fire with a length of 50 cm, width of 50 cm and height of 5
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Figure 3.2: Photographs of (a) bonfire and (b) spreading fire during burning 100 g
of rice straw in the ambient conditions on burning tray.

cm (Figure 3.2b).

Then we investigated the influence of moisture content on agricultural residues burn-

ing. A sample of 100 g wheat straw was burned as a bonfire with different moisture

contents, including 0%. 5%, 10%, 15%, and 20%. To obtain wheat straw with differ-

ent moisture contents, the completely dried straw was sprayed with different weights

of water and placed in sealed plastic bags to allow the water to permeate the straw.

For example, to obtain 100 g of straw with 5% moisture content, 95 g of straw in

completely dry condition was added with 5 g of water. In addition, measurements

on the straw collected from ambient conditions showed that it contained roughly

10% moisture content, similar to the straw used in X. Li et al. (2007).

Furthermore, we studied the impact of packing density on EFs of trace gases and

particles. Rice straw in ambient condition were burned as spreading fires. To change

the packing density, the packing volume of the rice straw at each time was fixed to

12500 cm3 with length of 50 cm, width of 50 cm, and height of 5 cm but its mass

was changed from 100 g, 150 g, to 200 g. In this way, the resulting packing densities
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are 0.008 g·cm−3 as low density (LD), 0.012 g·cm−3 as medium density (MD), and

0.016 g·cm−3 as high density (HD), respectively.

3.3.2.3 Experimental Procedure

Prior to conducting the experiments, the monitoring instruments of TSI Dusttrak

II Aersol monitor 8530, Gaslab, and LGR were properly connected and activated to

commence recording ambient air conditions for approximately 20 minutes. These

instruments provided real-time information on various atmospheric parameters, in-

cluding PM2.5 concentration, and mixing ratio of CO2, allowing for a comprehensive

assessment of the ambient air conditions and their stability. Additionally, they fa-

cilitated the verification of the mixing ratio of CO and CH4 remains at zero. Once

a reliable average value of ambient air conditions was obtained, the burning experi-

ment can start.

To ensure accurate measurement of crop straw, a counter scale was strategically

positioned beneath the burning tray. This counter scale enabled precise weighing of

the straw, such as 100g. The straw was left on the burning tray for an additional

5 minutes to allow for stabilization of the ambient conditions before ignition. Once

the straw was ignited, the door of the combustion chamber was quickly closed.

Throughout the burning process, the observers had a clear view of the experiment’s

progress through the glass window installed in the door, which effectively separated

the combustion chamber from the laboratory environment.

Throughout the experiment, an extraction fan always operated consistently at a

specific flow speed to extract the smoke from the combustion chamber until the

straw was completely burnt. The smoke emitted during the combustion process was

then directed into a stainless-steel tube and extraction flue, which were seamlessly

connected to various measurement instruments. These instruments, including the

TSI Dusttrak II Aerosol Monitor 8530, Gaslab, and LGR, diligently recorded the

entirety of the burning process, with a sampling rate set at one data sample per

second, except for the Gaslab instrument, which operated at a frequency of one data
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sample every two seconds. The burning process was considered complete when the

mixing ratio of CO2 and PM2.5 concentration returns to ambient levels. Additionally,

the mixing ratio of CO and CH4 remained at zero. Furthermore, the stability of the

readings on the scales positioned beneath the burning tray was a reliable indicator

of the tray’s cleanliness and readiness for subsequent combustion experiments. All

these aspects meet the standard, signifying the restoration of baseline conditions.

To maintain experimental integrity, thorough cleaning of the burning tray was dili-

gently conducted before each combustion. This meticulous cleaning procedure, cou-

pled with the presence of the counter scale beneath the tray, ensured the removal

of any residue from previous combustions. A reading of zero on the counter scale

signified the successful removal of all remnants, affirming the tray’s cleanliness and

suitability for the subsequent burning experiments. These meticulous monitoring

and recording processes contributed to the reliable and accurate execution of the

burning experiments.

3.3.3 Field Sampling Approach

The measurements in the agricultural land was taken place in Luochuan county

(35.26N, 109.13E), Northwest China, in June 2022, coinciding with the burning pe-

riod in northern China (Huang et al., 2012; Q. Wang et al., 2020). During the mea-

surements, rice straws were burned in their most common way as bonfires. Gaslab

was applied in the in situ to record the mixing ratios of CO and CO2 emitted

from agricultural fires. During fire spreading, smoke is mainly dispersed with wind

direction, but roughly upwards. Therefore, a 1.5 m transparent plastic tube was

connected to the inlet of data logger, which was fixed to a long wooden stick so

that the tube could be more easily controlled and capture the vertical rising smoke,

something found especially important for the bonfires.
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3.3.4 Quantitative Analysis Methodology

In this section, a few parameters are introduced to quantitatively analyse the ac-

quired data from both the laboratory and field experiments. These parameters in-

clude emission ratio (ER), emission factor (EF) and modified combustion efficiency

(MCE).

3.3.4.1 Emission ratio (ER)

Emission ratio (ER) is usually defined as the slope of the best-fit line of the linear

regression between the excess abundance of the trace gas compound [x] to the excess

abundance of reference compound [y], represented by ERx/y (Yokelson et al., 1996).

CO2 is the dominant component in the released smoke during the flaming phase of

a fire while CO is dominant during the smouldering phase (Andreae and Merlet,

2001), therefore, CO2 is normally used as the reference compound during flaming

and CO is used for smouldering. ER of species [x] relative to CO2 (ERx/CO2) is

given by dividing the excess mixing ratio of [x] above the ambient levels by the

excess mixing ratio of CO2 (M. Wooster et al., 2011; H. Zhang et al., 2008). The

ERCO/CO2) is a common way to characterize the state of combustion in a plume

(Fernandez-Gomez et al., 2011; Lobert et al., 1991), as CO2 and CO emissions are

mostly associated with flaming and smouldering phases of a fire (L.-W. Chen et al.,

2010). The ERs calculated in the pure flaming and pure smouldering phases are

represented by ÊRx/ref and ẼRx/ref, respectively. More importantly, ERs are widely

used to derive the EFs of trace gases and particles (Piazzalunga et al., 2011; Reisen

et al., 2018; M. Wooster et al., 2011). In addition, we compared ERCO/CO2 from

burning same biomass in both laboratory and fieldwork to estimate the emission

factors (EFs) of other trace gases and aerosol for the actual field burning.

3.3.4.2 Emission factor (EF)

Emission factor (EF) is normally defined as the mass of trace gases of species [x]

released from biomass of unit mass burnt, in a unit of g·kg−1, given by Equation
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(3.1) (Andreae, 2019; Stockwell et al., 2014).

EFx = 1000 × massx
massbiomass

. (3.1)

However, this equation can only be applied if the total mass of species [x] and the

total mass of straw burnt can be measured (Andreae and Merlet, 2001). A simplified

way to calculate EF of species [x] is from the ER using carbon mass balance method

(Yokelson et al., 1999), which is derived under the assumption that the carbon

content of the straw is released as measurable carbon-containing species during the

combustion, expressed as:

EFx = Fcarbon × 1000 × MMx

12
× Cx

CT

, (3.2)

where Fcarbon is the mass fraction of carbon content in the burned straw which was

assigned by a value of 0.5, according to Akagi et al. (2011). MMx is the molecular

mass of species [x] and MMcarbon is the atomic mass of carbon, which is 12. Cx

CT

refers to the ratio of the number of moles of species [x] (Cx) divided by the total

number of moles of carbon emitted (CT ), which is equivalent to:

Cx

CT

=
ERx/ref∑Y

y=1 NCy × ERy/ref

. (3.3)

according to (Guérette et al., 2018). NCy is the number of carbon atoms in species

[y] and Y is the total number of carbon-containing species measured in the smoke,

which mainly refer to CO2, CO and CH4 as they comprise over 95% of the carbon

compounds from biomass burning (Akagi et al., 2011; Yokelson et al., 1999). As a

result, the calculation of EF becomes:

EFx = Fcarbon × 1000 × MMx

12
×

ERx/ref∑Y
y=1NCy × ERy/ref

. (3.4)

The whole process of combustion was recorded and the different phases of combus-

tion were distinguished to obtain an accurate estimate of the emission factors from

the different phases, including integrated phases (which represented the entire burn
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(e.g, T. Zhang et al. (2015)), pure flaming phases, and pure smouldering phases.

Similarly to ERs, we can also calculate the EF of species [x] in the pure flaming

and smouldering phases by Equations (3.5) and (3.6), denoted with ÊF x and ẼF x,

respectively.

ÊF x = Fcarbon × 1000 × MMx

12
×

ÊRx/ref∑Y
y=1NCy × ÊRy/ref

, (3.5)

ẼF x = Fcarbon × 1000 × MMx

12
×

ẼRx/ref∑Y
y=1NCy × ẼRy/ref

. (3.6)

M. J. Wooster et al. (2018) derived the EFs of PM2.5 based on the emission factor

of CO and CO2, as shown in Equations (3.7) and (3.8):

EFPM2.5/CO = a× ERPM2.5/CO × EFCO, (3.7)

EFPM2.5/CO2 = b× ERPM2.5/CO2 × EFCO2 , (3.8)

where a and b are unit conversion factors which convert ppm to mg·m−3.

After obtaining the EF of species [x] for all the sampling points, an averaged EF

can be calculated by:

EF x =

∑N
n=1EFx[n]

N
, (3.9)

where N is the total number of data samples collected. However, due to the fact

that the smoke components emitted from different combustion phases vary greatly,

we propose a weighted averaged EF to reduce the biases, inspired by M. Wooster

et al., 2011, given by:

EF x =

∑N
n=1EFx[n] × CT [n]∑N

n=1 CT [n]
, (3.10)

3.3.4.3 Modified Combustion Efficiency (MCE)

Modified combustion efficiency (MCE) is described as the ratio of released carbon

in the form of carbon dioxide to the total carbon released from the fire (Ward et al.,
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1992). It tells how efficient a combustion is and is calculated by:

MCE[n] =
1

1 + ∆CO[n]
∆CO2[n]

. (3.11)

Similarly, a weighted averaged MCE can be calculated to reduce the biases, expressed

as:

MCE =

∑N
n=1MCE[n] × CT [n]∑N

n=1CT [n]
, (3.12)

As MCE is based on the ratio between CO and CO2, it can be used to characterize

the flaming and smouldering phases of a fire. A flaming combustion is generally

associated with MCE values greater than 0.9 to 1.0 while smouldering combustion

has MCE values below 0.9 (Akagi et al., 2011; Reisen et al., 2018).

3.4 Results and Discussion

3.4.1 Laboratory Results

3.4.1.1 Trace Gases and Aerosol Concentration Measurements

Since two different measurement devices, LGR and Gaslab, were used to record the

CO2 and CO mixing ratios, we applied ordinary least squares (OLS) linear regression

to find the relationship between the data recorded by them. Figure 3.3a shows the

OLS linear best fit line based on mixing ratios of CO2 collected from LGR and

Gaslab, while Figure 3.3b shows the OLS linear best fit line based on mixing ratios

of CO. The data shown in the figure was collected from burning 100 g soybean and

millet straw in an ambient condition. It can be seen from Figure 3.3 that a slope of

0.95 best fitted the mixing ratios of CO2 collected by the LGR and the Gaslab, and

1.40 was for CO. Applying these coefficients allows for the conversion of one data

type to simulate the other.
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Figure 3.3: Ordinary least squares (OLS) linear regression showing the relationship
between the smoke data collected from burning 100 g of soybean and millet straw
in the ambient condition with LGR and Gaslab (a) mixing ratio of CO2 and (b)
mixing ratio of CO.

3.4.1.2 Modified Combustion Efficiency (MCE) and Emission Factor

(EF)

3.4.1.2.1 Different types of biomass The MCEs and EFs of trace gases and

PM2.5 emitted from different biomass in different combustion phases have been sum-

marized in Table 3.2. The weighted average MCEs for different biomass burning were

quite similar as they were all in completely dry conditions. Although the EFs of CO2

in our study are not exactly same as those of published studies (X. Li et al., 2007;

H. Zhang et al., 2008; T. Zhang et al., 2015), they are reasonable. For example, EFs

of CO2 for rice straw and wheat straw bonfires in completely dry conditions are 1636

g·kg−1 and 1646 g·kg−1, respectively. This is lower than the 1761 g·kg−1 and 1739

g·kg−1 reported in T. Zhang et al. (2015), but higher than the 791.3 g·kg−1 and 1558

g·kg−1 in H. Zhang et al. (2008) and 1194 g·kg−1 and 1162 g·kg−1 in Cao et al. (2008).

The results from Table 3.2 obviously showed that EFs of CO2 followed the order

of millet straw > corn straw > soybean straw > wheat straw > rice straw with

weighted averages calculated from three replicates. However, EFs of CO followed

an opposite order of millet straw < corn straw < wheat straw < soybean straw <

rice straw. These EFs of CO were higher than those reported straw burnings, such

as 66.69 g·kg−1 for wheat straw, 31.39 g·kg−1 for rice straw, and 38.78 g·kg−1 for corn

straw reported in Cao et al. (2008) as well as 60 g·kg−1 for wheat straw and 53 g·kg−1
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for corn straw reported in X. Li et al. (2007). Moreover, the EFs of CH4 followed the

order of wheat straw > rice straw > corn straw > millet straw > soybean straw.

These EFs of CH4 were in a reasonable range compared it to the published litera-

ture (X. Li et al., 2007; H. Zhang et al., 2008).

The EFs of PM2.5 with CO2 as reference followed the order of wheat straw >

rice straw > millet straw > corn straw > soybean straw. The EFs of PM2.5 with

CO as reference had the same order with similar values. These values are compara-

ble to the EFs reported in the literature (Sanchis et al., 2014; Y. Zhang et al., 2013),

except that the EFs for wheat straw are much higher than the 6.1 g·kg−1 reported

in T. Zhang et al. (2015) and 7.6 g·kg−1 reported in X. Li et al. (2007). As the

EFs of PM2.5 from wheat straw is the highest compared with those from other straw

types, it also proved that higher PM2.5 emissions were related to lower combustion

efficiency (Dong et al., 2020).

In addition, EFs of CO2 in the flaming combustion phases appear higher than those

in the smouldering phases while EFs of CO and CH4 are higher in smouldering

phases, which is very much expected (e.g. Reisen et al. (2018)). This is due to more

complete combustion of fuel carbon in the flaming phase, hence the increase in CO2

and less CO, whereas in the smouldering phase, slightly less CO2 and much more

CO (M. Wooster et al., 2011). EFs of PM2.5 using either CO2 or CO as reference

in flaming phases are higher than those in smouldering phases, which represented

more PM2.5 generated by the burning during smouldering phases.

3.4.1.2.2 Different combustion types The weighted average MCE and the

EFs of CO2, CO, CH4, and PM2.5 from different combustion types have been plotted

in Figure 3.4. The results show that the weighted average MCE calculated from

spreading fires (0.92) is higher than that from bonfires (0.88). It also showes that

burning the same mass of rice straw as spreading fires has higher EFs of CO2 at

1681 ± 18.53 g·kg−1, but lower EFs of CO, CH4, PM2.5/CO2 and PM2.5/CO at

91.54 ± 11.18 g·kg−1, 3.34 ± 0.37 g·kg−1, 9.73 ± 2.28 g·kg−1, and 9.69 ± 2.27 g·kg−1
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respectively. The potential reason is that more biomass was burnt in the flaming

combustion phases as a spreading fire (M. Wooster et al., 2011; T. Zhang et al.,

2015). For the same mass of rice straw, burning as spreading fire leads to a larger

area of fuel in contact with the air, so that the straw burnt more completely with

higher MCE. When the rice straw was burnt in a bonfire, the combustion on the

surface is flaming - but the combustion of the straw underneath is more smouldering.

3.4.1.2.3 Different moisture contents To investigate the impact of moisture

contents of biomass on EFs, the weighted average MCEs and the weighted average

EFs of CO2, CO, CH4, and PM2.5 with standard deviation, calculated from burning

100 g of wheat straw as bonfires with 0%, 5%, 10%, 15% and 20% moisture contents,

have been plotted in Figure 3.5. It clearly showes that MCE decreased from 0.91 to

0.87 as moisture content increased, supporting the finding that the moisture content

of biomass affects combustion efficiency (Possell and Bell, 2012; Tihay-Felicelli et

al., 2017). This is mainly due to the amount of smouldering combustion increasing,

leading to a lower MCE as moisture content increased (Possell and Bell, 2012).

The EFs of CO2 generally showed a decreasing trend from 1646 ± 18.99 g·kg−1 to

1568 ± 11.21 g·kg−1 as the moisture content increased from 0% to 20%. A least-

squares linear trend line was applied to the EFs of CO2, showing a negative rela-

tionship between EFs of CO2 and moisture contents, with the correlation coefficient

R = −0.937. However, the EFs of CO and CH4 generally showed upward trends,

from 104± 10.51 g·kg−1 to 150± 5.90 g·kg−1 and 8.89± 1.18 g·kg−1 to 11.25± 0.74

g·kg−1 respectively with increasing moisture contents. The linear fittings showed

clear positive relationships between EFs of CO and moisture content, as well as

the EFs of CH4 and moisture content, with correlation coefficients R = 0.936 and

R = 0.915 respectively. Moreover, the EFs of PM2.5/CO2 increased significantly

from 37.91± 8.13 g·kg−1 to 177± 15.88 g·kg−1 and the EFs of PM2.5/CO increased

from 37.76±8.10 g·kg−1 to 177±15.82 g·kg−1 as moisture content of wheat straw in-

creased from 0% to 20%. These results align with those in the literature (Fachinger

et al., 2017; Magnone et al., 2016; Price-Allison et al., 2019; Price-Allison et al.,
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Figure 3.4: Weighted average MCE for integrated phases and weighted average EFs
of trace gases and PM2.5 (g·kg−1) with standard deviations in different combustion
phases, including integrated, faming (FL), and smouldering (SM) phases, calculated
from burning 100 g of rice straw in ambient condition (with 10% moisture content)
with different combustion types for three replicates.
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Figure 3.5: Weighted average MCE for integrated phases and weighted average EFs
of trace gases and PM2.5 (g·kg−1) with standard deviations in different combustion
phases, including integrated, faming (FL), and smouldering (SM) phases, calculated
from burning 100 g of rice straw with different moisture contents. A least-squares
linear trend line based on the results from integrated combustion is shown in each
subplot, along with the coefficient of variation (R2) and correlation coefficient (R).
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2021; Sanchis et al., 2014) that higher moisture contents generally result in higher

PM emission factors from biomass burning. The linear fitting showed a significantly

positive relationship between EFs PM2.5 of and moisture content. Moreover, the EFs

of PM2.5 were higher in smouldering phases than those in flaming phases, which are

same as the finding in Reisen et al. (2018) from forest fires. These results above

showed that the EFs of trace gases are greatly impacted by the moisture content

of the biomass, consistent with published studies (Price-Allison et al., 2021; Rau,

1989).

3.4.1.2.4 Different packing densities Finally, 100 g, 150 g, and 200 g of

rice straws were burned as spreading fires with the same packing volume, resulting

in three packing densities of 0.008 g·cm−3 as low density (LD), 0.012 g·cm−3 as

medium density (MD), and 0.016 g·cm−3 as high density (HD). The resulting MCEs

and the EFs of trace gases and PM2.5 with different packing densities have been

plotted in Figure 3.6. It demonstrated that MCE has a negative relationship with

fuel packing density, with a correlation coefficient R = −1.00. Moreover, the EFs

of CO2 for integrated burning decreased with increasing packing densities. They

were mainly impacted by the smouldering phases as the EFs of CO2 were decreased

in the smouldering phases while there is no obvious change in the flaming phases.

Furthermore, least-squares linear trend lines indicated that the EFs of CO, CH4, and

PM2.5 increased as packing density increased. The increases in the EFs of CO, CH4,

and PM2.5 were caused by the increase in the amount of smouldering combustion as

packing densities increased.

3.4.2 Emission Factor Estimation from Field Data

Since the Gaslab was used in both the laboratory and the in situ experiments to

record the mixing ratios of CO2 and CO, these data can be used to compare the

laboratory burning and the field fires. The ERCO/CO2 derived from actual field

measurements of burning rice straw was compared to those derived from the mea-

surements in the laboratory. The ERCO/CO2 of the field measurements is very close

that of the burning 100 g of rice in ambient conditions as bonfires in the laboratory
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Figure 3.6: Weighted average MCE for integrated phases and weighted average EFs
of trace gases and PM2.5 (g·kg−1) with standard deviations in different combustion
phases, including integrated, faming (FL), and smouldering (SM) phases, calculated
from burning rice straw with different packing densities, including low, medium and
high density (LD, MD and HD). A least-squares linear trend line based on the results
from integrated combustion is shown in each subplot, along with the coefficient of
variation (R2) and correlation coefficient (R).

80



3.4. Results and Discussion

Figure 3.7: Measured mixing ratios of CO and CO2 from rice straw burning in the
actual agricultural land (blue dots) and from the burning 100 g of rice in the ambient
condition as bonfires in the laboratory (red dots). ERs between CO and CO2 for
pure flaming and smouldering phases of the two combustions are presented by blue
and red lines, respectively.

(see Figure 3.7). It shows that the blue slopes representing the ERCO/CO2 in flaming

and smouldering combustion phases from the field measurements - are very close to

the red slopes representing the ERCO/CO2 from the laboratory. This suggests that

two combustions were very similar and their EFs should also be similar (Reisen et

al., 2018; M. J. Wooster et al., 2018; M. Wooster et al., 2011).To precisely estimate

the EFs of trace gases and aerosol from in situ experiment, the integrated MCE

from the field was compared to that from the laboratory work. According to the

linear relationship fitted between MCE and EFs of all data samples from rice straw

burning in the laboratory (Figure 3.8), the EFs of CO2, CO, CH4, PM2.5/CO2 and

PM2.5/CO from rice straw burning in the field are estimated as 1607 g·kg−1, 133.32

g·kg−1, 6.38 g·kg−1, 42.53 g·kg−1, and 42.53 g·kg−1 as MCE of the field fires was

0.89.
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Figure 3.8: Scatterplots of weighted average EFs of trace gases (g·kg−1) and MCE
of all rice straw burning in the laboratory. Dashed line in each subplot represents
the OLS best-fitting to the data, whose equation is shown along with the coefficient
of variation (R2) and correlation coefficient (R).
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Table 3.3: PM2.5 concentration statistics of the two different smoke treatments cre-
ated in the combustion chamber. Ignition of the straw occurred at time T1. Total
time-integrated PM2.5 concentration and mean PM2.5 concentration are given, both
for the period from T1 up to 10 minutes after straw ignition (T1 + 10 minutes) and
also up to 20 minutes after ignition (T1 + 20 minutes).

(T1 + 10 minutes) (T1 + 20 minutes)

Smoke
Treatment Replicates

Integrated
total
(mg·m−3·s)

Mean
(mg·m−3)

Integrated
total
(mg·m−3·s)

Mean
(mg·m−3)

30 g wheat straw 3 5665 11 10227 9
60 g wheat straw 3 33438 64 63560 57

3.5 Incense Stick Burning

In order to explore the effects of smoke on migratory insects, we now need to consider

a suitable source that can create a smoky environment similar to that of agricultural

residue burning. However, directly burning agricultural residues in the laboratory

is not a good choice. One of the reasons is that the combustion of agricultural

straw ends too quickly to create a stable smoky environment. For example, two

smoke treatments were generated by burning 30g and 60g of wheat straw, with three

replicates per treatment (Table 3.3). The temporal variation of PM2.5 concentration

recorded from the two treatments is shown in Figure 3.9. The PM2.5 concentration

raised rapidly, reaching the maximum about two minutes after igniting. After that,

it gradually reduced within 20 minutes, especially in the case of burning 60g of

wheat straw. More importantly, burning agricultural residues in the laboratory

could create too high PM2.5 concentration, which is different from that recorded

in real agricultural burning where the maximum PM2.5 concentration recorded was

only about 1.5 mg·m−3 by R. Jiang and Bell (2008). This is because the space of

the combustion chamber is limited and there is no natural air flow like in the open

scenario, which allows the smoke to disperse. Therefore, we cannot use agricultural

straw burning in the actual experiment.

The unscented incense sticks were considered as an alternative fuel to generate

different smoke conditions as the literature suggested that they are made of biomass

83



Chapter 3. Measurement of gaseous and particulate emissions from agricultural
residue burning

Figure 3.9: Mean atmospheric PM2.5 concentration timeseries calculated from the
three replicates performed for each of the two different experimental smoke treat-
ments made by 30 g and 60 g wheat straw in ambient conditions. Data are shown
from the time of straw ignition (T1) to T1 + 20 minutes. See Table 3.3 for the total
time-integrated and mean PM2.5 concentrations for each treatment recorded over
the same time periods.

and release similar smoke emissions (Jetter et al., 2002; S.-C. Lee and Wang, 2004).

More importantly, they can create a relatively stable smoky environment, which is

easier to use in further experiments. Before using them, we need to validate that the

smoke emissions from burning incense sticks are similar to those of real agricultural

residue burning. The mixing ratios of CO2, CO, CH4 and PM2.5 concentration

emitted from different numbers of incense sticks were measured. The incense sticks

were placed on the burning tray, as indicated in Figure 3.10, and a tube was placed

on top of the incense stick, connected with Los Gatos Research (LGR) Ultraportable

Greenhouse Gas Analyser and TSI Dusttrak II Aerosol monitor 8530.

Figure 3.11 shows the ER between CO and CO2 from incense stick burning, which

indicates a constant combustion phase given the linear nature of the relationship.

The EFs of trace gases and PM2.5 from burning different numbers of incense stick

have been summarised in Table 3.4. The EFs of CO2, CO and CH4 from our
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Figure 3.10: Measurement of burning one incense stick on the burning tray.

experiment are aligned with the EFs reported in the literature (S.-C. Lee and Wang,

2004). They showed that the EFs of CO2 varied between 4.7 g·kg−1 and 2251.7

g·kg−1, EFs of CO changed between 110 g·kg−1 and 461 g·kg−1, and EFs of CH4

were from 1.8 g·kg−1 to 28.3 g·kg−1 from traditional incense burning (S.-C. Lee

and Wang, 2004). However, these EFs of trace gases from our incense stick burning

experiment are similar to the EFs of trace gases for the smouldering phase of burning

100 g of wheat straw with 20% moisture contents as bonfire, which are 1396± 15.96

g·kg−1 for CO2, 245 ± 11.28 g·kg−1 for CO and 19.28 ± 0.75 g·kg−1 for CH4.

For the EFs of PM2.5 from incense sticks burning, they were reasonably similar

to those reported in Jetter et al. (2002) but were lower than those from aromatic

incense sticks, varied from 10 g·kg−1 to 85 g·kg−1 (S.-C. Lee and Wang, 2004) and

‘Chih-Chen’, varied from 19 g·kg−1 to 45 g·kg−1 (Lung and Hu, 2003). However,

compared with straw burning, EFs of PM2.5 from incense sticks burning are slightly
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Figure 3.11: Measured mixing ratios of CO and CO2 from incense stick burning are
plotted in orange spots. The slope of the least squares linear best fit to these data
(blue dashed line) along with 95% confidence interval (blue shaded area) is used to
derive the ERCO/CO2 .

lower to those from smouldering phases of burning 100 g of millet straw as bonfire in

completely dry conditions, which are 1.19 ± 1.08 g·kg−1 with CO2 as reference and

1.18±1.07 g·kg−1 with CO as reference. This proved that incense sticks have similar

EFs of trace gases and PM2.5 as biomass burning in the real world and therefore

using incense sticks to simulate the environment of biomass burning is feasible and

meaningful.

3.6 Summary

This chapter reports the EFs of CO2, CO, CH4, and PM2.5 calculated for integrated

burning, flaming phase and smouldering phase of burning five different agricultural

residues, including rice, wheat, soybean, millet, and corn straw. These are based on
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Table 3.4: Weighted average MCE and weighted average EFs of trace gases and
PM2.5 (g·kg−1) from burning different numbers of incense sticks.

Incense stick

Parameter
Smoke
component No. = 1 No. = 2 No. = 3

MCE 0.76 0.78 0.77

EF CO2 1354 1404 1379
CO 271 248 257
CH4 19.52 14.55 18.75
PM2.5/CO2 1.19 1.28 7.55
PM2.5/CO 1.19 1.28 10.93

measurements made on laboratory fires. Among the five types of straw, millet straw

has the highest EFs of CO2 at 1683 g·kg−1, while the lowest CO at 89.86 g·kg−1

and CH4 at 3.42 g·kg−1; and soybean straw has the lowest EFs of PM2.5/CO2 and

PM2.5/CO at 3.07 g·kg−1, and 3.49 g·kg−1 respectively. The EFs of CO2 for all types

of straw burning were higher in the flaming phases than those in the smouldering

phases, while the EFs CO and CH4 showed the opposite trend. The EFs of PM2.5

from burning all types of straw were dominated by the flaming phases except the

wheat straw.

In addition, the impacts of potential factors on EFs of trace gases and particles for

integrated burning, flaming, and smouldering phases have been studied, including

moisture content, combustion type, and packing density. As moisture content in-

creases, the EF of CO2 decreases whilst those of CO, CH4, and PM2.5 increase. In

particular. there is a negative relationship between MCE and moisture content. In

terms of two combustion types, EFs of CO2 have higher values for the spreading

fire compared with bonfire fire, while EFs of other trace gases and PM2.5 have lower

values. According to the results of EFs from burning rice straw with three different

packing densities, we found that the EFs of CO2 decreased while EFs of CO and

PM2.5 increased as packing density increased.

We have applied a method to estimate the emission factors of trace gases (CO2, CO,
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CH4) and PM2.5 from actual agricultural fires by comparing the ERCO/CO2 obtained

from both laboratory work and fieldwork. When the ERCO/CO2 have been collected

from the fieldwork are very close to those collected in the laboratory work, we can

reasonably predict the emissions factors of other gases as the EFs of trace gases and

particulates based on the precise measurements in the laboratory work. Finally,

the EFs of trace gases and PM2.5 from burning incense sticks were investigated and

found close to those from agricultural residue burning, validating that they are good

smoke-source for further experiments.
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Chapter 4

Impact of dense smoke conditions

on butterfly flight performance

4.1 Introduction

As described in Chapter 2, although there is substantial evidence showing that

smoke pollution from landscape fires impacts insects, the impact of smoke pollution

on insect migration has rarely been known. Therefore, this chapter focuses on

determining whether dense smoke pollution from landscape fires affects migratory

insects. To achieve this objective, we identified a suitable migratory insect species

as a research target and conducted a series of experiments to quantitatively study

the insect response to smoke conditions created by burning appropriate biomass.

This chapter comprises a published paper in Section 4.2, describing the first mea-

surement of smoke pollution from biomass burning on the flight behaviour of insects

(Y. Liu et al., 2021). Vanessa cardui L. (Painted lady butterfly) was chosen as the

research target, and a tethered flight mill system was used to quantify the flight per-

formance of individual insects exposed to different smoke conditions generated by

burning incense sticks. Section 4.3 describes the reason for the selection of Vanessa
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cardui(Painted lady butterfly). Section 4.4 provides more details about the TFM

and flight performance accuracy tests. Section 4.5 provides more details on prelim-

inary experiments undertaken to understand the smoke condition produced in the

combustion chamber. The study in this chapter explored how the flight behaviour

of butterflies (including total flight distance, flight speed and flight duration) was af-

fected by exposure to different smoke conditions. Therefore, it also provided some of

the first evidence of how smoke from fires might potentially impact insect migration.

The author of this PhD thesis is the first author of this paper and undertook the

whole experiment, with advice from M. Wooster and K. Lim on protocols and exper-

imental design. K. Lim was involved in designing the tethered flight mill systems.

The author of this PhD conducted all the data processing and analyses presented in

the manuscript. M. Wooster, M. Grosvenor, K. Lim and R. Francis provided advice

on data analyses. The author drafted the first version of the paper and updated the

versions of the paper with the co-authors’ editorial suggestions.

4.2 Strong impacts of smoke polluted air demon-

strated on the flight behaviour of the painted

lady butterfly (Vanessa cardui L.)
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Strong impacts of smoke polluted air demonstrated
on the flight behaviour of the painted lady butterfly
(Vanessa cardui L.)

Y A N A N L I U, 1,2 M A R T I N J . W O O S T E R, 1,2,3,4

M A R K J . G R O S V E N O R, 1,2,3,4 K A S . L I M 2

and R O B E R T A . F R A N C I S 1 1Department of Geography, King’s College London, London, UK,
2Rothamsted Research, Harpenden, UK, 3Leverhulme Centre for Wildfires, Environment and Society, King’s College London,

London, UK and 4NERC National Centre for Earth Observation, King’s College London, London, UK

Abstract. 1. A major component of biomass burning smoke is fine particulate matter
(PM2.5), which has been shown to generate impacts on insect population dynamics and
development. However, little is known about its effect on insect flight behaviour, even
though this will influence insect dispersal and distribution, and potentially migration and
ecosystem services such as pollination.

2. Here we use a tethered flight mill setup to examine the behaviour of adult painted
lady butterflies (Vanessa cardui L.) flying in different levels of combustion-generated
airborne PM2.5, comparison this to TFM flying under ‘clean air’ conditions.

3. Descriptive statistics and paired sample t-tests indicate that the smoke had a
significantly deleterious impact on flight behaviour, with for example total flight
distance covered declining by 65% during the first 20 min of flying in the least smoke
contaminated air compared to ‘clean air’ control conditions, whilst average speed
declined by 54% and flight duration by 32%. A strongly negative and highly significant
linear correlation between flight speed and PM2.5 concentration was also observed.

4. This study represents the first time that smoke effects on insect flight behaviour have
been experimentally tested, and the longer the butterflies were exposed to the elevated
PM2.5 concentrations the more obviously their flight behaviour declined. We conclude
that the month(s)-long episodes of air pollution often associated with agricultural
burning and deforestation fires in the tropics may well be significantly affecting the
behaviour of the flying insects living in those regions and/or who migrate through them.

Key words. smoke pollution, fires, Vanessa cardui L., flight behaviour, tethered flight
mill, insect.

Introduction

Landscape fires burn across millions of square km of Earth’s
landscapes annually (Giglio et al., 2010), and human-driven
fires associated with land clearance and agricultural manage-
ment are particularly prevalent as a seasonal occurrence across
many developing nations of Asia, Africa, and Latin Amer-
ica (Korontzi et al., 2006; Yadav & Devi, 2018). Agricultural
residue burning is a seasonal practice in many of these nations

Correspondence: Martin J. Wooster, Department of Geography,
King’s College London, Bush House, 30 Aldwych, London, WC2B
4BG, UK. E-mail: martin.wooster@kcl.ac.uk

for example, burning wheat stubble, rice straw, and other veg-
etative waste before and/or after harvest (Scholes et al., 1996;
Streets et al., 2003; Toledo et al., 2005; Gadde et al., 2009;
Mahmud, 2013; Jain et al., 2014; Zhang et al., 2016). Though
each of these residue fires maybe individually small (Rander-
son et al., 2012; Zhang et al., 2017), the very large numbers
of fires burning simultaneously can seriously degrade local and
regional air quality (Li et al., 2014; Liu et al., 2020) by releas-
ing a complex mixture of gases and aerosols (Li et al., 2007;
Gadde et al., 2009; Shi et al., 2014; Zhang et al., 2015). At
these times, atmospheric concentrations of fine particulate mat-
ter (PM2.5) can sometimes exceed 1 mg m−3 in heavily affected
areas of China for example (Zhang et al., 2017), and elsewhere in
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Asia extremes even exceeding 3 mg m−3 have been seen during
very large fire events associated with large scale land clearance
and drought (Wooster et al., 2018). In addition to the significant
effects on human health – particularly from the fine particulate
matter (Johnston, 2017) – animals are very likely also affected
by this air pollution. This includes insects, which have impor-
tant ecological functions, facilitating plant pollination (Chap-
man et al., 2010; Ollerton, 2017), seed dispersal (Willson &
Traveset, 2000), and soil ventilation (Wardlaw et al., 1998),
for example, as well as roles in maintaining important trophic
relationships (Belovsky & Slade, 2000). However, whilst a few
studies have explored the impact of smoke pollution on insect
development (Tan et al., 2018; Wang et al., 2017), there have
been no quantitative studies of how it might affect insect flight
behaviour. In this context we have designed and performed a
series of laboratory experiments to investigate this issue for the
first time, focusing on Vanessa cardui, the painted lady butterfly,
which is an important indicator species because of their sensi-
tivity to ecosystem conditions (Griffis et al., 2001).

The smoke released from agricultural residue fires and other
types of landscape burning includes trace gases such as CO2,
CO, NH3, CH4, SO2, NOx (Radojevic, 2003; Ding et al., 2013;
Zhang et al., 2015), but it is the fine PM2.5 particles of black
carbon (BC) and organic carbon (OC) that pose the most seri-
ous risk to air quality (Li et al., 2007; Cao et al., 2008; Zhang
et al., 2017). Such fine particles dominate the aerosols present in
vegetation fire smoke (Dennis et al., 2002; Zhang et al., 2016;
Ni et al., 2017), and when emitted in large quantities by very
large and/or long-lived fires (Wooster et al., 2018) or by huge
numbers of smaller burns (Zhang et al., 2017), they can dra-
matically increase the extent and severity of regional haze and
smog episodes (Othman et al., 2014; Koplitz et al., 2016; Chen
et al., 2017). In humans these fine particles can enter the respi-
ratory system in sufficient numbers to cause serious morbidity
and even mortality (Chen & Kan, 2008; Li et al., 2013; Koplitz
et al., 2016), with consequential economic impacts on health-
care (Othman et al., 2014) and tourism (Anaman & Looi, 2000).
However, few studies have examined the consequences of such
pollution for other animal species. A few have indicated effects
on insect development and thus population dynamics (Ginevan
& Lane,1978; Alstad et al.,1982; Führer, 1985), including for
example impairing the development of insect larvae, such as
was shown by Tan et al.’s (2018) observations of smoke haze
prolonging development time and decreasing pupal weight of
Bicyclus anynana (squinting bush brown butterfly). Even the
smoke caused the decline of five butterfly species (Lepidoptera:
Rhopalocera) in Epping forest (Corke, 1999). However, the
impact of smoke on insect flight behaviour has rarely been con-
sidered, despite flight performance largely determining disper-
sal capacity, which then profoundly influences metapopulation
dynamics and ultimately population viability, species persis-
tence, gene flow, and processes of natural selection (Bowler &
Benton, 2005; Lester et al., 2007; Berg et al., 2010; Dantha-
narayana, 1986). Certain of the seasonal biomass burning pat-
terns in Asia (Vadrevu et al., 1986) coincide with the period
in which many insects start to migrate (Huang et al., 2012;
Jones et al., 2016; Fang et al., 2019), and this is likely to be the
case in other continents as well. Increasing our understanding of

insect flight performance in smoke-contaminated air may ulti-
mately help elucidate whether the air pollution associated with
these fires might affect insect migration, and all the consequent
impacts that stem from any such effect.

Butterflies are a predominant insect group present in agri-
cultural lands and are known to be sensitive to environmental
changes (Hill et al., 1995; Cleary & Grill, 2004). Cleary & Grill
(2004) showed that the richness of Jamides celeno (Common
cerulean) has increased over 50% in response to El Niño South-
ern Oscillation induced fires events as an example and in Indone-
sia, where vegetation fire smoke contaminated air is an annual
occurrence (Wooster et al., 2018), the richness and biodiversity
of butterflies are linked to human activities such as forest log-
ging and fires, presumably by directly destroying their habitat
(Hill et al., 1995; Cleary & Grill, 2004). The butterflies used
herein, therefore, represent a good organism with which to start
to explore the impact of smoke pollution on flying insects.

Materials and methods

Study species

Adult (imago) V. cardui were chosen as the experimental sub-
ject for this work. V. cardui has a wide global distribution and
is found in temperate areas and tropical areas across all conti-
nents apart from South America and Antarctica (Ecuador, 1992;
Stefanescu et al., 2017; Talavera & Vila, 2017). V. cardui gen-
erally maintains a large population through multi successive
generations every year (Stefanescu et al., 2013; Talavera &
Vila, 2017). V. cardui have excellent flight capacities, reflected in
their annual mass migration between Africa and Europe (Talav-
era et al., 2018; Menchetti et al., 2019; Suchan et al., 2019).
Normally, they migrate from Europe to the Afrotropics in
autumn and also evidence proved that they had a reverse north-
wards trans-Saharan migration in Spring (Talavera & Vila, 2017;
Talavera et al., 2018). Adults arriving in Britain in May and
June are thought to arrive directly from North Africa (Asher
et al., 2001; Nesbit et al., 2009). Massive breeding starts imme-
diately after the arrival of migrants. The offspring appear in
the UK in the late summer, such that the population greatly
increases at this time (Stefanescu et al., 2013, 2016). The flight
capacities of V. cardui depend in part on wing power, with
wing size being considered a significant factor on flight perfor-
mance (Rayner, 1979; Elington, 1984; Steyn et al., 2016). The
wingspan of the male is normally 58–70 mm, and that of the
female 62–74 mm (Ukbutterflies.co.uk, 2020). Adult V. cardui
live for 3–4 weeks, often up to 5 (Talavera & Vila, 2017; Ste-
fanescu et al., 2020), providing enough time for experimental
treatments such as those detailed here to be completed while the
butterflies are in robust health.

To standardise the flight ability of the selected V. cardui
subjects as far as possible in the current study, individual
differences in V. cardui individuals such as age, wingspan,
and body size were minimised by obtaining 20 butterfly pupae
of the same age from Gribblybugs LLP, a UK entomological
supplier. Pupae were placed in a greenhouse and adults of
mixed sexes emerged from the pupae over a one-week period

© 2020 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society
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Fig. 1. Experimental setup of (a) the flight chamber and (b) the combustion chamber. The two chambers both contain artificial lighting, a temperature
and humidity logger, and four tethered flight mills (TFMs) each of which had a single butterfly subject attached. Different experimental smoke treatments
were created in the combustion chamber by burning incense sticks after an initial pre-treatment flight period of 10 min, whilst clean-air ‘control’
conditions were always maintained in the flight chamber. [Colour figure can be viewed at wileyonlinelibrary.com].

Fig. 2. Tethered flight mill details. (a) An individual TFM (adapted from Jones et al., 2016; Patent: Lim et al., 2013), four of which were used in each
chamber as depicted in Fig. 1a,b. (b) Photograph of the TFM configuration used in each chamber, showing four TFMs with a butterfly attached to each.
[Colour figure can be viewed at wileyonlinelibrary.com].

and had similar weights (mean = 0.31± 0.01 g) and wingspans
(mean = 60.0± 0.1 mm) at the time of experiments.

Experimental overview

Two test chambers having almost identical ambient environ-
ments were used as the location for the experiment, both were
located at Rothamsted Research in Southern England and sited
within 10 m of one another. The ‘flight chamber’ (Fig. 1a) was
always maintained with a neutral ambient ‘clean-air’ environ-
ment (PM2.5 < 0.015 mg m−3), whilst the nearby ‘combustion
chamber’ (Fig. 1b) had a series of smoke treatments applied
by burning unscented incense sticks to increase its PM2.5 atmo-
spheric concentration. The butterfly subjects were attached to
flight-recording tethered flight mill (TFM) systems (Fig. 2a) in
both the flight chamber and the combustion chamber, and in

the former always flew in clean air conditions whilst in the lat-
ter the flew in clean air conditions for a period prior to the
incense stick ignition time, and after this in ‘smoke polluted’
conditions. Three different treatments were used in the combus-
tion chamber, classified as Low, Medium, and High Smoke (LS;
MS; HS) based on the number of incense sticks burned simul-
taneously to create the polluted air conditions (see Table 1). A
laser-based particulate matter measurement device (TSI Dust-
Trak II Desktop Aerosol Monitor 8530) was used to record
the PM2.5 concentration timeseries in the combustion cham-
ber throughout each experiment. The instrument provides PM2.5

concentration on the basis of laser backscattering, and is factory
calibrated using Arizona road dust. We applied the adjustment
factor of 0.61 from McNamara et al. (2011) to deliver con-
centrations of smoke PM2.5, which have a lower density than
road dust. Wooster et al. (2018) provides details of a similar

© 2020 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society
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Table 1. PM2.5 concentration statistics of the three different smoke treatments created in the combustion chamber. Ignition of the incense sticks
occurred at time T1, 10 min after the butterflies were placed on the TFMs at time T0. Total time-integrated PM2.5 concentration and mean PM2.5
concentration are given, both for the period from T1 up to 10 min after incense stick ignition (i.e. T1 + 10 min) and also up to 20 min after ignition
(T1 + 20 min).

(T1 + 10 min) (T1 + 20 min)

Smoke Treatment Replicates
Integrated Total
(mg m−3 s)

Mean
(mg m−3)

Integrated Total
(mg m−3 s)

Mean
(mg m−3)

Low smoke (LS) 3 54 0.15 208 0.18
Medium smoke (MS) 3 231 0.38 723 0.61
High smoke (HS) 3 449 0.75 1544 1.28

Fig. 3. Atmospheric conditions in the flight chamber and combustion chamber, measured across all experiments for (a) air temperature and (b) relative
humidity. The higher and lower bars of the plots are the maximum and minimum values respectively, while the rectangle illustrates the first quartile,
the median, and the third quartile (bottom to top). The red plus is the mean. [Colour figure can be viewed at wileyonlinelibrary.com].

calibration adjustment for smoke particulates recorded by this
sensor. Each experimental treatment involved four butterflies
obtained from a total pool of 20 and flown in the combus-
tion chamber, as did the control treatment based in the flight
chamber (Fig. 2b). Whilst the PM2.5 concentration of the flight
chamber was strongly influenced by the smoke produced by
the burning incense sticks, the other atmospheric characteris-
tics of the chambers (air temperature and relative humidity)
were statistically similar throughout the experiments (Fig. 3).
All experiments were conducted under the artificial lights, with
the lighting homogenous in the different mills within the two
chambers.

Using the setup described above we investigated the following;
(i) whether and for how long butterflies keep a constantly
stable flight behaviour when flying under ‘clean air’ conditions;
(ii) whether smoke causes a significant change in this flight
behaviour; and (iii) how any change is affected by increasing
smoke PM2.5 concentration.

Details of the tethered flight mill technique

The TFM (Fig. 2) is quite widely used to measure insect flight
speed and duration across a wide range of insect body sizes

and types (Jones et al., 2016; Dällenbach et al., 2018; Minter
et al., 2018). A lightweight arm, secured and balanced using a
counterweight, is suspended between upper and lower magnets,
and an axis between the two magnets allows even an insect with
relatively limited flight power to turn the mill successfully when
attached to the mill arm. When the insect flies, the mill arm turns
in a circular trajectory with a circumference of 50 cm, and a
black and white striped disk attached to the axis rotates with
the arm. A light detector detects the movements of the banded
pattern on the disk, using this to record the flight distance to a
precision of 10 cm at a 5-s temporal resolution. In a 5-s period,
the V. cardui studied herein covered an averaged flight distance
of 300 cm when attached to the TFM system. Four TFMs were
used in the flight chamber and four in the combustion chamber,
as shown in Fig. 1.

Subject preparation

Several preparatory steps were necessary prior to placing the
butterflies on the TFM systems in both chambers. Special pins
were constructed to connect the subjects to the TFMs, each made
by bending a small length (around 3 cm) of steel wire into a
small loop to which the butterflies could be firmly glued (Nesbit

© 2020 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society
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et al., 2009). Because of the fragility of the butterfly wings, all
subjects were kept chilled and in a torpid state in refrigeration
units prior to this procedure, minimising the risk of damaging
their wings and ensuring they were not too active too soon.
Each butterfly in its chilled state was placed on a sponge mat
and secured with a net and two small weights to avoid it being
damaged or escaping during attachment of the pin. The scales
on the surface of the butterfly thorax were cleared to make sure
the pin could be firmly glued to the butterfly. The pin facilitates
weighing, feeding, and minimizes stress to the butterfly during
preparation for flight. Before placing the butterflies on the TFM
system, they were fed with a mixture of cool water and honey
in the ratio of 9:1 by weight by letting them drink from pieces
of paper tissue dipped in the liquid. Each butterfly was then
mounted on its TFM system at an appropriate angle to ensure
normal flight.

Smoke treatments

The unscented incense sticks used to create the smoke within
the combustion chamber consisted of a wooden base with
incense compounds attached at one end (Jetter et al., 2002).
They were considered a suitable medium for generating the
smoke for this experiment since they can sustain combustion for
around 1 h and the smoke released is similar in composition to
that from standard biomass burning, including gases (CO and
volatile organic compounds, as well as aldehydes and polycyclic
aromatic hydrocarbons (PAHs) (Jetter et al., 2002; Lee &
Wang, 2004; Lin et al., 2008; Shi et al., 2014). The incense
sticks were positioned close to the ground in one corner of the
combustion chamber, well away from the butterflies to avoid
any direct increase in their temperature. The three experimental
treatments of LS, MS, and HS (Table 1) were generated by
burning different quantities of incense sticks simultaneously.
The aerosol monitor was placed next to the TFM systems in the
combustion chamber to record the airborne PM2.5 concentration,
and the temporal variation of PM2.5 associated with the three
different treatments are shown in Fig. 4. There were other
substances being created during the smoke treatments, but they
were not measured in the experiment. The PM2.5 concentration
were recorded to represent the smoke conditions during the
whole experiment.

Experimental procedure

To conduct the experiments, the available pool of 20 butterflies
was divided into five groups of four individuals, and two groups
of four in good physical condition were chosen for each run
of each experimental treatment. Each treatment was replicated
three times to provide more robust statistics, using different
butterflies each time. In each case, one group of four butterfly
subjects was placed on the TFMs in the combustion chamber and
immediately started flying (at time T0), and this ‘experimental
group’ flew for a pre-treatment period of 10 min in the clean-air
condition before ignition of the incense sticks at T1 and a total
treatment period of around 1 h flying in smoke polluted air. Once
the incense sticks were burned out after around 1 h, an extractor

Fig. 4. Mean atmospheric PM2.5 concentration timeseries for the com-
bustion chamber, calculated from the three replicates performed for
each of the three different experimental smoke treatments (LS, MS, and
HS). Data are shown from the time of incense stick ignition (T1) to
T1 + 20 min. See Table 1 for the total time-integrated and mean PM2.5
concentrations for each treatment recorded over the same time periods.
[Colour figure can be viewed at wileyonlinelibrary.com].

fan was activated to remove all the smoke in the combustion
chamber and the butterflies were remove from the TFM system.
Another ‘control group’ set of subjects were placed on the
TFMs in the flight chamber and flown in permanently clean-air
conditions for the same period, providing a comparison to
those flown in the polluted conditions. The collected TFM
data of distance flown every 5 s was processed using a script
written in MATLAB (version R2019a) to obtain the different
flight behaviour variables. These were total flight distance (m),
average speed (m s−1), maximum speed (m s−1), and time spent
flying (minutes), each calculated over different durations as
detailed below. The means (with SD), median (with Interquartile
Range, IQR), minimum and maximum values were also derived.
Because butterflies showed signs of fatigue after flying 30 min
in the clean-air environment of the flight chamber (i.e. flew more
slowly or even stopped flying completely; see Results section),
time periods shorter than this were selected for calculation of
the flight variables, such that we could isolate the influence of
the smoke from that of fatigue. The two periods were (i) the
initial 10 min of flying in the combustion chamber following
ignition of the incense sticks (T0 + 10) and (ii) the full 20 min of
flying in the combustion chamber following ignition (T1 + 20).
Data for the control group flying in the flight chamber were
selected for the same periods. We also compared flight data
from the combustion chamber taken during the initial 10 min of
flying in the clean-air conditions, and in the subsequent polluted
conditions post-ignition.

Results

Data were analysed using a variety of statistical techniques,
and prior to this the univariate normalities of all data were

© 2020 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society
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Table 2. Results of the tests to determine whether a significant difference exists in total flight distance covered by the butterflies in 10-min blocks of
time, starting from when flight commenced on the tethered flight mill (TFM) system in the flight chamber at T0. Differences were evaluated using paired
sample t-tests. Vanessa cardui L. flew for 40 min in total. n is number of different data used for the comparison, and the P value of <0.05 seen for the
comparison of the first and fourth 10-min periods means there is a significant difference between total flight distance covered in these two periods (but
not between the other periods that are compared). The conclusion is that after 30 min the Vanessa cardui L. start to become too fatigued to fly in the
same way as they did during the first 30 min of flight, but prior to this period they fly consistently.

Comparison Flight Periods n P value Significant Difference

1st versus 4th 10-min period (T0 to T0 + 10 vs. T0 + 10 to T0 + 20) 36 0.815 No significant difference
1st versus 3rd 10-min period (T0 to T0 + 10 vs. T0 + 20 to T0 + 30) 36 0.357 No significant difference
1st versus 4th 10-min period (T0 to T0 + 10 vs. T0 + 30 to T0 + 40) 36 0.049 Significant difference
2nd versus 3rd 10-min period (T0 + 10 to T0 + 20 vs. T0 + 20 to T0 + 30) 36 0.296 No significant difference
2nd versus 4th 10-min period (T0 + 10 to T0 + 20 vs. T0 + 30 to T0 + 40) 36 0.059 No significant difference
3rd versus 4th 10-min period (T0 + 20 to T0 + 30 vs. T0 + 30 to T0 + 40) 36 0.071 No significant difference

The bold text shows the P value is lower than 0.05 at 95% confidence interval.

confirmed using the Shapiro–Wilk test in the Statisti-
cal Package for the Social Sciences (SPSS), version 26.
which determined that the data were normally distributed
(P≥ 0.091). The following suites of analyses were then
performed:

Determining the analytical time period

To determine the duration of the analysis periods, data from
the ‘control group’ were first used to understand the length of
time that V. cardui typically fly in a consistent way. For this
we used data on total flight distance, because average flight
speed is dependent on the total distance flown in a certain
period, and maximum speed was found to be too random to
be statistically representative. Total flight distance data from
the flight chamber was analysed in 10-min blocks using paired
sample t-tests across a total of 40 min, so in the periods T0 to
T0 + 10, T0 + 10 to T0 + 20, T0 + 20 to T0 + 30, and T0 + 30
to T0 + 40. Total flight distance covered in the different time
periods were confirmed as normally distributed (P> 0.80) and
the null hypothesis (H0) was that no significant difference
would be observed between each of the four different flight
periods, whilst the alternative (H1) was that a difference would
be observed.

Results in Table 2 show that the total flight distance cov-
ered in the fourth 10 min period of flying in clean air (T0 + 30
to T0 + 40) was significantly lower than that in first 10 min
period (T0 to T0 + 10) (P = 0.049, n = 36), but that between
all other periods the total flight distance covered is statisti-
cally similar. This indicates that V. cardui can keep consis-
tent flight behaviour for 30 min (P≥ 0.296), after which flight
behaviour begins to change – presumably due to fatigue. This
30 min threshold was, therefore, used to determine our total
experimental duration, meaning that we (i) subsequently com-
pared flight data from the combustion chamber pre-treatment
(pre-ignition) period (T0 + 10) to the that from the treatment
period (T1 to T1 + 10 and T1 to T1 + 20); and (ii) compared
the control group in the flight chamber to that in the combus-
tion chamber with no analysis of data from beyond 30 min of
flying time.

Comparisons of flying in the pre-treatment and treatment
conditions

The first determination of whether subject flight behaviour
changed in response to smoke exposure was made by comparing
the total flight distance covered by the experimental group flown
for 10 min in the combustion chamber pre- and post-treatment.
Specifically, for each different smoke treatment (LS, MS, and
HS) we compared the flight variables for the pre-treatment
period (T0 to T0 + 10 min) prior to incense stick ignition to those
recorded for the same butterflies in the period (T1 to T1 + 10
min) immediately after ignition. Paired sample t-tests were used
and the null hypothesis (H0) was that no significant difference
would be observed between these two flight periods, whilst
the alternative hypothesis (H1) was that a difference would be
observed.

Descriptive data of each of the flight behaviour variables
for the pre-treatment and post-treatment periods are shown in
Table 3. During the pre-treatment period, the subjects showed
similar flight behaviour characteristics, with average distance
flown being 208 m in the 10 min of measurement at an average
speed of 0.34 m s−1. However, flight behaviour changed in the 10
min that they flew in the smoke conditions, and some butterflies
stopped flying on occasion, especially in the MS treatments
(highlighted in Table 3). Total flight distance covered was 25%
less in the 10 min of the MS smoke treatment than in the
subsequent treatment period, and average speed 26% lower.
Also, the maximum speed in the MS condition was lower than
that in the pre-treatment period by 43%, though the average
flight duration was similar. Paired sample t-tests comparing
total flight distance in both pre-treatment and treatment periods
identified significant differences between the two flight periods
for the MS treatments (P = 0.024, n = 12); while no significant
difference was found for either the LS treatment (P = 0.936,
n = 12) nor the HS treatment (P = 0.832, n = 12).

Flight comparisons between control and treatment conditions

To further determine whether flight behaviour during smoke
exposure was different to that seen under control conditions,

© 2020 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society
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Table 3. Descriptive statistics of flight behaviour variables (total flight distance, average speed, maximum speed, and flight duration) for the
pre-treatment flight period in the combustion chamber (T0 to T0 + 10 min; Vanessa cardui L. was put on TFM at T0) and in the post-treatment period
(T1 to T1 + 10 min; Ignition of the incense sticks occurred at T1). Data shown here only come from subjects flown in the combustion chamber, with
each flown in the pre-treatment condition for 10 min prior to ignition of the incense stick(s).

Pre-treatment (‘Clean Air’)
Period (T0 to T0 + 10 min)

Post-treatment (‘Smoke Polluted Air’)
Period (T1 to T1 + 10 min)

Flight Variables
Smoke
Conditions Mean (SD) Median (IQR) Min Max Mean (SD) Median (IQR) Min Max

Total flight distance (m) LS 208 (±134) 201 (208) 35 445 198 (±155) 221 (226) 0 471
MS 211 (±117) 220 (190) 4 407 159 (±108) 167 (107) 0 412
HS 206 (±97) 199 (138) 66 401 199 (±91) 205 (128) 0.04 289

Average speed (m s−1) LS 0.34 (±0.22) 0.33 (0.34) 0.06 0.73 0.33 (±0.25) 0.33 (0.37) 0 0.78
MS 0.35 (±0.19) 0.37 (0.32) 0.01 0.68 0.26 (±0.18) 0.27 (0.17) 0 0.68
HS 0.34 (±0.16) 0.33 (0.22) 0.12 0.66 0.33 (±0.15) 0.34 (0.21) 0.01 0.48

Maximum speed (m s−1) LS 0.74 (±0.42) 0.69 (0.41) 0.06 1.70 0.62 (±0.32) 0.66 (0.61) 0 1.04
MS 0.70 (±0.28) 0.62 (0.45) 0.28 1.20 0.40 (±0.21) 0.36 (0.18) 0 0.80
HS 0.52 (±0.19) 0.53 (0.24) 0.18 0.88 0.53 (±0.23) 0.56 (0.21) 0.04 0.94

Flight duration (min) LS 9 (±2) 10 (0) 4 10 8 (±3) 10 (4) 0 10
MS 9 (±3) 10 (3) 1 10 9 (±3) 10 (0) 0 10
HS 10 (±0) 10 (0) 9 10 8 (±4) 10 (2) 0 10

Bold text identifies a significant difference between pre-treatment and treatment period.

Table 4. Descriptive statistics of flight behaviour variables (total flight distance, average speed, maximum speed, and flight duration) between the
pre-treatment flight period (T0 + 10 min to T0 + 30 min; Vanessa cardui L. was put on TFM at T0) and post-treatment flight period (T1 to T1 + 20 min;
Ignition of the incense sticks occurred at T1). Data for the control group were collected in the flight chamber, and for the smoke treatment group in the
combustion chamber. The two groups contained the same butterfly subjects.

Control Group
(T0 + 10 min to T0 + 30 min)

Smoke Treatment Group
(T1 to T1 + 20 min)

Flight Variables
Smoke
Conditions Mean (SD) Median (IQR) Min Max Mean (SD) Median (IQR) Min Max

Total flight distance (m) LS 887 (±325) 937 (546) 314 1256 312 (±314) 251 (422) 0 947
MS 745 (±218) 735 (404) 415 1085 312 (±212) 318 (232) 8 818
HS 866 (±315) 878 (1100) 186 1286 381 (±183) 380 (264) 27 610

Average speed (m s−1) LS 0.74 (±0.27) 0.78 (0.45) 0.26 1.05 0.34 (±0.34) 0.29 (0.56) 0 1.04
MS 0.62 (±0.18) 0.62 (0.35) 0.35 0.90 0.26 (±0.17) 0.27(0.19) 0.04 0.68
HS 0.72 (±0.26) 0.73 (0.42) 0.16 1.07 0.32 (±0.15) 0.32 (0.22) 0.02 0.51

Maximum speed (m s−1) LS 1.06 (±0.37) 1.05 (0.78) 0.56 1.58 0.60 (±0.36) 0.62 (0.64) 0 1.04
MS 0.79 (±0.25) 0.78 (0.41) 0.52 1.34 0.46 (±0.22) 0.37 (0.25) 0.10 0.88
HS 0.92 (±0.33) 0.99 (0.50) 0.30 1.52 0.55 (±0.23) 0.56 (0.21) 0.06 0.94

Flight duration (min) LS 19 (±2) 20 (0) 14 20 13 (±8) 17 (17) 0 20
MS 20 (±0) 20 (0) 20 20 17 (±6) 20 (5) 4 20
HS 20 (±0) 20 (1) 19 20 18 (±3) 20 (5) 11 20

total flight distance covered was compared between the treat-
ment flight periods of the experimental group (T1 to T1 + 20 min)
flying in the polluted air of the combustion chamber and the
same butterflies flying in the clean air of the flight chamber.

Compared to the prior comparison of the butterflies flying
in the pre-treatment and treatment conditions, the disadvantage
here was that the control run and experimental run with the same
butterfly could not be conducted immediately after each other
(so the ambient temperature and humidity may have differed)
since each subject had to be fed, rested and moved between the
two chambers. However, the advantage was that flight periods
of 20 min under clean air and polluted air conditions could be
compared, and were twice as long as the 10 min possible with the
flights conducted in the pre-treatment and treatment conditions
(Table 3). The period up to 20 min after incense stick ignition

also allowed the mean PM2.5 concentrations to increase to higher
values compared to just the first 10 min (Table 1).

The analysis was again performed using paired sample t-tests,
and the null hypothesis (H0) was that no significant difference
would be observed between the two, whilst the alternative
hypothesis (H1) was that a difference would be observed.

Results (Table 4) show that the control group flew an average
total flight distance of 833 m in the 20 min period, while in
smoke treatments the average was far lower at 335 m. Total flight
distance covered in the three smoke treatments (LS, MS, and
HS) decreased by 65%, 58%, and 56%, respectively compared
to that in the control treatments performed using the same
butterflies, whilst the average speed declined by 54%, 58%, and
56%, respectively. Maximum speed was also lower than that
in control treatments, by 43%, 42%, and 40%, respectively, as

© 2020 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society

Ecological Entomology, 46, 195–208

 13652311, 2021, 2, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/een.12952 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [04/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

4.2. Strong impacts of smoke polluted air demonstrated on the flight behaviour of
the painted lady butterfly (Vanessa cardui L.)

97



202 Yanan Liu et al.

Fig. 5. Exemplar data from four butterflies flown under (a) control conditions in the flight chamber and (b) under the medium smoke (MS) treatment
in the combustion chamber. Mean flight speeds from all four subjects are shown, and in (a) the flights under control conditions (T0 to T0 + 30 min)
in the flight chamber show no discernible trend, as do those in (b) collected under the pre-treatment conditions (T0 to T0 + 10 min) in the combustion
chamber. However also in (b) after the smoke treatment is applied 10 min into the flight time (via ignition of the incense sticks) the flight speed shows
a steady reduction. Also shown in (b) is the mean PM2.5 atmospheric concentration recorded in the flight chamber by the TSI DustTrak II Desktop
Aerosol Monitor. [Colour figure can be viewed at wileyonlinelibrary.com].

was flight duration which respectively declined by 32%, 15%,
and 10% under the LS, MS, and HS conditions. An example to
show how flight speed changed is shown in Fig. 5. Butterflies in
the control group (Fig. 5a) flew in a relatively continuous and
uniform manner during the first 30 min of flight (supporting the
findings in Table 2), whilst Fig. 5b shows that the experimental
group also showed a similar pattern during the pre-treatment
period (T0 to T0 + 10 min) but after smoke was introduced 10
min into the experiment the flight speed gradually reduced until
T0 + 30 min.

Additionally, paired t sample tests showed that total flight
distance for all three treatments (LS, MS, and HS) was signifi-
cantly reduced compared to the control in the 20 min (P = 0.001,
0.002, 0.001, respectively). However, paired t sample tests indi-
cated that total flight distance only for the MS treatments was
significantly decreased compared to the pre-treatment in the
10 min (P = 0.024, n = 12). This illustrated that the longer
butterflies stayed in the smoke polluted conditions, the greater
the differences in flight behaviour were to that seen in the
clean-air conditions.

Relationships between flight speed and PM2.5 concentration

The previous sections have already shown flight distance to be
clearly influenced by the presence of smoke, so ordinary least
squares (OLS) linear regression was used to further investigate
relationships between flight speed and PM2.5 concentration.
Calculations were performed at the 5-s maximum resolution
of the flight mill data, with the null hypothesis (H0) being
that no significant relationship would be observed, whilst the
alternative hypothesis (H1) was that a significant relationship
would be observed.

The data were divided into 10 groups of increasing PM2.5

concentration, and flight speeds corresponding to each group

were extracted and displayed using boxplots (Fig. 6a). The
first boxplot in both Fig. 6a,b (PM2.5 concentration = 0)
contains data from both the control runs in the flight chamber
and the pre-treatment period (i.e. first 10 min flying) of the
experimental groups in the combustion chamber. These PM2.5

concentration = 0 data highlight that under clean air conditions,
maximum flight speed can reach 1.7 m s−1. The remaining nine
boxplots incorporate flight speed data collected under various
smoke concentrations in the combustion chamber, and it can
be seen that as PM2.5 concentration increased the median of
the flight speeds first decreased slightly, then increased up to
1.6 mg m−3, after which the median flight speeds once again
decreases somewhat. Maximum flight speed also continuously
decreased as PM2.5 concentration increased.

For PM2.5 concentrations less than 1.2 mg m−3 (first four
boxplots of Fig. 6a) the flight speeds have a larger dynamic range
and more values in the outliers. However, at concentrations
higher than 1.2 mg m−3 the boxplots show a smaller dynamic
range and no outliers. Even though more flight speed data were
obtained at low PM2.5 concentrations compared to high PM2.5

concentrations, the far narrower range of flight speeds seen
as PM2.5 concentration increases (Fig. 6a) indicates that flight
speed may be impacted by smoke concentration. Figure 6b
shows the same data as in Fig. 6a, but excluding the zero
flight speed values when the V. cardui subjects stopped flying
altogether. These Fig. 6b data, therefore, represent the actual
speed when the butterflies were in flight, rather than including
the data when they were paused, though the trends are essentially
the same as in Fig. 6a which included both types of behaviour.

Figure 7 shows the OLS linear best fit relationships between
subject flight speed and airborne PM2.5 concentration, and as
with Fig. 6 we show the data both with (Fig. 7a) and without
(Fig. 7b) the zero (i.e. non-flying) values included. In Fig. 7a the
data points trace out an ‘S’ curve, with a PM2.5 concentration of

© 2020 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society
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Fig. 6. Boxplots showing the flight speed of butterflies separated into 10 different PM2.5 concentration classes. Data for the lowest PM2.5 concentration
class come from the pre-treatment period of the experimental group flown in the combustion chamber, and for the other (higher PM2.5) classes from
all smoke treatments applied in the combustion chamber up to 20 min after ignition of the incense sticks (T1 + 20 min). (a) includes all data, whilst (b)
excludes that from any period when a butterfly stopped flying completely. The higher and lower bars of the plots are the maximum and minimum values
respectively, whilst the rectangle illustrates the first quartile and the third quartile (bottom to top). The median value of flight speed in each group are
represented by the blue circle with centre of the box, whereas the red plus is the mean. Beyond these ranges, outliers are plotted as blue circles. [Colour
figure can be viewed at wileyonlinelibrary.com].

Fig. 7. Scatterplots of mean flight speed against mean PM2.5 concentration (mg m−3) calculated (a) from all data as and (b) with the zero value flight
speeds removed as was the case with Fig. 6b. Dashed lines represent the OLS linear best-fit to the data, the equation for which is shown along with the
coefficient of variation (r2). [Colour figure can be viewed at wileyonlinelibrary.com].

around 2 mg m−3 seeming to be the approximate middle point,
whilst in Fig. 7b this shape is damped, and the relationship
appears more linear. Overall, both Fig. 7a,b (both P< 0.001)
demonstrate a clear and strongly negative linear correlation
between flight speed and PM2.5, backing up the interpretation
of the data shown in Fig. 6.

Discussion

Smoke from landscape fires is the greatest single source of air-
borne fine particulate matter (PM2.5) in Earth’s atmosphere, and

one that is particularly prevalent in many developing nations
(Huang et al., 2014). Local atmospheric concentrations of PM2.5

can sometimes exceed 1 mg m−3 during intense agricultural
burning seasons (Zhang et al., 2017), and even higher values
have been seen to persist for weeks over some regions affected
by extreme landscape fire events (Wooster et al., 2018). Pre-
vious studies have demonstrated that exposure to PM2.5 can
have a significant impact on insects. Tan et al. (2018) demon-
strated that a PM2.5 concentration of 0.05 mg m−3 can restrict
butterfly development, whilst Wang et al. (2017) showed that
exposure to concentrations of 0.08 mg m−3 shortened the lifes-
pan of Drosophila melanogaster from 48 to 20 days. Here for

© 2020 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society
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the first time we have explored the effect of atmospheric PM2.5

on insect flight behaviour, choosing V. cardui butterflies as
our test subjects. The experimental treatments detailed herein
exposed subjects to different levels of PM2.5 smoke pollution
from burning incense sticks, and over the first 10 min from the
ignition point (T1 + 10 min) concentrations were found to be
an average of 0.15 mg m−3 in the LS treatment, 0.38 mg m−3

in the MS treatment, and 0.75 mg m−3 in the HS treatment. In
all cases, PM2.5 concentrations increased further after the first
10 min of burning, and so for 20 min tests (T1 + 20 min) concen-
trations were often even higher (averaging 0.18 mg m−3 for LS,
0.61 mg m−3 for MS and 1.28 mg m−3 for HS). These concentra-
tions are well within the levels found in the ambient atmosphere
in areas affected by smoke from biomass burning. In Northern
India for example, the post-monsoon agricultural burning sea-
son in the NW Indian States of Punjab and Haryana, added to
local urban sources within Delhi, quite often results in levels of
PM2.5 frequently exceeding 0.3 mg m−3 (Pant et al., 2015).

We used TFMs to fly V. cardui in smoke polluted air, and
have shown this to be an effective way of quantifying flight
behaviour. It is known that TFMs can limit natural flight
behaviour somewhat by potentially hindering wing-flapping
(Jones et al., 2016), including in butterflies such as V. cardui
which have a ‘clap-and-flapping’ style of flight (Srygley &
Thomas, 2002). The tethered and screened position of the
butterfly in the flight mill, along with an absence of appropriate
visual cues for take-off and flight, could for example have
prolonged flight duration and delayed ‘landing’ (Gatehouse &
Hackett, 1980; Jones et al., 2016). For these reasons, in addition
to the smoke treatments that the subjects were exposed to during
each experimental run, we also flew the same butterflies in clean
air on the same TFM system and for the same 30 min time period
to provide a control dataset for assessing flight performance
effects of the smoke. We also flew each butterfly for an initial
10-min period in clean air prior to application of each smoke
treatment, so as to have a pre-treatment performance period for
comparison purposes.

Our results show that the flight variables of speed, duration,
and distance were all significantly reduced when flying for
20 min under the smoke contaminated conditions compared to
the clean air conditions of the control group, highlighting the
deleterious effect that the smoke had on the flight performance.
In terms of flight duration, for example, we found this to
be shortened by 32% in the LS conditions, 15% in MS and
10% in HS conditions respectively during the first 20 min
of flying compared to the control (‘clean air’) conditions.
Some studies have suggested that certain insect species may
become disorientated under smoky atmospheric conditions due
to changes in the polarisation of sunlight (Hegedüs et al., 2007),
however, the distance between the light source and the butterflies
in our experiment was only a few meters and the smoke
concentrations such that the effect of the particulates on the
light was certainly not observable by eye. Thus, whilst in
natural conditions smoke can darken the skies and change the
polarisation field of incoming sunlight (Johnson et al., 2005;
Hegedüs et al., 2007) we do not believe that changes in the
light field were responsible for our findings. Rather we think the
direct presence of the smoke is what is affecting the butterfly

performance. Our data show that as smoke conditions worsened
from MS to HS conditions, flight duration actually increased
again, becoming closer to that under clean air conditions.
One explanation is that the increasingly polluted environment
stimulates an escape response, resulting in an increase in flight
duration. It is not uncommon for insects to respond to a change
in environmental conditions; for example, mosquitos can use
a flutter stroke to double the wingbeat frequency of normal
flight, in order to remove drops of water on their wings before
taking off (Dickerson & Hu, 2014). Although the butterflies may
have increased their flight duration to ‘escape’ the smoke, their
flight speed remained significantly lower than under the clean
air control conditions. This effect could be related to the fine
particulate matter attaching to their wings and causing a decrease
in flight speed; in the same way that water can accumulate
on mosquito wings and bend them out of shape, eventually
preventing flight in foggy conditions (Dickerson & Hu, 2014;
Dickerson et al., 2015).

When the 10 min flight data for the pre-treatment (‘clean
air’) conditions were examined and compared to the first
10 min of the subsequent ‘smoke contaminated’ period, the
flight distance and flight speed were both reduced, but this was
only statistically significant in the MS conditions. The flight
duration of butterflies under MS conditions was similar to that
under the pre-treatment conditions, but the average flight speed
reduced by 26%, resulting in a 25% shorter flight distance.
We found, however, that the differences between butterfly flight
behaviour pre-treatment and post-treatment, under both the LS
and HS treatments, were relatively small compared to that under
the MS treatment. They were also less significant than the
differences found between the longer control and experimental
treatment runs. This suggests that longer periods of smoke
exposure are required to produce significant differences in flight
behaviour under the lower and higher PM2.5 concentrations.
It may also be the case that impacts manifest themselves
more obviously (or earlier) in the MS conditions, perhaps
because whilst the MS conditions are detrimental to flight, the
butterflies are still able to fly quite well and are thus, effectively
trying to escape the polluted conditions. Higher mean PM2.5

concentrations were also reached in each experimental smoke
treatment after 20 min of smoke production compared to the first
10 min (Table 1), thus providing more contrast in the control
versus treatment comparisons than in the pre-treatment versus
treatment comparisons.

Our data show a clear and significantly negative linear cor-
relation between mean flight speed and PM2.5 concentration,
indicating that the higher the pollution level the lower the mean
flight speed becomes (Fig. 7). However, the data in Fig. 7a also
suggest a possible change in relationship at around 2 mg m−3,
and that when concentrations rise above this level the butterflies
may react by reducing flight speed, possibly as an attempt to
seek escape or shelter from the polluted conditions. Once PM2.5

concentrations reach approximately 3.4 mg m−3, the mean flight
speed increases again slightly with increasing PM2.5 concentra-
tion. This may reflect a more ‘panicked’ attempt to move faster
to escape the smoke conditions. These potential behavioural
explanations are only hypotheses, and remain to be rigorously
tested in future work.

© 2020 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society
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It is also possible that beyond fine particulates, combustion
gases may also influence the flight behaviour of V. cardui.
Ginevan et al. (1980) found that Lasioglossum zephrum (Sweat
bee) exposed to a polluted environment with SO2 levels at
0.14–0.28 ppm for 16–29 days demonstrated reduced flight
activity compared to a control population for example. Such
poor air quality could cause insects to close their spiracle
valves longer, decrease oxygen intake and reduce metabolism
(Tan et al., 2018). Toxic compounds may also influence but-
terfly flight performance by affecting the insects’ body func-
tions. For instance, muscles of Cecropia moths are sensitive
to CO2 (and O2) levels, with changes in concentration caus-
ing spiracle closures (Burkett & Schneiderman, 1974). Since
the smouldering combustion style of the incense sticks used
as the source was constant across the period of burning, CO2

is released in direct proportion to PM2.5 (Zhang et al., 2015),
it is possible in our experiments that an increase in CO2

concentration, and perhaps in some of the other gases com-
pounds released by burning, could have induced longer closure
of the insect spiracle valves and contributed to the decreased
flight performance seen. This remains to be tested in future
experiments taking into account more pollutant species, as
does any effect of the particulates on the incoming light field
even over the very short optical paths involved, but smoke
(as assessed here via PM2.5) clearly has a negative impact on
V. cardui flight behaviour, even at concentration ranges signifi-
cantly lower than that found ‘naturally’ in some biomass burning
affected regions. More research is required to show how the
specific behavioural and physiological mechanics of butterfly
flight respond to increasing concentrations of different smoke
constituents.

The work presented herein is the first to experimentally quan-
tify the impact of smoke pollution on butterfly flight perfor-
mance, and highlights the deleterious impact on both the flight
speed and flight duration of adult butterflies. Although the effect
was demonstrated in a controlled experiment where insects were
flown on a TFM, and was based on non-natural populations
that can sometimes suffer inbreeding, it is an indication of the
potently harmful effect of smoke pollution on flight behaviour in
the real world. It is a first step towards understanding the impact
of smoke on natural flight performance, and ultimately on issues
such as insect migration in regions affected by biomass burning
smoke. A reduction in flight speed due to smoke pollution could
have a substantial impact on the ability of butterflies to migrate
successfully, as slower flying speeds will reduce the distance it
is possible to fly in a single flight. This could have serious con-
sequences if the insects must fly over large water bodies in such
a flight for example, where a diminished flight capability during
polluted conditions might mean insects being unable to make
the necessary distance. Since smoke from fires can be released
into the boundary layer or lofted high into the atmosphere (e.g.
Paugam et al., 2016), particulate matter concentrations can vary
widely with altitude, meaning that insects could encounter them
at different altitudes or even possibly make adjustments in their
behaviour to avoid the highest concentrations. Further studies
are required to determine if the fine particulates focused on
here are those controlling all the impact on the insects flight
behaviour during the polluted conditions, or whether some of

the gaseous compounds released by burning might also have a
detectable affect.
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4.3 Vanessa cardui(Painted lady butterfly)

Butterflies have been at the forefront of research on insect migration since the be-

ginning of such studies (Tutt, 1902; C. B. Williams et al., 1930), providing valuable

insights into migration mechanisms, patterns, and ecological significance (Reppert

and de Roode, 2018; Zhan et al., 2011). Vanessa cardui stands out as a globally

distributed species, making it an ideal subject for studying migration. It can be

found on every continent across the world, with the exception of South America and

Antarctica (Ecuador, 1992). Its wide distribution not only indicates the capacity of

Vanessa cardui to adapt to diverse environmental conditions (Nesbit et al., 2009;

Talavera et al., 2023) but also indicates a tight link to the distribution of host-plants

as Vanessa cardui can utilize a wide range of plants for feeding and reproduction

(Celorio-Mancera et al., 2016; Talavera et al., 2023). This flexibility in food sources

contributes to its ability to migrate across different ecosystems and environments.

Vanessa cardui is renowned for its migratory behavior, particularly between Africa

and Europe, which has been extensively studied over the past two decades (Comay

et al., 2020; Pollard, 1998; Stefanescu, 2011; Stefanescu et al., 2013; Stefanescu et

al., 2016; Talavera et al., 2018; Talavera and Vila, 2017). The annual migratory loop

between tropical West Africa and Scandinavia is recognized as the longest known

regular insect migration circuit, spanning approximately 14,000 km (Hu et al., 2021;

Menchetti et al., 2019; Stefanescu et al., 2013), which demonstrates its ability to

traverse vast distances across different landscapes and habitats. Moreover, a similar

multi-generational pattern is likely observed in North America, where Vanessa cardui

migrates on an annual basis from Mexico to the northern regions of the United States

and Canada (Shapiro, 2019; Talavera and Vila, 2017).

During their migration, Vanessa cardui exhibits a broad altitude range, with flights

occurring between 150m and 1200m above ground level. However, it is most common

for the butterflies to migrate at altitudes of several hundred meters above the ground

during both spring and autumn migrations. In spring migration, the peak densities

are recorded in the lowest radar range gate, specifically between 150m and 195m,
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indicating that the majority of migrants tend to fly at lower altitudes. Conversely,

during the autumn migration, over 60% butterflies are observed between 200m and

600m, with the highest density occurring between 350m and 400 above the ground

(Stefanescu et al., 2013).

The migratory nature of Vanessa cardui makes it an excellent species for investi-

gating the impact of LFS and weather conditions on migratory insects. Given the

occurrence of fires in Africa and the potential encounters during migration, studying

the impact of smoke becomes relevant. The altitude at which smoke from landscape

fires reaches varies depending on several factors, including fire size, intensity, weather

conditions, and vegetation type (Pausas and Keeley, 2021). It has been observed

that aerosols from Canada forest fires can reach heights ranging from 50m to 1400m

or even higher(Stefanescu et al., 2013), indicating the potential for Vanessa cardui

to experience smoke exposure during their migration, particularly when they are

near ground level. Therefore, investigating the influence of LFS and weather condi-

tions on Vanessa cardui migration can provide valuable insights into the interactions

between migratory behavior and environmental factors, including smoke exposure.

Although the abundance of Vanessa cardui in Britain varies greatly between years

and their abundance in the UK, it remains one of the most common immigrant

species in the region (Asher et al., 2001), particularly during the summer period,

facilitating its accessibility for research purposes. In our study, Vanessa cardui were

acquired from Gribblybugs LLP, a UK entomological supplier. Although the specific

information regarding the origin and history of these Vanessa cardui is not available,

all the butterflies used in our comparative experiments were sourced from the same

supplier.

Overall, Vanessa cardui has been chosen as our study species and also their flight

behavior is considered representative of a broad range of migrants due to its extensive

distribution, adaptability, and ability to undertake long-distance migrations.
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4.4 Tethered Flight Mill Techniques

As mentioned in Section 4.2, a tethered flight mill (TFM) system was applied to

quantitatively study the flight performance of butterflies. Since the 1950s, TFMs

were initially used to study insect flight behavior, which was introduced by (Hocking

et al., 1953), with stainless steel hypodermic tubing arms, Teflon bearings with

magnetic levitation, and infrared sensors. It is one of the most adaptable techniques

that has been extensively used in the laboratory (Attisano et al., 2015), which can

measure migratory insects in size varying between aphids and butterflies (H. B. Jones

et al., 2016; Minter et al., 2018). For example, TFMs were used to measure the flight

capacity of Cerotoma trifurcate (Bean leaf beetle) (Krell et al., 2003), Chrysoperla

sinica (The green lacewing) (Z. Liu et al., 2011), and Bactrocera oleae (The olive

fruit fly) (X.-G. Wang et al., 2009). Compared with entomological radars to track

insect migrations, TFMs are far more economical as it is constructed by using small

low cost components (Okada et al., 2018). Moreover, the TFM technique is capable

of continuously measuring the flight parameters of insects over a long period of

time during insect dispersal and migration, including flight speed, distance, and

duration. For instance, Sitodiplosis mosellana (Orange Wheat Blossom Midge) has

been studies on a flight mill system for 24 hours to explore their flight performance

and it was found that the average flight speed of female S. mosellana was 0.17

m·s−1, while the average speed of males was 0.15 m·s−1 (Hao et al., 2013; Lopez

et al., 2014).

4.4.1 Butterfly preparation for TFMs

Before we quantitatively studied flight performance of butterflies, there are several

steps to complete before putting them on the TFMs, as can be seen in Figure 4.1.

Special pins were constructed to connect the subjects to the TFMs, each made by

bending a small length (around 3 cm) of steel wire (Figure 4.1a) into a small loop

(Figure 4.1b) to which the butterflies could be firmly glued (Nesbit et al., 2009).

Because of the fragility of the butterfly wings, all subjects were kept chilled so they

would be in a torpid state in prior to this procedure, minimising the risk of damaging
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Figure 4.1: Preparation of processed Vanessa cardui L. in the preparation stage
before putting Vanessa cardui L. on the tethered flight mill technique (a) cutting
a 3 cm length of steel wire; (b) making a pin by bending the end into a loop; (c)
secured butterfly with net; (d) removing the surface of thorax (e) pin glued to the
surface of thorax; (f) fed with honey water.
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their wings and ensuring they were not too active too soon. Each butterfly in its

chilled state was placed on a sponge mat and secured with a net and two small

weights to avoid it being damaged or escaping during the attachment of the pin

(Figure 4.1c). The scales on the surface of the butterfly thorax were cleared (Figure

4.1d) to make sure that the pin could be firmly glued to the butterfly (Figure 4.1e).

The pin facilitates weighing, feeding, and minimizes stress to the butterfly during

preparation for flight. Before placing the butterflies on the TFM system, they were

fed with a mixture of cool water and honey in a ratio of 9:1 by weight by letting

them drink from pieces of paper tissue dipped in the liquid (Figure 4.1f). Each

butterfly was then mounted on its TFM system at an appropriate angle to ensure

normal flight.

4.4.2 TFM accuracy test on flight performance

Before starting the experiments to study the impact of smoke pollution on insect

flight behaviour, moths from the family of Noctuidae were used to practice the TFM

operation and check the accuracy on flight performance. These were selected as they

are common within the British Isles with over 400 species and easy to capture during

night (Bates et al., 2013; Yela and Holyoak, 1997). Moreover, their size and flight

speed are similar to that of butterflies (H. B. Jones et al., 2016; Minter et al., 2018),

and they also lead a seasonal migration between summer and winter (Alerstam et

al., 2011).

4.4.2.1 Nocturnal moth species used for TFM testing

A light trap was placed at Rothamsted Research Institution, Harpenden, UK (lo-

cated at 51◦48′38′′N, 0◦22′36.5′′W) on selected nights between June to July 2019

(Figure 4.2) as large noctuid moths migrate over UK during summer periods (Wood

et al., 2009). The light bulb was switched on from 9 p.m. to 4 a.m. local time

every day, and some cardboard egg boxes were placed in the base of the light trap

to provide a more enclosed environment for any captured moths to rest on. In total,

forty-three moths were captured in one month.
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Figure 4.2: A light trap for capturing nocturnal moths. The white sheet is used to
reflect the light and increase the overall light intensity.

Different types of nocturnal moth moths (Family Noctuidae) were captured, in-

cluding Autographa gamma (Sliver Y), Noctua pronuba (Large yellow underwing),

Phlogophora meticulosa (Angle shades), Xestia c-nigrum (Setaceous Hebrew Char-

acter), Agrotis exclamationis (Heart and dart), Apamea monoglypha (Dark arches),

Amphipyra pyramidea (Copper underwing). The method of mounting the moths on

the TFM is identical to that described in Section 4.4.1.

4.4.2.2 Characterising flight ability of noctuid moths with TFMs

There were totally 28 noctuid moths flown on the TFM. Although the number of

insects caught varied for each species, the average of all flight variables of different

moth species recorded with TFM over one-hour time duration was calculated (Ta-

ble 4.1), including total flight distance (m), average speed (m·s−1), maximum speed

(m·s−1), and flight durations (minutes). Approximately 71% moth species could fly
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on TFMs over 30 minutes, and 57% of moth species had an average flight speed

greater than or equal to 0.37 m·s−1. In terms of flight distance, four insect species

containing, Xestia c-nigrum, Phlogophora meticulosa, Autographa gamma, and Noc-

tua pronuba had similar flight distance with average value of 1356 m, and Amphipyra

pyramidea and Apamea monoglypha had similar flight distance with average value

at 740 m. However, Agrotis exclamationis had the slowest flight speed although it

can almost fly for one hour.

Besides, H. B. Jones et al. (2016) also quantified the dispersal ability of noctuid

moths using a TFM by comparing the maximum speed and total flight distance

measured for the whole night (from 21:00 BST until morning). Thus, the flight

distance and maximum speed collected by H. B. Jones et al. (2016) from the same

species were also put in Table 4.1. We found that noctuid moths were ranked

similarly in terms of maximum speed in both experiments. The data collected from

this experiment suggests that the TFMs appear to be functioning correctly Although

the maximum speed of the noctuid moths was slight lower in the pilot experiment,

which may be due to the different numbers of insects and flight duration, the TFMs

used in the pilot experiment is still trustworthy we therefore have applied it to the

formal butterfly experiment (See Section 4.2).

4.5 Smoke Consistency Measurements

As well as finding a fuel that produced a steady output of smoke, it was also im-

portant to understand the distribution of smoke within the combustion chamber

to ensure that all butterflies on each of the TFMs would be exposed to the same

concentrations. An experiment was conducted to produce smoke within the combus-

tion chamber and measure its concentration at various locations within the chamber

using a series of instruments.

To determine the consistency of smoke concentration in the combustion chamber, five

laser-based particulate matter measurement devices (TSI SidePak Personal Aerosol
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Figure 4.3: TSL SidePak Aerosol Monitors were put in different heights and positions
in the combustion chamber to record PM2.5 concentrations, which were created by
burning straw in the burn tray (SidePak 1 in the middle of the empty space; SidePak
2 is the bottom left, SidePak 3 is on the top right, SidePak 4 is on the bottom right
and SidePak 5 is on the top left). Three small fans were put next to the burn tray
to make the distribution of particles uniform in the whole chamber.

Monitor AM520) were placed in the area where the TFMs were placed, allowing

these sensors to cover as much of the general area occupied by the TFMs as possi-

ble, see Figure 4.3. The maximum limitation of PM2.5 concentrations recorded by

the AM520 was 100 mg·m−3, and we applied an optimal calibration factor of 0.27

from (Vernooij et al., 2022). Different weights of straw were burned in the burning

tray to create different smoke conditions, including 15 g, 30 g, and 60 g. Small

fans were used within the chamber to encourage mixing of the smoke within the

space. Time-series PM2.5 concentrations generated from burning 15 g, 30 g, 60 g

were recorded by the five aerosol monitors at different locations, which is shown in

Figure 4.4. The variation in PM2.5 concentrations over time is very similar from

the different positions which indicated that the smoke concentration was relatively

uniform throughout the entire combustion chamber.
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Figure 4.4: Time-series PM2.5 concentrations recorded by the five SidePak Aerosol
Monitors shown in Figure 4.3 when burning (a) 15 g straw, (b) 30 g straw, (c) 60 g
straw. The instrument becomes saturated at PM2.5 concentrations above 27 mg·m−3

after applying calibration factor of 0.27.

4.6 Summary

In this chapter, we firstly quantitatively tested the impact of smoke conditions from

biomass burning on flight behaviour of V. cardui including total flight distance,

average flight speed, maximum flight speed, and fight duration. V. cardui has been

determined as the research target as they have a strong flight ability, are easy to

acquire identical individuals, and are sensitive to environmental change. The incense

sticks have been used to create different smoke concentrations as they create similar

smoke components as biomass burning and are easy to control. A suitable technique -

TFM was applied to record the flight performance of migratory insects, which allows

us to quantitatively compared the flight behaviour of butterflies in different smoke

conditions. Although the total test only lasted for 1 hour, it determined that dense

smoke conditions negatively impact the flight behaviour of V. cardui, both in flight

speed, duration, and ultimately flight distance.

114



Chapter 5

Impacts of light smoke conditions

on butterfly flight performance

over long flight periods

5.1 Introduction

In chapter 4, butterflies were exposed to three increased dense smoke conditions in

which the PM2.5 concentrations achieved 4000 µg·m−3 in the first 20 minutes. And

only the flight behaviour of butterflies in the first 30 minutes on the tethered flight

mill (TFM) was studied. The results showed that butterfly flight speed decreases

significantly when smoke concentration exposure increases, as did other flight vari-

ables. In the real world, Vanessa cardui was observed that could fly around 7-8

hours per day during migration(Abbott, 1951; Stefanescu et al., 2013). Thus, to

comprehensively understand butterfly response to various smoke conditions during

their migration, following Chapter 4, we continue our exploration of smoke pollution

from landscape fires on the flight performance of Vanessa cardui.

In this chapter, butterfly individuals were exposed to three smoke conditions (with
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PM2.5 concentrations at 120 µg·m−3, 371 µg·m−3 and 832 µg·m−3) from biomass

burning for a longer period - 6 hours. This period was determined by a pilot exper-

iment investigating the maximum flight duration of Vanessa cardui, during which

16 representative butterflies were selected and put on the TFM for a 24-hour flight

test. The flight behaviours of butterflies in the smoke conditions are then com-

pared with the ones in clean-air conditions. Then, we designed another experiment

to specifically explore which smoke substances might affect the flight behaviour of

butterflies, especially particles. Furthermore, scanning electronic microscopy was

applied to check whether any particles were on the body of the butterflies - and if so

what might this mean for how the smoke physically affects the butterfly behaviour.

5.2 Background

Some evidence has been presented in Chapter 4 to show that smoke negatively influ-

enced butterfly flight performance, but the smoke conditions created were very high

(with a PM2.5 concentration up to 4000 µg·m−3), the flight duration of butterflies

was limited to only 30 minutes in the designed experiments, and same butterflies

were re-flown on the instrument. Whilst a link between flight performance and

PM2.5 concentration could be demonstrated, more evidence is still needed to clar-

ify how realistic smoke concentrations may influence the long-term movement of

insects. Based on the previous limitations, this study aims to evaluate the effect

of actual concentrations of smoke from biomass burning on insects over a more ex-

tended flight period and understand how butterflies might respond to the biomass

smoke polluted conditions when exposed for the first time, and also explore whether

particulate matter or gaseous compounds from smoke are the primary factors to af-

fect flight behaviour. We hypothesised that biomass smoke has a detrimental effect

on flight behaviour, either via damage to eyes, respiratory blockages, an increase of

body weight by particulate matter, or via gas toxicity.
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Figure 5.1: A diagram of the experimental setup. Individuals were put in (a) smoke
enclosure or (b) control enclosure. Smoke was released from burning incense coils
in a smoke box (1) and transported to the smoke enclosure by tube (2). Three
axial fans (3) were placed in right, left, and underneath the enclosure to promote air
circulation, exhaust fan (4) and extract duct was to remove excess smoke. The TFM
equipment (6) was used to record the butterfly flight performance. A particulate
sensor (7) and PurpleAir PA-II SD air quality sensor (8) were to record PM2.5

concentration. A temperature-humidity sensor (9) and light intensity sensor (10)
recorded the environmental factors.

5.3 Methodology

5.3.1 Experiment setup

All experiments were carried out in the King’s Combustion Chamber indicated in

Figure 5.1, located at Rothamsted Research, Harpenden, UK, from September to

November 2020. This season coincides with the autumn migration period of Vanessa

cardui (Stefanescu et al., 2017). One side of the chamber (facing 296◦, northwest)

was open externally and covered with a transparent tarpaulin, which allowed natural

light to enter directly while not being affected by adverse environmental conditions

(e.g. rain, wind).

Within the combustion chamber space, two further enclosures (one for containing
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the smoke, and one for control conditions) were constructed using a frame covered

with transparent plastic sheeting. Both enclosures were placed near to the open

side of the chamber to allow natural light in. A butterfly was attached to a tethered

flight mill (TFM) instrument, which allows them to fly around in a circle to assess

maximum flight duration and distance within a set period (H. B. Jones et al., 2016;

Minter et al., 2018), for a diagram of the TFM set-up, see Y. Liu et al. (2021). Four

butterflies can fly simultaneously as four tethered flight mills (TFMs) were placed

in each enclosure and were separated by white paper to act as a visual barrier to

minimise mutual influence between butterflies.

Particulate sensors (Plantower PMS5003) and PurpleAir PA-II SD air quality sen-

sors were placed in the middle of the enclosures to record the PM2.5 concentration

timeseries throughout each experiment. Three axial fans were placed in each enclo-

sure (two at the sides and one at the bottom) to ensure even particle distribution

and airflow. The speed and positioning of the fans were adjusted to ensure that

they gently mixed the smoke but did not cause turbulence that would affect the

flight performance of butterflies. The solenoid control system is used to control the

smoke concentration, where the smoke detection sensor and the control panel are

connected via a wireless network. The detected smoke level is transmitted to the

control panel. When the detected smoke level exceeds the set threshold on the con-

trol panel, the excess smoke is vented to the outside to as best as possible ensure

that the smoke concentration in the smoke enclosure remains within a set range. A

photosynthetically active radiation (PAR) light sensor (SQ-100X) was placed on the

top of the TFM to record the sunlight intensity (wavelength 400-700 nm), aiming at

checking whether the light intensity in the two enclosures is similar. A temperature

& humidity sensor (BME280) was put to the right side of the TFM. An extractor

fan was activated to remove all smoke in the two enclosures once the experiment

was completed and to maintain consistent airflow through each of the enclosures.

Replacement air was allowed into the enclosure either through the smoke inlet, or

through a small opening at the base for the control enclosure. All sensors were

connected to an Arduino controller (an open-source electronics platform based on
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easy-to-use hardware and software) to record data every five seconds.

5.3.2 Determination of butterfly flight duration on TFM

Vanessa cardui was observed by vertical-looking radar to fly for around 7-8 hours

during their migration on most days (Abbott, 1951; Stefanescu et al., 2013), however,

we do not know the flight duration of Vanessa cardui on a TFM. Thus, a pool of

20 adult Vanessa cardui that freshly emerged from pupae with average wingspan

length at 62 mm was chosen to check the flight duration on TFM. To figure out the

maximum flight duration of V. cardui for one day on TFMs, a pilot experiment was

performed, where 16 butterflies in good condition were selected from the whole pool

of 20 butterflies to fly on the TFM under clean-air conditions. Those butterflies were

put on the TFM for 24 hours (12 hours daytime and 12 hours night-time) in August

2020. Artificial light was used in the first 12 hours to simulate daytime conditions.

During the experiment, the butterfly individuals were fed once with honey water

(water:honey=9:1) before being placed on the TFM each time, to provide substantial

energy for flying. An air conditioner was applied to keep the temperature in the

flight chamber at 25◦C.

Figure 5.2 shows an example of a group of eight butterflies’ flight speed and how

it varied over 24 hours. We found that most of the butterflies flew in the first 8

hours (daytime). The total flight duration of the butterflies in 24 hours has been

calculated, with an average of 3.5 hours and a maximum of 5.8 hours. In response

to this flight behaviour, butterflies in the main experiment were put on the TFM

for 6 hours during daytime conditions. The aim being to further investigate the

smoke impact on butterfly flight performance, in a way that is expected to replicate

natural conditions more closely than the experiment in Chapter 4 (i.e. with lower

smoke concentrations, more comparable to the natural environment, and a longer

flight duration more akin to what might be experienced during migration).
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Figure 5.2: Flight speed of eight sample butterflies flown under clean-air conditions
for 24 hours. Most have ceased flying by 8 hours.

5.3.3 Experiment design

There were two new experiments - building on that in Chapter 4 - each designed to

further investigate how smoke from biomass burning impacts the flight behaviour

of Vanessa cardui, summarised in Table 5.1. Experiment A compared the flight

performance of the butterflies in smoke and clean-air conditions. Experiment B

investigated what smoke components (trace gases or particulates) might affect the

butterflies. In both Experiment A and B, butterflies were put on the TFM for six

hours as Vanessa cardui demonstrated that they can continuously fly for around six

hours or more on the TFM in the pilot experiment. The total flight distance (m),

average flight speed (m·s−1), maximum flight speed (m·s−1), flight duration (min-

utes), and percentage of flight duration (%) have been calculated in both enclosures

for the further analysis. After exposure to smoke, we then conducted an analysis on

a proportion of the butterflies to determine whether there was any evidence of the

particles coating their bodies using scanning electron microscopy (SEM).
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Table 5.1: Summary of experiment design, indicating the number of butterflies used
in Experiments A and B, where CC represents control condition, LS represents low
smoke, MS represents medium smoke and HS represents high smoke.

Experiment A Experiment B

Replicate CC LS CC MS CC HS Gas HS

i 4 4 4 4 4 4 4 4
ii 4 4 4 4 4 4 4 4
iii 4 4 4 4 4 4 4 4
iv 4 4 4 4 4 4 4 4

Replacement 8 8 8 8

5.3.3.1 Experiment A: Investigating flight performance of V. cardui in

smoke and clean-air conditions

The aim of this experiment was to compare the flight behaviour of butterflies in

different smoke concentrations - low, medium and high smoke (LS, MS, and HS) -

based on the PM2.5 concentrations in the smoke enclosure compared to the clean

air conditions (control enclosure). The concentrations selected were substantially

lower than those used in Chapter 4, and more akin to what might be experienced

in the natural environment in heavily smoke-polluted areas. As planned in Table

5.1, three comparative sub-experiments were conducted in total and each of them

has four replicates with four butterflies in the smoke condition and four butterflies

in the control condition per replicate.

One reason that PM2.5 concentrations are used to demonstrate the severity of the

smoke is that it is easy to measure with low-cost sensors that react quickly to

changing concentrations (since they use laser-based measurement techniques) PM

is also the dominant health-impacting component of landscape fire smoke, that also

has a visible effect on the opacity of the atmosphere (Nguyen et al., 2021; Roberts

and Wooster, 2021). We set the LS, MS, and HS conditions as 150 µg·m−3, 450

µg·m−3, and 900 µg·m−3 of PM2.5 respectively, selected because PM2.5 concentrations

varied between 10 µg·m−3 and 1000 µg·m−3 from 1200 m altitude to the surface

during intense burning seasons according to data in the WACCM global Chemistry
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Figure 5.3: Atmospheric conditions in the smoke enclosure and control enclosure,
measured across all experiments for (a) air temperature, (b) relative humidity, and
(c) light intensity. Box plots illustrate the upper quartile (75th percentile), the me-
dian (50th percentile) and the lower quartile (25th percentile), with upper whiskers
reaching Q3 + 1.5 × interquartile range (IQR) and lower whiskers Q1 − 1.5 × IQR.
The red square is the mean.

model (WACCM 2021). PM2.5 concentrations were considered in this altitude range

because V. cardui, typically fly in a wide altitude range between 150 m to 1200 m

during large-scale migration (Stefanescu et al., 2013).

Smoke conditions were created by burning unscented incense coils in a large-sealed

box - as this could generate smoke at a consistent rate for over 6 hours. As shown in

Chapter 3, the composition of the smoke from burning incense is similar to that from

standard biomass burning (W.-H. Cheng et al., 2015; Jetter et al., 2002; Lui et al.,

2016). To ensure that the incense coils burn at a relatively constant rate, an air

pump was used to supply a steady supply of fresh air to the smoke box. Moreover,

the smoke box was connected with another two pumps, one was to deliver a con-

stant smoke concentration to the smoke enclosure that was controlled via solenoids,

while the other one was responsible for discharging the excess smoke into the filter.

The solenoids were controlled using an Arduino controller linked to a particulate

sensor (Plantower PMS5003) inside the smoke enclosure, which allowed a target

PM2.5 concentration to be set and ideally maintained. Apart from the presence of

smoke, the other environmental factors were similar in the two enclosures, including

temperature, humidity, and light intensity, as shown in Figure 5.3.
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5.3.3.2 Experiment B: Investigating flight performance of V. cardui in

smoke conditions with and without particles

In this experiment, we compared the flight performance of V. cardui in HS condition

(smoke enclosure) and gas (only) condition (control enclosure). The gas condition

is the same as in the HS condition, but with the particulates filtered out. The aim

was to investigate whether it is particles or trace gases in the smoke that affect the

butterfly flight performance. One comparative sub-experiment was planned, which

included four replicates with four butterflies in both HS and gas conditions per

replicate.

To generate the HS and gas conditions, a pump with two pipes was connected to

the smoke box, and two pipes were connected to the smoke enclosure and control

enclosure respectively. Smoke was transported to the smoke enclosure directly by one

pipe while gaseous emissions were transported to the control enclosure by another

pipe where the smoke passed through a filter to remove all particulates. The most

significant gas compounds present in biomass burning (and incense stick burning)

are CO2, CO, CH4 (Akagi et al., 2011). These three compounds were measured

using a Los Gatos Research (LGR) Ultraportable Greenhouse Gas Analyser during

experiment B. Two tubes were connected to the gas analyser via a valve to allow

measurement of either smoke or gas conditions. The concentrations of three gases

were similar in two enclosures during the experiment, including CO2, CO, CH4, as

shown in Figure 5.4.

5.3.4 Post-exposure examination using scanning electron mi-

croscopy (SEM)

To investigate the possible impact of particulate matter on the body of the ex-

posed butterfly, SEM was used to observe the distribution and number of particles

(PM1/PM2.5/PM10) stuck to the butterfly after their exposure to different smoke

conditions (control, LS, MS, and HS conditions). The forewing, hindwing, antenna,

head, eye, and abdomen were all examined.
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Figure 5.4: Boxplots showing gaseous emissions from high smoke conditions in smoke
enclosure and gas conditions in control enclosure, measured across all experiment
B for (a) CO2 concentration (b) CO concentration and (c) CH4 concentration. Box
plots illustrate the upper quartile (75th percentile), the median (50th percentile)
and the lower quartile (25th percentile), with upper whiskers reaching Q3 + 1.5 ×
interquartile range (IQR) and lower whiskers Q1− 1.5× IQR. The red square is the
mean and outliers beyond these limits are plotted as black circle.

Butterfly specimens were frozen at -20◦C for 48-72 hours and transferred to a desic-

cator upon arrival. Specimens were dissected to remove wings, head, antennae, and

abdomen then mounted on SEM stubs. Wing and antenna were places on sticky

carbon tape and covered with another layer of carbon. However, the head and

abdomen parts were glued onto SEM stubs with silver paint, and specimens were

sputter coated with gold. All samples were then imaged at Rothamsted Research’s

Bioimaging Facility using a JEOL JSM-6360LV SEM with 3.0 nm resolution and

20 mm observation distance. For each body parts we selected three areas (100 × 90

µm2) randomly and 1500× magnification was used to observe PM1, PM2.5, PM10.

5.3.5 Statistical analysis

The data of each butterfly mounted on the TFM was analysed every 5 secondsusing

a script written in MATLAB (version R2019a) to obtain a series of flight variables,

including total flight distance (m), average speed (m·s−1), maximum speed (m·s−1),

and time spent flying (minutes). The descriptive statistics have been driven to

understand the flight performance of butterflies, including mean value and standard

deviation (SD). Moreover, Univariate Analysis of Variance (ANOVA) is also used to

check if the significant difference of average flight speed of each butterfly among three

control groups in the sub-experiments in Experiment A. The univariate normality
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Figure 5.5: Timeseries of mean atmospheric PM2.5 concentration of different smoke
conditions calculated from the four replicates in five different conditions, including
control, LS, MS, HS, and gas conditions. Data are shown from the time of incense
stick ignition (T1) to T1 + 6 hours. PM2.5 concentration data was collected from the
particulate sensors and oscillates within a certain range for each condition.

was tested using a Shapiro-Wilk test (Hanusz and Tarasińska, 2015). Since average

flight speed of butterflies in gas and HS conditions are not normally distributed

as shown in following results, a Mann-Witney U test which is the non-parametric

counterpart to the T-test for independent samples was used to compare whether the

average flight speed of individual butterflies is significantly different in Gas and HS

conditions from Experiment B.

5.4 Results

5.4.1 Incense coils successfully created three smoke condi-

tions

Three stable smoke conditions with different PM2.5 concentrations were created in

the smoke enclosure, termed as LS, MS, and HS. Although the real smoke con-

centrations are a bit lower than the set value, they are reasonable with means of
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120 µg·m−3, 371 µg·m−3 and 832 µg·m−3 respectively. These concentrations are

all values that realistically could occur in smoke-affected regions. For example, in

Palangkaraya Indonesia in 2015 during an extreme fire episode, atmospheric concen-

trations of PM2.5 were likely above 2000 µg·m−3 (based on the PM10 measurements

available and the fact that most PM in biomass burning smoke is PM2.5 or smaller

(M. J. Wooster et al., 2018). Meanwhile, the average PM2.5 concentration in the

control condition was maintained at 9 µg·m−3, and the smoke concentrations in MS

and HS conditions are roughly double that of the LS. Although the filter was ap-

plied to remove particles in the “gas only” condition, some particles also entered

the chamber. Thus, the PM2.5 concentration in the “gas only” condition was a bit

higher than in the control conditions, as shown in Figure 5.5. The analysis of vari-

ance indicated that PM2.5 concentrations in five smoke conditions are significantly

different (ANOVA, P value < 0.001).

5.4.2 Flight speed change in smoke condition

5.4.2.1 Flight performance in clean-air conditions

To understand the flight performance of butterflies under clean-air conditions for six

hours, the datasets collected from the three control groups in Experiment A were

analysed. The six-hour flight speed data from control enclosure in each experiment

were divided into 36 timesteps of 10-minute data to plot one boxplot. The mean

value of flight speed data in each group is also calculated and shown as the blue

squares in Figure 5.6a. The mean values show that the flight speed of butterflies

decreases as time increases in clean-air conditions. However, these mean values were

not representative of the actual flight status because they were calculated based on

the flight data recorded during not only ‘flying’ status but also ‘resting’ status within

each 10-minute. As butterflies freely fly and stop on TFMs, to understand the ratio

of ‘flying’ and ‘resting’ time of butterflies in six hours, the percentage of time that

butterflies were ‘flying’ and ‘resting’ in every 10-minute timestep was calculated and

plotted in Figure 5.7. This demonstrates that as time goes by, butterflies took longer

rests, which leads to a downward trend in the overall flight speed.
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Figure 5.6: Boxplots showing the flight speed of butterflies from control conditions
separated into 36 10-minute timesteps, collected from Experiment A. (a) includes
all data, whilst (b) excludes that from any period when a butterfly stopped flying
completely. The higher and lower bars of the plots are the maximum and minimum
values respectively, while the rectangle illustrated the first quartile, the median, and
the third quartile (bottom to top). The blue square is the mean and black circle is
outliers.

Thus, to further understand the actual speed changes when the butterflies were in

flight, the speed and time where the butterflies were resting are excluded. Figure

5.6b shows the same data as in Figure 5.6a but excluding the zero flight speed

values when the V. cardui subjects stopped flying altogether. This shows that there

is a much smaller change in speed over time. The mean value in each boxplot is

calculated from data when the butterflies were flying.

Different flight variables were obtained during the 6-hour experiments for the three

control groups in Experiment A. Results in Table 5.2 show that the three control

groups have different mean values of total flight distance with 3650 m, 4106 m, 4195
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Figure 5.7: Bar charts showing percentage of flying for 36 10-minutes timesteps in
control conditions calculated from Experiment A.

Table 5.2: The mean value of flight behaviour variables, including total flight dis-
tance, average flight speed, maximum speed, and flight duration, in the control
conditions in six hours with standard deviation (SD). The data was collected from
Experiment A.

Mean (±SD)

Flight variables
Control 1
N = 16

Control 2
N = 16

Control 3
N = 16

Total flight distance (m) 3650 (±3170) 4106 (±3397) 4195 (±3956)
Average speed (m·s−1) 0.25 (±0.16) 0.26 (±0.14) 0.23 (±0.18)
Maximum speed (m·s−1) 0.78 (±0.24) 0.58 (±0.25) 0.59 (±0.27)
Flight duration (minutes) 177 (±101) 207 (±120) 218 (±126)

m in Control 1, Control 2 and Control 3 respectively. The average speed is quite

similar in three control groups with 0.25 m·s−1, 0.26 m·s−1 and 0.23 m·s−1. The

flight speed between the different batches of butterflies in clean-air conditions is

similar with fight speed at 0.24 m·s−1. However, the total flight distance is different

mainly due to the different flight durations. The butterflies in the control groups

in Experiment A have gradually increased flight durations. ANOVA was used to

determine whether the means of average flight speed in the three control groups are

same or not. The null hypothesis (H0) was that no significant difference would be

observed in the mean value of flight speed among three groups, whilst the alternative

hypothesis (H1) was that a difference would be observed. The resulting P value =

0.33 shows no significant difference among the three groups. Similarly, P value =

0.60 calculated with ANOVA among the average flight durations in the three control
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Figure 5.8: Boxplots showing the flight speed of butterflies from different smoke
conditions (red) and control conditions (blue) separated into 36 10-minute, collected
from Experiment A. (a) includes all data, whilst (b) excludes that from any period
when a butterfly stopped flying completely. The higher and lower bars of the plots
are the maximum and minimum values respectively, while the rectangle illustrated
the first quartile, the median, and the third quartile (bottom to top). The red square
is the mean and black circle is outliers.

groups shows that there are not significant differences among the three groups.

5.4.2.2 Flight performance comparisons between control and smoke con-

ditions

To determine whether the flight behaviours of butterflies in smoke exposure are

different from those under control conditions, the datasets collected from the smoke

conditions in Experiment A are compared with the ones from the control conditions.

Since the flight performance of butterflies in control conditions is similar, they are

pooled together to be analysed (see Table 5.3). It is shown that butterflies in

ambient-clean air conditions have a mean total flight distance of 3984 m, flight speed
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Figure 5.9: Bar charts showing percentage of flying for 36 10-minutes timestep in
different smoke conditions (LS, MS, and HS) and control conditions calculated from
Experiment A.

Table 5.3: The mean value of flight behaviour variables, including total flight dis-
tance, average flight speed, maximum speed, and flight duration, in the control
conditions and three smoke conditions (LS, MS, and HS) in six hours with standard
deviation (SD). Data was collected from Experiment A.

Mean (±SD)

Flight variables
Control
N = 48

LS
N = 16

MS
N = 16

HS
N = 16

Total flight
distance (m) 3984 (±3466) 5035 (±3848) 5048 (±4349) 4908 (±4162)
Average speed
(m·s−1) 0.25 (±0.16) 0.38 (±0.21) 0.36 (±0.23) 0.34 (±0.18)
Maximum speed
(m·s−1) 0.65 (±0.26) 0.94 (±0.26) 0.84 (±0.34) 0.70 (±0.23)
Flight duration
(minutes) 201 (±115) 175 (±103) 187 (±99) 202 (±135)

of 0.25 m·s−1, maximum speed of 0.65 m·s−1 and flight duration of 201 minutes.

The flight data in LS, MS, and HS have been processed with the same analysis

method as used for the control group data and the results are plotted in Figure

5.8a. The overall butterfly flight performance in the three smoke conditions shows a

similar decrease through time as that in control conditions. As such, the percentage

of time that the butterflies were ‘flying’ and ‘resting’ in every 10 minutes has a

similar trend as that in control conditions (Figure 5.9).
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However, when the resting time is removed, the actual flight speed indicates an up-

ward movement in all smoke conditions. As seen in Figure 5.8b, the real flight speed

when resting is excluded shows an increasing trend in all three smoke conditions.

To understand the relationship between flight speed and time, the mean value in each

boxplot is extracted from Figure 5.8b and a linear best fit is applied to understand

the trend of flight speed thorough time variation (Figure 5.10). Compared to the

slight decrease in flight speed of butterfly in the control conditions, an upward

tendency of butterfly flight speed over six hours in different smoke conditions can

be clearly seen, especially in LS and MS conditions. However, in the HS conditions,

the relationship appears to be non-linear with an increase in the roughly first two

hours and decrease in the next four hours.

To understand the difference of flight speed of butterflies under ‘flying’ status be-

tween different smoke groups and control groups, the difference is calculated by

subtracting the data in the control groups from the data in the smoke groups. The

flight data from the control group is regarded as zero, it gives a positive value when

butterflies in smoke conditions are going faster, or a negative value if they are going

slower. It can be clearly seen that the butterfly flight speed shows a gradual increase

in the LS and MS conditions. However, butterflies in the HS conditions did not fly

faster at all times. The negative values in first 1.5 hours appears that the butter-

flies start off flying much slower than they would in control conditions, but they

increase their speed quite quickly. In the resting time periods, although butterflies

flew faster than that in control conditions, they were much slower than in the other

smoke conditions yet never reached the speeds seen in the other smoke conditions

(LS and MS conditions) (Figure 5.11). Although the butterflies showed an increase

in flight speed in all three smoke environments, the magnitude of the increase and

the duration of the accelerated flight were different. When the butterfly was in an

increasingly severe smoke environment, the butterfly’s flight speed increased less and

less, and even slowed down.
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Figure 5.10: Scatterplots of mean flight speed changes over time extracted from data
without the zero value flight speeds as was the case with Figure 5.8b in different
smoke conditions (LS, MS, and HS) and control conditions. The blue line represents
the least squares linear best-fit for control, LS, and MS conditions and nonlinear
best-fit for HS conditions, along with the 95% confidence intervals on the slop (light
blue area). The equations for which is shown along with the coefficient of variation
(R2). The dashed line showed the flight speed variance thresholds, which divided
the flight speed variance into two parts-increasing trend and decreasing trend.
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Figure 5.11: Stem plots show the difference of mean flight speed between (a) LS
conditions (Red line), (b) MS conditions (Yellow line) and (c) HS conditions (Green
line) and control conditions calculated from all data with the zero value flight speeds
removed as was the case with Figure 5.8b. The flight value without zero value in
control conditions are regarded as baseline.

Compared with flight variables obtained from control conditions, the total flight

distance of butterflies in three smoke conditions increased by 26%, 27%, and 23% in

LS, MS, and HS conditions individually. The increased flight distance mainly due

to increased flight speed, which the average speed in the three smoke conditions was

improved by 52%, 44%, and 36% respectively and maximum speed was increased by

45%, 29%, 8%. However, Flight duration declined by 13% and 7% in LS and MS

conditions respectively, whereas the flight duration in HS conditions was similar to

that in control conditions.

5.4.3 Flight performance comparison between gas and smoke

conditions

The results in Section 5.4.2 have shown that butterflies increased their flight speed

in smoke conditions. To further explore the effects of the constituents in the smoke

that may affect flight behaviour, butterflies were exposed to HS conditions and

gas conditions in Experiment B. The difference in the two enclosure conditions is

particulate concentration as the smoke was passed through filters to leave only the

combustion gases entering the enclosure. The concentrations of gases in the two

conditions are similar as already shown in Figure 5.4. The flight data collected from
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Figure 5.12: Boxplots showing the flight speed of butterflies from different smoke
conditions (red) and gas conditions (green) separated into 36 10-minute, collected
from experiment B. (a) includes all data, whilst (b) excludes that from any period
when a butterfly stopped flying completely. The higher and lower bars of the plots
are the maximum and minimum values respectively, while the rectangle illustrated
the first quartile, the median, and the third quartile (bottom to top). The red square
is the mean and black circle is outliers.

experiment B has been processed using the same methods as previous analysis.

Boxplots in Figure 5.12a show that the flight speed decreased in both gas and HS

conditions over six hours. The percentage of ‘flying’ and ‘resting’ status in every 10

minutes also has been calculated, which shows a similar increasing trend in ‘resting’

periods in both HS conditions and gas conditions (Figure 5.13). Compared to the

resting periods in gas conditions, butterflies in HS conditions had longer resting

periods.

After removing the flight data in ‘resting’ periods, Figure 5.12b demonstrated a

more stable flight speed change over six hours in gas conditions and HS conditions.
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Figure 5.13: Bar charts showing percentage of flying for 36 10-minutes timestep in
HS conditions and gas conditions calculated from experiment B with four replicates.

The mean value in each boxplot has been extracted from Figure 5.12b and a linear

best fit is applied to the flight speed data. This showed a slightly decreasing trend

over time in gas conditions, while the flight speed increased dramatically in the

previous 1.8 hours and it decreased sharply in the resting time periods in the HS

conditions (Figure 5.14). The change in flight speed between the two HS conditions

was relatively close, and the trend in flight speed was closer in the Gas conditions

and in control conditions.

Results in Table 5.4 show that butterflies in HS conditions have average flight dis-

tance of 4924 m, while their average flight distance in gas conditions is 3643 m (35%

longer flight distance in HS conditions). The average speed in gas conditions is 0.16

m·s−1 while the speed in HS conditions is nearly doubled which is 0.30 m·s−1. Their

flight duration is 211 minutes in HS conditions and 263 minutes in gas conditions

(20% less flight duration in HS conditions). The data of average flight speed collected

from both HS conditions and Gas conditions is not normal distributed (P = 0.016).

As the data from two groups did not meet the tests for a normal distribution, a

Mann-Witney U test was applied to show that the average flight speeds from the

two groups are significantly different (P = 0.043, n = 16). The results indicated

that butterflies in HS conditions have a faster flight speed, indicating that particles

may be a cause of the accelerated flight of butterflies.
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Figure 5.14: Scatterplots of mean flight speed changes over time extracted from
data without the zero value flight speeds as was the case with Figure 5.12b in HS
conditions and gas conditions. The blue line represents the least squares linear best-
fit for gas conditions and non-linear best fit for HS conditions, along with the 95%
confidence intervals on the slop (light blue area). The equations for which is shown
along with the coefficient of variation (R2). The dashed line showed the flight speed
variance thresholds, which divided the flight speed variance into two parts-increasing
trend and decreasing trend.

5.4.4 Scanning electron microscopy of butterfly body

Images collected with the scanning electron microscope (SEM) shows that there

were some particles with diameters of 1 µm, 2.5 µm, and 10 µm observed on the

antennae and abdomen of butterfly in the smoke conditions, while no obvious parti-

cles were found in other body parts, including eyes, forewing, and hindwing. Where

present, particles are not homogenously distributed (Figure 5.15). Furthermore, the

observations did not show a significant increase in the number of particles as the

smoke concentration increased (from LS to HS).

136



5.4. Results

Figure 5.15: Scanning electron microscopy images of (a) antenna (b) abdomen in
butterfly with ×1500 magnification to show the presence of PM1/PM2.5/PM10 from
(i) control condition; (ii) LS condition; (iii) MS condition; and (iv) HS condition.
The red square shows the area where the particles potentially appeared.
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Table 5.4: The mean value of flight behaviour variables, including total flight dis-
tance, average flight speed, maximum speed, and flight duration, in the gas con-
ditions and HS conditions in six hours with standard deviation (SD). Data was
collected from experiment B.

Mean (±SD)

Flight variables Gas N = 16 HS N = 16

Total flight distance (m) 3643 (±2610) 4924 (±3456)
Average speed (m·s−1) 0.16 (±0.09) 0.30 (±0.20)
Maximum speed (m·s−1) 0.52 (±0.23) 0.76 (±0.39)
Flight duration (minutes) 263 (±74) 211 (±97)

5.5 Discussion

5.5.1 Incense coils burning generated different PM2.5 con-

centrations that simulated real landscape fire smoke

exposure

Although the PM2.5 concentrations were slightly lower than the pre-set, the con-

centrations in the experiments were still representative of what a butterfly might

encounter in the real world. Some studies of the vegetation fires in Africa measured

PM2.5 concentrations between 40 µg·m−3 and 1620 µg·m−3 during the dry season

(early June-early August). These studies also measured CO2 concentrations con-

sumed by fires between 2 ppm and 1043 ppm, and CO concentrations between 0.18

ppm and 92 ppm, and CH4 concentrations between 0.026 ppm and 5.8 ppm (Ko-

rontzi et al., 2003; Ward et al., 1996). Roberts and Wooster (2021) also reported

that some of the people in central and western Africa are affected by the landscape

fire smoke, in which the PM2.5 concentrations can be higher than 250 µg·m−3. Be-

sides, fire incidence may increase around the world in certain regions because of

climate change (Dupuy et al., 2020; M. W. Jones et al., 2022), which will increase

the risk of the butterflies being exposed to smoke emissions during their migration.

In addition to variables measured in the particulate concentrations through control,

LS, MS and HS conditions across two enclosures, it is possible that there is an-
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other unquantified difference among the five conditions across the two enclosures.

However, the ambient temperature, relative humidity, and light intensity are quite

similar between the two enclosures throughout the experiments, thus, it is unlikely

that these environmental factors cause the differences in butterfly flight performance

across various smoke treatments.

5.5.2 Smoke conditions impact butterfly flight performance

The average flight speed of V. cardui under clean-air conditions was 2.4 m·s−1 on

TFM. However, the mean flight speed of butterflies when they are flying downwind

was 6 m·s−1 during their spring migration (Stefanescu et al., 2013). It indicated that

TFMs potentially limit a butterfly’s natural flight performance. As H. B. Jones et

al. (2016) represented that TFM may impact wing flapping. Besides, the differences

between different batches of butterflies in control conditions could be due to the

period within the season that the butterflies were bred even though all experiments

were conducted within the season for their autumn migration which normally starts

at the beginning of August and ends by early November, with a peak from mid-

September to mid-October (Stefanescu et al., 2017; Stefanescu et al., 2013). It is

also possible that the flight durations of the three control groups differed because

the butterflies were hatched in three batches and there were individual differences.

Brown and Crone (2016) showed that individual variation of butterfly species such

as Euphydras phaeton (Baltimore checkerspot butterfly) leads to great variability

in dispersal distance and habitat patch size. Furthermore, another study demon-

strated that butterflies not from the same generation may have significant differences

in flight performance and energy metabolism under experimental, standardized con-

ditions (Lebeau et al., 2016). The slight downward trend in flight speed in control

conditions (Figure 5.6) could possibly be due to the butterflies having been fed prior

to being placed on the TFM but then use all this energy throughout the experimental

period without an opportunity to feed.

The results in Table 5.3 clearly demonstrate that butterflies had higher flight speed

in smoke conditions in Experiment A, compared to the control groups, although the
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flight variance tendency is different in LS, MS, and HS conditions. These indicate

that smoke stimulates butterflies to speed up their flight, especially in LS and MS

conditions. This may be because when butterflies are in a light smoke condition,

they want to speed up to escape this unfavourable environment. For example, the

number of Apis mellifera (western honey bees) increased at the entrance of hives

when it is affected by smoke and they flee quickly, which is a form of absconding

behaviour (Gage et al., 2018; Tribe et al., 2017). Also, six Exyra semicrocea (Pitcher

plant mining moths) were observed in five tubular leaves of S. flava, and every moth

almost immediately left its plant when they were exposed to smoke from periodic fire

in pine savannas. Although the flight speed of those moths has not been quantified,

the average time in which it took them to leave is 6.5 seconds (J. Lee et al., 2016).

However, although the flight speed in HS conditions is higher than that in clean-air

conditions, in the first two hour, the flight speed is lower than that in the control

conditions, Y. Liu et al. (2021) put the butterflies in thick smoke for 30 minutes and

found that flight speed have significantly decreased in the thick smoke conditions. in

the following four hours, although the flight speed is higher in HS conditions, there is

a decreasing trend. These results suggest that butterflies increased their flight speed

in some stable smoke conditions, but the pattern of flight speed change depends

on the smoke concentrations; if they are in light smoke conditions, butterflies will

continue to accelerate for a relatively long period, while as the smoke concentrations

become thicker, the range of acceleration will decrease.

In terms of flight duration, compared with that in control conditions from individual

sub-experiments in Experiment A, flight duration decreased by 13% and 7% in LS

and MS conditions respectively. The lower flight duration in smoke conditions may

be the case that butterflies consume more energy in smoke conditions. Grasshoppers

and seed bugs have been observed to reduce straight-line flight to short distances,

and delay flight/migration behaviour when they were stuck in the forest fire smoke

conditions (Hegedüs et al., 2007; Johnson et al., 2005). Total flight distance depends

on flight duration and flight speed, although there is a slight decrease in flight

duration, the overall flight distance has increased by around 25% in smoke conditions
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due to the significant increase in flight speed.

5.5.3 Particles may be the main cause of the accelerated

flight of butterfly

The results in Table 5.4 clearly showed that Vanessa cardui flew twice as fast with

25% shorter flight duration in HS conditions, compared to gas conditions, from Ex-

periment B. Vanessa cardui in HS conditions from Experiment A and B have sim-

ilar flight performance, reflected in all flight variables. Moreover, butterflies in gas

conditions have a similar flight distance compared to control conditions. However,

butterflies in gas conditions have a slower flight speed (decreased by 33%) and longer

flight duration (increased by 32%). The gases in the smoke may have stimulated the

butterfly to reduce its flight speed and prolong their flight duration. As the gas con-

centrations are close in both gas and HS conditions, this suggests that particulate

matter is the main reason that butterflies increased their flight speed. (Lukowski

et al., 2018) indicated that particulate matter negatively impacted the mass and

the efficiency of conversion of ingested food of adult Gonioctena quinquepunctata

(Coleoptera: Chrysomelidae). Tan et al. (2018) demonstrated that larvae of Bicy-

clus anynana (Lepidoptera: Nymphalidae) had a low survival rate, low weight mass,

and long development period when exposed to smoke with a PM2.5 concentration of

120 µg·m−3. This evidence shows that particulate matter has significant impacts on

insects. Therefore, it is possible that the disturbance of particulate matter irritated

the butterfly, causing them to speed up their flight in an attempt to escape the

smoke conditions.

5.5.4 Particles distributed on the antennae may be the main

cause of changes in butterfly flight performance

The SEM was utilized to examine the particle distribution on butterfly bodies. Our

finding revealed that particles were not homogenously distributed across the whole

body, but were mainly distributed in the antenna and abdomen of Vanessa cardui

and absent from the eyes, hindwing, and forewing on individuals exposed to smoke.
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This non-homogeneous distribution suggests that the flapping motion of the wings

may hinder the settling of particles, while the relatively stationary nature of the

abdomen and antennae during flight allows for more particle accumulation in these

areas (G. K. Taylor, 2001).

It is highly probable that the particles landing on the antennae stimulated the but-

terflies and influenced their flight acceleration. Insects’ antennae serve as complex

sensory organs that contribute to flight performance (G. J. Donley, 2022; Gewecke,

1970; Sane, 2016; Sane et al., 2007). G. Donley et al. (2022) indicated that the

antennae of Vanessa cardui consists of long, thin flagella connected by membranes,

with scales distributed along their entire length, which can sense many chemicals.

Smoke as a special chemical can possibly stimulate the antennae of butterflies, caus-

ing Vanessa cardui to change their flight behavior. More specifically, smoke particles

might adhere to the antenna and simply block access of the pheromones to chemore-

ceptors (Visscher et al., 1995).

Furthermore, the antennae of Manduca sexta (Hawk moth) plays a critical role in

ensuring flight stability. This is achieved through the proper functioning of the an-

tennal flagellum, which impacts the normal loading of the mechanosensor located at

the base of the antennae. The intact and functioning antennal flagellum is essential

for maintaining the balance and stability of flight in Manduca sexta, as it enables

accurate sensory input and response to external stimuli (Sane et al., 2007).

In various species, including Triatoma infestans (Winchuka), the antennae play a

crucial role in gathering information and facilitating accurate orientation toward a

stimulus source. Specifically, in Triatoma infestans, impaired or damaged anten-

nae result in significant alterations in movement patterns, characterized by sudden

changes in direction. This highlights the antennae’s crucial function in guiding in-

sects toward thermal sources and their ability to respond to specific stimuli (Flores

and Lazzari, 1996). The disturbance of the antennae by particulate matter might

largely have a significant impact on the flight performance of insects. Not only
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particulate matter, but other chemical compounds may also stimulate the sensory

receptors in the antennae of insects, triggering specific behavioral responses. For ex-

ample, The antennae of jewel beetles can detect substances emitted in smoke from

burning wood, providing sensory cues to these insects (Schütz et al., 1999).

5.5.5 Particles may impact butterfly flight performance from

other aspects

While the presence of particulates on the antennae of butterflies could potentially

impact their flight performance, it may not be the sole factor involved. Our exami-

nation focused on the surface particulate distribution on butterflies, rather than in-

ternal factors. It is important to note that the impact of particulate matter (PM2.5)

injection is well-documented in human respiratory systems, causing direct effects

(Thangavel et al., 2022; Xing et al., 2016). Additionally, PM2.5 has been shown to

induce inflammatory and endothelial dysfunction in the hearts of mice (J. Zhang et

al., 2021; Y. Zhang et al., 2016). Therefore, the particulate matter could potentially

enter the thoracic spiracles of insects, leading to stimulation of internal organs and

subsequently affecting their flight performance.

In addition, In insects, air exchange occurs through diffusion directly through tra-

cheoles into surrounding tissues, bypassing specialized respiratory systems. Con-

sequently, certain smoke chemicals like nitrogen oxides (NOx) and sulfur dioxide

(SO2) may stimulate the insect’s body and potentially influence their physiological

responses (Tan et al., 2018).

Therefore, while the presence of particulates on butterfly antennae is one aspect to

consider, the impact on flight performance may involve a more complex interplay

of factors, including the direct stimulation of the insect’s body by specific smoke

chemicals.
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5.6 Summary

The study in this chapter finds that butterflies increase their flight speed in stable

smoke conditions that are relatively realistic in terms of PM2.5 concentration and

the natural world, although the range of increase in flight speed decreases as the

smoke concentrations rise. It is also - to our knowledge - the first time that Vanessa

cardui have been put on TFMs for a long period to quantify their flight behavior,

which helps us to further understand the flight performance of Vanessa cardui flying

in a realistic environment for extended periods of time (e.g. as they might during

migration). In addition, this study is the first to further understand whether gaseous

emissions or particulate emissions from smoke affect the flight performance of but-

terflies, we suggest that particles may be the main reason that stimulates butterflies

to change their flight performance.

In the natural environment, the effects of smoke on butterflies may be more complex,

not only in terms of flight speed and flight duration but also in possible changes in

migration routes. Additional studies would be valuable for example to understand

the effect of smoke on the changes in the flight direction of butterflies. Under the

joint pressure of climate change and human activities, the global landscape fire

pattern may continue to change, and the ecological impact may be more serious.

Thus, more studies are needed to further understand how landscape fire smoke

affects the local ecosystem.
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Conclusion and Future Work

This chapter provides conclusions and implications related to the Aims and Objec-

tives of this thesis, as outlined in Chapter 2. Furthermore, this chapter also outlines

recommendations for future research to understand the drivers and real-world effects

of smoke on insects.

6.1 Summary of Thesis Achievements

This thesis focused on investigating the potential impacts of smoke pollution from

landscape fires on the flight behaviour of migratory insects. Chapter 2 first sum-

marised the evidence on this topic from studies conducted between the 1930s and

2021 using systematic mapping methods. There were forty-two studies related to

this topic, with forty insect species discussed in terms of their reactions to smoke

exposure from landscape fires. The systematic mapping method provided an unbi-

ased database of studies relating to smoke impacts on insects which highlighted that

so far the majority of studies have been focused on behaviour, whilst fewer studies

looked at development and mortality. However, there were few studies exploring the

effects of smoke exposure on the flight behaviour of migratory insects. Therefore,

two experiments were designed to investigate these effects.
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Before investigating the impacts of smoke exposure on insects, it was important

to measure emissions from landscape fires and determine a suitable smoke source

(Chapter 3). To do this, emissions were measured from fuels commonly burned as

part of agricultural residue burning. Experiments were undertaken in laboratory

conditions, but additional measurements were also made on real-world agricultural

fires. A series of instruments have been used to measure the mixing ratios of CO2,

CO, CH4, and mass concentrations of PM2.5 from agricultural residues burning,

including rice, wheat, millet, soybean, and corn straw with different moisture con-

tents, packing densities, and combustion types in the laboratory. We have reported

weighted averaged emission factors (EFs) of trace gases and particles measured in

the smoke for different combustion phases from thirteen fires. The results showed

that EFs of CO2, CO and CH4 were similar between different types of straw burning

under completely dry conditions, while EFs of PM2.5 from wheat straw are much

higher than those from burning other types of straw. In addition, we found that

an increase in moisture contents and packing densities of straw led to a decrease in

Modified Combustion Efficiency (MCE), accompanied by a gradual decrease of EFs

of CO2 and a gradual increase of CO and CH4. We further developed a method

to estimate the EFs from actual agricultural fires by comparing the emission ratios

(ERs) of CO and CO2 collected from laboratory work and in situ measurements.

Moreover, as the PM2.5 concentrations created by agricultural residue burning were

extremely high and unstable, incense stick burning as an alternative source to create

smoke conditions was able to produce a steady supply of fresh smoke in a sustained

way. We measured the emissions from incense burning and the evidence indicated

that the EFs of CO2, CO and CH4 from incense burning were reasonably similar to

those from agricultural burning.

After finding a suitable smoke source - incense sticks, an experiment was designed

to help determine whether smoke exposure affects migratory insects (Chapter 4).

Vanessa cardui L. (painted lady butterfly) as one of the migratory insects has been

chosen as a research target because of their wide distribution, their sensitivity to

environmental change and, more importantly, their famous annual migratory move-
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ments. A tethered flight mill (TFM) system was identified as a suitable tool to

quantitatively explore the effects of smoke exposure on the flight behaviour of V.

cardui. The TFM could measure flight distance, speed, and duration of the flight,

whilst the insects were subjected to three different concentrations of combustion-

generated PM2.5. Incense sticks were used to generate different smoke conditions

with peak PM2.5 concentrations at 500 µg·m−3, 1500 µg·m−3, and 4000 µg·m−3

within 20 minutes. V. cardui were exposed to the clean-air conditions for the first

10 minutes and then smoke conditions for another twenty minutes. Compared to the

flight behaviour of butterflies in clean-air environments for thirty minutes, butter-

flies in smoke conditions showed a significantly negative linear relationship between

flight speed and PM2.5 concentrations. Additionally, flight distance and duration

also showed a significant decrease in these smoke conditions.

As smoke concentrations in Chapter 4 were very dense, and the experiment time

was far lower than what V. cardui could normally be expected to fly during their

migration (around 8 hours per day; Abbott 1951, Stefanescu et al. 2013), a further

follow-up experiment was designed in Chapter 5. After proving a link between flight

and PM2.5 concentration (Chapter 4), this second experiment is to investigate the

impacts of more realistic smoke conditions on the flight behaviour of V. cardui for a

longer period of 6 hours (determined by the pilot experiment showing that V. cardui

would not normally fly for longer than this on the TFM within a 24 hour period).

Thus, V. cardui were exposed to three stable smoke conditions created by incense

coils with PM2.5 at low (mean of 120 µg·m−3), medium (mean of 371 µg·m−3), and

high (mean of 832 µg·m−3) smoke conditions for six hours respectively, which are

more comparable to the smoke conditions from actual landscape fires. Compared

with those in clean-air conditions, the results showed that V. cardui increased their

flight speed by 52%, 44%, and 36% in LS, MS, and HS respectively. The flight

distance increased by 26%, 27% and 23% in LS, MS, and HS respectively, despite

varying decreases in the flight duration. To further explore whether particles may

affect flight behaviour, V. cardui were exposed to HS and Gas conditions (similar

to HS but with particulates filtered out) for six hours and the results showed that
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V. cardui were nearly twice as fast in HS as in Gas conditions, which indicated

the particulate matter was likely to be the main cause of butterfly acceleration.

Furthermore, scanning electron microscopy (SEM) was applied to help understand

if particulates were physically covering their bodies after exposure to smoke. We

found that the particles were unevenly distributed in the antennae and abdomen,

but not elsewhere and they were not present in high concentrations.

6.2 Future Work

The results presented in this thesis add to our knowledge of the impacts of air

pollution on insect migration. However, our understanding is far from complete, so

we have outlined below some gaps in our knowledge that remain to be filled and

suggested some ways of furthering the work we have presented.

6.2.1 Effects of the light smoke environment on the flight

behaviour of the butterfly

Following up with chapter 5, an aspect of future work that needs to be examined

is investigating the impact of lower smoke concentrations (less than 120 µg·m−3)

on the flight behaviour of butterflies to find a threshold at which butterflies start

to change their flight behaviour. This will help us comprehensively understand the

sensitivity and tolerance of V. cardui to air pollution with different PM2.5 concentra-

tions. As flight behaviour can impact the dispersal ability, which then determines,

and ultimately affects the local ecological balance (Cormont et al., 2011; Talavera

and Vila, 2017). If we can understand the smoke concentrations that start to make

butterflies change their behaviour, this could also help us to better predict butterfly

flight behaviour in the context of real smoke pollution.
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6.2.2 Effects of the smoke components on the flight be-

haviour of the butterfly

Although we have confirmed that particles have a significant impact on the flight

behavior of V. cardui in Chapter 5, we do not know the effect of the chemical com-

position of particle exposure on V. cardui, for example, carbonaceous aerosol. V.

cardui may be sensitive to some specific compounds present in particles that drive

the behavioral response. In addition to particulate matter, smoke emissions contain

a variety of gases, including CO2, CO, CH4, NOx and other trace gases. V. cardui

should be exposed to separate gaseous components of smoke emissions from land-

scape fires and are compared with them in clean-air conditions to further understand

what other smoke components may impact the flight behavior of V. cardui and how

these components may impact. In the natural environment, the effects of smoke ex-

posure on insects can be direct and indirect, for instance, the population density of

herbivore insects increased in a polluted area because their predators showed a de-

creased trend (Zvereva and Kozlov, 2010). The smoke compositions should therefore

be precisely controlled to allow quantitative analysis of the mechanisms by which

smoke affects insects and thus more accurately predict insect behavior.

6.2.3 Effects of the smoke emissions on the flight direction

of migratory insects

This thesis focussed on exploring the effect of smoke exposure on the flight distance,

speed and duration of V. cardui, but the effect on flight direction also needs to be

studied. To explore the effect of smoke exposure on butterfly flight direction, a

computerized flight simulator can be used to obtain the average flight direction of

V. cardui exposed to different smoke conditions. However, the butterfly must also

be tethered to this apparatus, which may interfere with the butterfly’s flight. To

avoid disturbance, another possible approach is to place V. cardui in transparent

enclosures where they can move freely under different smoke conditions. High-

speed cameras could be installed to track the movements of V. cardui, helping us

understand how the smoke affects the flight direction of butterflies during their
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migration. However, with all these possibilities, it is hard to replicate in the real

world where a butterfly may be able to fly in a constant direction, for example, may

be navigated by sun and wind.

6.2.4 Effects of the smoke emissions on the actual insect

migration

We are currently only exploring the effects of smoke on the flight behaviour of V.

cardui from a controlled laboratory environment, but do not know the effects of

smoke on the V. cardui during their migration. One option would be to collect the

actual migration flight data by using vertical-looking radar to analyse the trajectory

of V. cardui migration. This could be combined with measurements of atmospheric

PM2.5, however, there are still practical limitations that would restrict the size of the

area that could be measured at any time. Modelled PM fields might be a solution

to this. Furthermore, exploration of the smoke spread path from landscape fires

in areas covered by migration would be beneficial. This would help understand

the types of smoke-polluted air that the butterflies may encounter during migration

(e.g. isolated plumes from small local fires to large areas of well-mixed smoke).

This work would assist in comprehensively understanding the impacts of smoke

exposure on butterfly migration, facilitate greater scrutiny and assessment of the

butterfly migration, predict where the butterfly breed, and have a systematic plan

for butterfly conservation.

6.2.5 Effects of the landscape fire smoke on the other insects

Another work is to investigate the smoke emissions on insects that mainly occur in

the areas where agricultural residue burning takes place. TFM can be applied to

various insect species to quantify their flight performance. This work will help the

community to build a prediction system to know insect response to environmental

changes, effectively manage the impacts of smoke from landscape fires, protect the

abundance of natural resources and comprehensively understand the impacts of

smoke pollution from agricultural fires on local ecosystems.
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6.2.6 Effects of the landscape fire on migratory insects

In addition to our previous work, it is essential to explore the broader implications

of how fire can affect a wide range of migratory insects. The impact of fire on

migratory insects can be far-reaching, as it might disrupt established migration

routes by altering the plant community composition (Bowd et al., 2018). This

disturbance might force migratory insects to adjust their migratory paths, resulting

in the time and directions of their movements.

Furthermore, fires might have detrimental effects on habitats that migratory insects

depend on for breeding, feeding, and resting. The fragmentation of these habitats

might significantly reduce the availability and diversity of crucial plant species (Hon-

nay et al., 2005). For instance, Stefanescu et al. (2017) found that V. cardui track

specific plant resources during their autumn migration, such as false yellowhead,

golden crownbeard, and alfalfa. Once these host plants are destroyed by fires, it can

influence the migratory behavior of V. cardui. Understanding the underlying mech-

anisms behind these shifts in behavior can provide insights into how other migratory

insects might alter their movement patterns in fire-affected areas.

Additionally, the changes in habitat availability and vegetation composition induced

by fires can affect the quality and connectivity of stopover sites along migration

routes, potentially leading to changes in the distribution and population dynamics

of migratory insects. During a long-distance migration, migratory insects always

take stopovers at specific locations to rest, feed and refuel their energy reserves.

If the availability of suitable stopover sites is reduced due to habitat loss, it can

negatively impact the survival of migratory insects.

In summary, investigating how fire influences a wider range of migratory insects is

crucial. The effects of fire extend beyond behavioral changes of migratory insects

and can impact habitat availability, vegetation composition, and the dynamics of

migratory populations.

151



References

Abbott, C. H. (1951). A quantitative study of the migration of the painted lady

butterfly, vanessa cardui l. Ecology, 32 (2), 155–171.

Akagi, S., Yokelson, R. J., Wiedinmyer, C., Alvarado, M., Reid, J., Karl, T., Crounse,

J., & Wennberg, P. (2011). Emission factors for open and domestic biomass

burning for use in atmospheric models. Atmospheric Chemistry and Physics,

11 (9), 4039–4072.
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(2014). Gaseous and particulate emission profiles during controlled rice straw

burning. Atmospheric Environment, 98, 25–31.

172



References

Sane, S. P. (2016). Neurobiology and biomechanics of flight in miniature insects.

Current opinion in neurobiology, 41, 158–166.
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