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research on the genetics of insects, its application in resolving the consequences of world
population growth, its impact on agriculture and control strategies and their implications on
fast-depleting insect resources. The application of insects as a probable nutrient substitute
along with the role of sex hormones among insects has been thoroughly discussed.

The book was created by collecting expert opinions in the field from different countries and
we are fortunate to have included very interesting and important articles on some challeng‐
ing areas of entomology. The entire book basically contains five chapters spread over two
sections: Section I mainly focuses on diversity, conservation and nutrition, while Section II is
concerned with economic importance and up-to-date information on the role of peptides.
The book is well illustrated with diagrams, graphical representations and flow charts for
easy understanding the important information discussed in the book.
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Diversity and Functions of Chromophores in Insects:
A Review

Tanuja N. Bankar, Mudasir A. Dar and
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Additional information is available at the end of the chapter

Abstract

Insects are the most diverse among the animal kingdom. The diversity of insects is ever
increasing due to their fast adaptability to the rapidly changing environmental conditions.
The physiology of insects plays a vital role in the adaptation and competing adjustments
in the nature with other species. The mechanism of vision and the involvement of visual
pigments, like chromophores particularly in flies, have proved to be landmarks in the field
of research. This has been achieved with the discovery of novel pathways involved in the
mechanism of pigment development. However, certain visual pigments and their rela-
tionship with various chromophores need to be further elaborated. The role of insect
pigments in vision, to identify the hosts, prays, and predators, is also discussed. Many
naturally occurring pigments of insect origin are continuously being explored for better
prospects and human welfare. The abundant availability of insect species all over the
world and the never ending task of exploring their potential at morphological, physiolog-
ical, evolutionary, and genetic levels have a tremendous potential to explore the subject
like entomology.

Keywords: insects, chromophore, genetic, ommochrome, pigment, xanthommatin

1. Introduction

Insects represent one of the largest groups of animals on earth, which constitute over 1 million
species and still counting (Gross 2006) serving many trophic roles like pests and pollinators in
food chains. We are surrounded by a large variety of insects which always attract our attention
with their intriguing beautiful color patterns. Pigmentation assists various species of insects in
many biological activities, such as camouflage, mimicry, aposematism or warning, selection for
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sex, and communication by signaling [1]. Apart from this, other pigments produced by insects
are involved in the metamorphosis, growth, and developmental stages of any colorful insect’s
life cycle. There are pigments and chromophores [2] that are known to play a vital role in
imparting vision to insects for their routine activities. It is interesting and intriguing to know
how these colors are formed in insect body. Here, we have addressed the questions related to
chromophores found in the eye pigment of insects along with other visual eye pigments.

2. Synthesis of pigments in insects

In insects, the epidermis produces pigments via a series of developmental stages. This pattern
formation and synthesis of pigments influence the phenotypes and behavior of insects in
one or other way. Most of the insect pigments are either synthesized by insects such as,
anthraquinines, pterins, tetrapyrroles, ommochromes, and papiliochromes, or absorbed from
the antioxidative carotenoids and flavonoids of their host plants [3]. Apart from imparting
body coloration, ommochromes act as visual pigments, melanins protect against ultraviolet
radiation, and tetrapyrroles facilitate oxygen transport to cells. Insect pigmentation has been
studied in detail by Mollon in most common insect model, Drosophila melanogaster [4]. The
process of pigmentation in insects occurs in two stages, viz., location or appearance of pig-
ments in space or time and the biological as well as chemical synthesis. These processes are
controlled by patterning genes which regulate the distribution of pigments and their effector
genes. For instance, in butterfly, Bicyclus anynana, a protein called “Engrailed” synthesizes a
yellow pigment in later stages which forms the golden ring adult eyespots on the hind wing.
While some researchers have revealed that effector genes are responsible for enzymatic pig-
ment production.

2.1. Insect pigmentation: genetics and evolution

Study of pigmentation system is vital for study of links of genetic changes to the evolutionary
variation in fitness-related traits of insects [5]. For example, pigmentation of the normal eyes is
known to be blocked by majority of mutations in ocelli during the synthesis of brown eye
pigment xanthommatin [6]. Mason and Mason [7] have reviewed the current state of compar-
ative biology in context to pigmentation. Advanced studies carried out on genetic analysis of
pigmentation in lower vertebrates, mice, and humans elucidate various aspects of develop-
ment and evolution of the process of pigmentation at different stages. Molecular studies in
lower vertebrate pigmentation and a comparative account of genes in different species arising
from a common ancestral gene have been fruitful in the study of pigmentation in various insect
species [8]. Evolutionary studies between mammals and other vertebrates have revealed sig-
nificant differences in pigmentation mechanisms between these species. Such data provides an
overall view of pigments and their existence across numerous species [7]. Briscoe and Chittka
[9] have reviewed the physiological and molecular mechanisms of insect color vision. Recently,
role of a marker which is dominantly expressed during insect transgenesis has been elucidated
by Takahiro et al. [10].

Insect Science-Diversity, Conservation and Nutrition4

2.2. Use of pigment in insect

Carotenoids are uniquely involved in functional dynamics of almost all green-colored insects.
Heath et al. [11] reviewed the various carotenoids and their derivatives for function and
influence of their interactions between their environments, such as vegetation on which they
thrive. They also reviewed the biological synthesis as well as structure of these compounds
and discussed their roles in various phenomena, such as warning coloration, vision, photope-
riodism, and diapause, along with their antioxidative role in signaling. Further, they explored
the probable functions of carotenoid derivatives such as strigolactones and apocarotenoids in
mediating interactions between insects, plants, fungi, and their parasitoid enemies [11].
Manduca sexta larvae appear blue and green in color when fed on artificial and natural diets
(green plants), respectively. The green pigment is made up of two chemicals, namely, biliver-
din, which is a blue pigment, and lutein, a yellow pigment. Artificial diet has very little lutein,
and Manduca spp. are unable to synthesize lutein on their own and have more of a blue color
than their plant fed counterparts. InManduca sexta, lutein is the only carotenoid absorbed from
the diet. This is because special transporters in their gut responsible for absorption of caroten-
oids recognize only lutein. Strong chemical reagents modify the colors of lepidopterous pig-
ments or in some cases dissolve them out of the wings [12].

2.3. The role of pigmentation in insect vision

There are three types of eyes found in insects, namely, simple, apposition compound, and
superposition compound eyes, as shown in Figure 1. The color vision of insects can discrimi-
nate wavelengths in varying ranges. Honey bee is the best example of this phenomenon.

Adult insects naturally have three simple eyes on the top of their heads which are made up of a
lens and an extended retina. Some dorsal ocelli having either tapeta or a mobile iris can view at
an angle of 150� or more and as many as 10,000 receptors like those of hunting spiders are
present in a single eye. They become more or less out of focus in a condition where the retina
and lens are close to each other. Ocelli are horizon detectors which control the response of
receptors to variations of intensity, and distance of light perceived by the insect from the
environment and contributes to flight equilibrium. The dorsal ocelli of adult locust have a very
typical arrangement (Figure 2).

Figure 1. Types of insect eyes (A) simple eye, (B) apposition compound eye, (C) superposition compound eye. (Source:
[65]).
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The spectral sensitivity in receptors of eyes of honeybees suggests that the visual pigments in
insects are rhodopsins, consisting of protein bound to the retina of the eye [13]. Some Lepidop-
teran insects have color vision with spectral sensitivity suggesting that the eyes contain two
photopigments. The photoreceptors form a large part of the eye in sphingid moth, Deilephila
elpenor, and most of the screening pigments can be separated out from the receptors [14].
Chemical nature of color vision depends upon the light absorption from the external sources
in form of electromagnetic radiation. Typical pigments in the eye act as transducers and
convert electromagnetic energy into the chemical energy. This stimulates an impulse within a
nerve cell or neuron. All insect visual pigments are produced by retinula cells and stored in the
rhabdoms of the compound eyes and ocelli. Only two types of visual pigments, one pigment
absorbing green and yellow light and the other absorbing blue and ultraviolet (UV) light, are
predominant in insects. However, red color is invisible to insects. Insects have limited color
vision only when the frequency of response lies within the UV range. Bichromatic insects
having two types of pigment receptors fail to distinguish between single colors and mixture
of colors. Trichromatic insects such as honeybees, bumblebees, and most diurnal butterflies
possess three types of receptors that are known to have true color vision. It means that they can
perceive a complete spectrum of colors and also discriminate between individual colors and
color mixtures. Eyes of trichromatic insects have three visual pigments having absorption
maxima at UV (360 nm), blue-violet (440 nm), and yellow (588 nm) wave lengths. In any
bichromatic insect, both types of receptors are stimulated due to which a combination of UV
with yellow, which are at the extremes of insect’s visual spectrum, appears as blue green.
However, the same combination appears as two separate colors to a trichromatic insect since
the receptor of blue-violet remains unstimulated. Bees perceive the unique color combination
of UV yellow as equivalent to the purple in humans. Thus, it is the “bee-purple” in bee’s color
vision. All the peripheral rhabdomeres in ommatidia of Notonecta glauca contain a visual
pigment which is sensitive to red color having wavelength of greater than 700 nm. In Notonecta

Figure 2. Dorsal ocelli of adult locust: (A) frontal and lateral ocelli on head and (B) section of an ocellus with different
layers and positions of the long distance focus behind the receptor tiers in the presence and absence of light. (C) Skyline
view of the three ocelli (source: http://what-when-how.com/insects/eyes-and-vision-insects/).
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glauca, on the dorsal region of the eye, both rhabdomeres in a single ommatidium contain
either a pigment with absorption maxima at 345 nm or absorption at 445 nm in adjacent
rhabdoms. In the ventral part of the eye, central rhabdomeres contain a pigment having
maximum absorption in UV range. Variations in spectral absorption in various types of screen-
ing pigments were also studied by Schwind et al. [15]. Shozo [16] studied the effect of different
intensities of light on the visual pigments and their adaptive evolution. The authors elucidated
that critical amino acids involved in spectral orchestration and their interactive effects on
spectral shifts are necessary for the molecular function [16].

2.4. Insect eye pigments: pteridines and xanthommatin

Moraes and coworkers [17] were the first to carry out spectral studies for black and red
pigment color absorption by insect eye and later compare them with that of D. melanogaster.
Both the black- and red-type eye forms of Triatoma infestans are made up of ommochromes of
the xanthommatin type (Figure 3). However, eye pigments, namely, pteridines, melanins, and

Figure 3. A generalized ommochrome pathway in insects.
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Figure 2. Dorsal ocelli of adult locust: (A) frontal and lateral ocelli on head and (B) section of an ocellus with different
layers and positions of the long distance focus behind the receptor tiers in the presence and absence of light. (C) Skyline
view of the three ocelli (source: http://what-when-how.com/insects/eyes-and-vision-insects/).
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glauca, on the dorsal region of the eye, both rhabdomeres in a single ommatidium contain
either a pigment with absorption maxima at 345 nm or absorption at 445 nm in adjacent
rhabdoms. In the ventral part of the eye, central rhabdomeres contain a pigment having
maximum absorption in UV range. Variations in spectral absorption in various types of screen-
ing pigments were also studied by Schwind et al. [15]. Shozo [16] studied the effect of different
intensities of light on the visual pigments and their adaptive evolution. The authors elucidated
that critical amino acids involved in spectral orchestration and their interactive effects on
spectral shifts are necessary for the molecular function [16].

2.4. Insect eye pigments: pteridines and xanthommatin

Moraes and coworkers [17] were the first to carry out spectral studies for black and red
pigment color absorption by insect eye and later compare them with that of D. melanogaster.
Both the black- and red-type eye forms of Triatoma infestans are made up of ommochromes of
the xanthommatin type (Figure 3). However, eye pigments, namely, pteridines, melanins, and

Figure 3. A generalized ommochrome pathway in insects.
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ommins, were absent in T. infestans unlike D. melanogaster. This variation in color of the eye was
due to activity of the xanthommatin concentration [17, 18]. Pigments extracted from eyes of
wild-type mosquito Anopheles gambiae revealed the presence of the ommatin precursor 3-
hydroxykynurenine, its transamination derivative xanthurenic acid, and a dark, red-brown
pigment spot that probably is composed of two or more low-mobility xanthommatins. No
colored or fluorescent pteridines were evident. Some insect colors are a result of mutations that
occur in insects during their developmental stages. Mosquitoes homozygous for an autosomal
recessive mutation at the red-eye (r) locus have a brick-red-eye color in larvae, pupae, and
young adults, in contrast to the almost black color of the wild eye. Mosquitoes homozygous for
this mutant allele have levels of ommochrome precursors that are non-distinguishable from
the wild type, but the low-mobility xanthommatin spot is ochre-brown in color rather than
red-brown as in the wild type. Mosquitoes with two different mutant alleles at the X-linked
pink-eye (p) locus, which confers a pink-eye color, and a white eye phenotype (pw) in homo-
zygotes or hemizygous males have normal levels of ommochrome precursors but no detect-
able xanthommatins. Mosquitoes homozygous for both the r and pmutant alleles have apricot-
colored eyes and show no detectable xanthommatins. Both the pink-eye and red-eye mutations
involve defects in transport or assembly of pigments in the membrane-bound pigment gran-
ules rather than defects in ommochrome synthesis [19]. Ferré et al. [20] analyzed the contents
of pigments xanthommatin and dihydro-xanthommatin which are responsible for causing
brown eye color and related metabolites’ “garnet” gene in the eye color mutants of D.
melanogaster. Pteridines the fluorescent metabolites of the xanthommatin pathway responsible
for red-eye color were also quantitated. The authors concluded that the synthesis and accumu-
lation of xanthommatin in eyes may be related to pteridine synthesis pathway give rise to
isoxanthopterin, drosopterins, and biopterin as final products. Beard et al. [19] reported that
pigments in eyes of wild-type mosquito, Anopheles gambiae, show the presence of the ommatin
precursor (3-hydroxykynurenine) and a dark red-brown pigment spot composed of two or
more low-mobility xanthommatins. Pteridines, however, were found to be absent. They
showed the color variations seen in the mutants and compared them with the wild-type eye
color. The pink and the red-eye mutations involved defects in the transport into assembly of
pigments in the membrane-bound pigment granules rather than defects in ommochrome
synthesis [21].

3. Screening pigments and rhodopsins

Pigment cells contain screening pigments which are determinants of eye color in insects. The
red-colored screening pigments of eyes of the fly permit stray light to photochemically restore
photo-converted visual pigments. Many insect species have dark-colored eyes, with distinctly
featured color patterns. A large variety of flies and butterflies were studied by the pioneer
Entomologist Stavenga, D. G., to bring forth physical and functional aspects of eye colors in
insect color vision [22]. The yellow pigment granules located in photoreceptor cells act like the
pupils of the eye which control the light sensitivity and adjust it accordingly. The eyes of most
insect possess black screening pigments which protect the photoreceptors from stray light
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entering the eyes of insect. Eyes of tabanid flies are strongly metallic in color, due to the
multilayered cornea. Such corneal patterns are seen in golden green eyes of deer fly, Chrysops
relictus. The sensitivity spectrum of photoreceptors with green absorbing rhodopsin is
narrowed due to reduction in orange green color transmission of the corneal lens. In contrast,
the spectral sensitivity of proximal long wavelength photoreceptors is enhanced by the tape-
tum in eyes of butterflies and regularized by the pigment granules lining the rhabdom [55].
Kim and colleagues [24] reviewed the peculiarities of the Drosophila spp. red-eye pigments and
their genes and enzymes involved in its biosynthetic pathway. The retina of the adult tobacco
hornworm moth Manduca sexta contains three visual pigments, namely, a green sensitive
rhodopsin and smaller amounts of blue sensitive and ultraviolet sensitive rhodopsins. Simi-
larly, White and coworkers [63], studied seventeen stages, each stage representing of one to
two days of chronological age in the morphological system of Manduca sexta. Progressive
maturation of the retina in ultrasections was monitored to measure rhodopsin in sections of
the retina, and electroretinograms were recorded from stages 8–17.

3.1. Papiliochromes and pterins

Papiliochromes and pterins both present in the ommatidia of eyes in insects are synthesized
from amino acids tyrosine, tryptophan, and guanosine triphosphate (GTP), respectively.
Chemochromes make the insects attractive by providing striking colors to their appearance
and provide functional benefits for the commercially important insects [3].

3.2. Visual pigments of the fruit fly

The vast amount of information available on the fly visual system provides a detailed infor-
mation regarding other insect species [8]. When light quanta hit upon the visual pigment
molecules of the eye, any insect is able to visualize. Hamdorf [26] measured the number of
microvilli in the rhabdomere of a blowfly and concluded that a microvillus contains well over
1000 visual pigment molecules, such that, a photoreceptor is made up of approximately 2�108

visual pigment molecules [26]. Stavenga and Smakman [27] measured the visual pigment
content of Blowfly RI6 photoreceptors in order to determine their spectrum and polarization
sensitivities within a particular wavelength range. It is seen in flies that self-screening increases
the spectral sensitivity whereas relative UV sensitivity is lowered when the visual pigment
content is high. However the electrical response remains unaffected by the amount of visual
pigment [27].

4. Synthesis and renewal of visual pigment

The protein opsin which binds to its extraordinary chromophore 3-hydroxyretinal is abun-
dantly present in the visual pigment of the fruit fly [28]. When the rhodopsin state is achieved,
the chromophore preexisting in the cis configuration gets converted into trans isomer after
photon absorption. In the next thermostable metarhodopsin state, thermal decay occurs at
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wild-type mosquito Anopheles gambiae revealed the presence of the ommatin precursor 3-
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pigment spot that probably is composed of two or more low-mobility xanthommatins. No
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for red-eye color were also quantitated. The authors concluded that the synthesis and accumu-
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more low-mobility xanthommatins. Pteridines, however, were found to be absent. They
showed the color variations seen in the mutants and compared them with the wild-type eye
color. The pink and the red-eye mutations involved defects in the transport into assembly of
pigments in the membrane-bound pigment granules rather than defects in ommochrome
synthesis [21].
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Pigment cells contain screening pigments which are determinants of eye color in insects. The
red-colored screening pigments of eyes of the fly permit stray light to photochemically restore
photo-converted visual pigments. Many insect species have dark-colored eyes, with distinctly
featured color patterns. A large variety of flies and butterflies were studied by the pioneer
Entomologist Stavenga, D. G., to bring forth physical and functional aspects of eye colors in
insect color vision [22]. The yellow pigment granules located in photoreceptor cells act like the
pupils of the eye which control the light sensitivity and adjust it accordingly. The eyes of most
insect possess black screening pigments which protect the photoreceptors from stray light
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entering the eyes of insect. Eyes of tabanid flies are strongly metallic in color, due to the
multilayered cornea. Such corneal patterns are seen in golden green eyes of deer fly, Chrysops
relictus. The sensitivity spectrum of photoreceptors with green absorbing rhodopsin is
narrowed due to reduction in orange green color transmission of the corneal lens. In contrast,
the spectral sensitivity of proximal long wavelength photoreceptors is enhanced by the tape-
tum in eyes of butterflies and regularized by the pigment granules lining the rhabdom [55].
Kim and colleagues [24] reviewed the peculiarities of the Drosophila spp. red-eye pigments and
their genes and enzymes involved in its biosynthetic pathway. The retina of the adult tobacco
hornworm moth Manduca sexta contains three visual pigments, namely, a green sensitive
rhodopsin and smaller amounts of blue sensitive and ultraviolet sensitive rhodopsins. Simi-
larly, White and coworkers [63], studied seventeen stages, each stage representing of one to
two days of chronological age in the morphological system of Manduca sexta. Progressive
maturation of the retina in ultrasections was monitored to measure rhodopsin in sections of
the retina, and electroretinograms were recorded from stages 8–17.

3.1. Papiliochromes and pterins

Papiliochromes and pterins both present in the ommatidia of eyes in insects are synthesized
from amino acids tyrosine, tryptophan, and guanosine triphosphate (GTP), respectively.
Chemochromes make the insects attractive by providing striking colors to their appearance
and provide functional benefits for the commercially important insects [3].

3.2. Visual pigments of the fruit fly

The vast amount of information available on the fly visual system provides a detailed infor-
mation regarding other insect species [8]. When light quanta hit upon the visual pigment
molecules of the eye, any insect is able to visualize. Hamdorf [26] measured the number of
microvilli in the rhabdomere of a blowfly and concluded that a microvillus contains well over
1000 visual pigment molecules, such that, a photoreceptor is made up of approximately 2�108

visual pigment molecules [26]. Stavenga and Smakman [27] measured the visual pigment
content of Blowfly RI6 photoreceptors in order to determine their spectrum and polarization
sensitivities within a particular wavelength range. It is seen in flies that self-screening increases
the spectral sensitivity whereas relative UV sensitivity is lowered when the visual pigment
content is high. However the electrical response remains unaffected by the amount of visual
pigment [27].

4. Synthesis and renewal of visual pigment

The protein opsin which binds to its extraordinary chromophore 3-hydroxyretinal is abun-
dantly present in the visual pigment of the fruit fly [28]. When the rhodopsin state is achieved,
the chromophore preexisting in the cis configuration gets converted into trans isomer after
photon absorption. In the next thermostable metarhodopsin state, thermal decay occurs at
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different stages in a stepwise manner. Reconversion to rhodopsin occurs in the RI6 principal
cell metarhodopsin molecule in houseflies [29] also. Stavenga et al. [30] found a strong varia-
tion in peak wavelengths of rhodopsin and metarhodopsin in blowfly and hoverflies, e.g.,
Eristalis spp. [30]. Photopigments of all animals are composed of a large membrane-spanning
protein, the opsin which enfolds the aldehyde of vitamin A, as the chromophore [26, 30, 31].
Chromophores are produced in the presence of retinoids during the process of visual pigment
synthesis. Release of chromophore after the intracellular breakdown of opsin and its transport
from the visual sense cell to the primary pigment cell in the presence of a light driven
isomerase was studied by Schwemer [32]. For the purpose of compass orientation, most insects
depend upon the sky polarization pattern, and some insects make use of the sky chromatic
contrast [33]. They also identified an opsin of a UV-absorbing visual pigment and studied
expression of DRA receptors. The retina of insect eye contains two or more types of cones
containing photo pigments with different spectral sensitivities [34]. Light of most visible
wavelengths produces a unique pattern of activity among the different cone types. These
patterns encode the distribution of wavelengths across the retinal image. When light quanta
are absorbed by the chromophores, they change shape and activate the opsin, which then
functions as a catalyst for further reactions in the photo receptor. The spectral sensitivity of
the photopigment is that of the chromophore, modified by the proximity of the opsin, which
disturbs the arrangement of the vitamin A aldehyde. Changes in one amino acid group at
critical points in the opsin can significantly alter the spectral sensitivity of the opsin chromo-
phore combination [35]. Because the amino acid sequence of the opsin is determined geneti-
cally, mutations through evolution have produced a wide range of photopigments with
spectral sensitivities often matched to the ecological niches of the animals [4, 31, 36, 37]. Insects
have also developed other strategies for shaping the spectral sensitivities of their ommatidial
photoreceptors. Alternating layers of material in the corneal facet can serve as interference
filters, permitting a restricted range of wavelengths to reach the photopigment. Neighboring
ommatidia can be adapted to different parts of the spectrum by varying the filtering properties
of the cornea. The photo receptors of certain flies contain additional pigments which serve as
“antennas” facilitating the capture of ultraviolet light and transmitting the energy to rhodop-
sin to initiate the visual process [38].

4.1. Photoreceptor cell

Goldsmith et al. [39] studied the effect of diet on production of visual pigment. They con-
cluded that carotenoid replacement due to the presence or absence of Vitamin A, promoting
production of visual pigment along with chromophore and opsin increment. Providing a
deficient chromophore to Drosophila spp. and Calliphora spp. which are deprived of carotenoid
leads to maturation of opsin due to the posttranslationally controlled expression of apoprotein
[4, 40–42]. Arikawa et al. [43] demonstrated that there exist distal photoreceptors in the retina
of butterflies belonging to genus Papilio which exhibits specific spectral sensitivities. A short-
wavelength sensitive receptor exists, which may be a UV receptor (normal spectrum), a violet
receptor (very narrow spectral bandwidth), a blue receptor, or a green receptor (double peak/
single peak). Ommatidia contain only the violet receptor and single peak receptor, which are
capable of emitting fluorescence in the presence of UV light. The fluorescence is emitted from a
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pigment which is located at the extreme end of the ommatidium which absorbs UV light,
leading to narrow spectral sensitivity of violet receptor and a single peak green receptor [43].
A simple and accurate method was used for measurement of absorbance changes during
saturating adaptations of the visual pigment to various monochromatic lights which was
based on measurements of difference in spectral amplitudes. The predominant pigment
absorbs maximally at rhodopsin and metarhodopsin wavelength [44]. Meinecke and Langer
[45] reported that in the noctuid moth Spodoptera exempta, each ommatidium regularly contains
eight receptor cells belonging to three morphological types: one distal, six medial, and one
basal cell for different visual pigments within the eye. Langer et al. [46] also identified three
types of visual pigments and their localization in the photoreceptor cells of compound eye of
silk moth Antheraea polyphemus [46].

4.2. Sensitizing pigment

In flies, visual pigments bind to 3-OH-retinol along with the chromophore 3-OH- retinal [29].
As a result when flies are fed on diet deficient in vitamin A, they demonstrate a low visual
sensitivity and show a declined UV sensitivity relative to the blue green peak [47]. The 3-OH-
retinol or the sensitizing (antenna pigment) studied by Kirschfeld and his colleagues [48]
absorbs UV and upon excitation by a photon transfers the absorbed energy to the chromo-
phore which is later isomerized [48]. Energy transfer occurs from the excited sensitizing
pigment to rhodopsin as well as metarhodopsin [49]. A strong enhanced spectral sensitivity
in UV spectrum is caused due to the rhodopsin being sensitized by the UV-absorbing antenna
pigment [50].

Hamdorf et al. [51] elucidated the in vivo electrophysiological aspect of the rate at which the
retinoids get incorporated in the various visual pigments [51]. Role of retinoids in retinal
degeneration in Drosophila mutant when exposed to various chemicals has also been studied
[42]. Minke and Kirschfeld [49] demonstrated that a pigment which is photostable acts as a
sensitizer for rhodopsin, and they used membrane potential to measure variations in visual
pigment in fruit fly.

4.3. Chromophores

Hamdorf [26] reported behavioral and electrophysiological experiments in honeybee eyes as
well as in neuropteran, Ascalaphus macaronius [26, 52]. Kashiyama et al. [53] carried out the
molecular characterization of visual pigments in Brachiopoda spp. and showed that ancestors of
Pancrustacea spp. and the insect, Branchiopoda spp., lineages possessed minimum of five or six
types of opsins [53]. Further, Helmut et al. [54] reported the presence of three varieties of visual
pigments in the retinal extracts of moth Antheraea polyphemus. In many Drosophila species, a
genetic model for characterizing retinoid-binding proteins was established. It was reported by
Tao et al. [55] that PINTA is expressed and is functionally required after the production of
vitamin A in the retinal pigment epithelia. It was the first genetic evidence for the retinal
pigment cells in visual response in Drosophila spp. [55].
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patterns encode the distribution of wavelengths across the retinal image. When light quanta
are absorbed by the chromophores, they change shape and activate the opsin, which then
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deficient chromophore to Drosophila spp. and Calliphora spp. which are deprived of carotenoid
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eight receptor cells belonging to three morphological types: one distal, six medial, and one
basal cell for different visual pigments within the eye. Langer et al. [46] also identified three
types of visual pigments and their localization in the photoreceptor cells of compound eye of
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As a result when flies are fed on diet deficient in vitamin A, they demonstrate a low visual
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in UV spectrum is caused due to the rhodopsin being sensitized by the UV-absorbing antenna
pigment [50].
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degeneration in Drosophila mutant when exposed to various chemicals has also been studied
[42]. Minke and Kirschfeld [49] demonstrated that a pigment which is photostable acts as a
sensitizer for rhodopsin, and they used membrane potential to measure variations in visual
pigment in fruit fly.
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Hamdorf [26] reported behavioral and electrophysiological experiments in honeybee eyes as
well as in neuropteran, Ascalaphus macaronius [26, 52]. Kashiyama et al. [53] carried out the
molecular characterization of visual pigments in Brachiopoda spp. and showed that ancestors of
Pancrustacea spp. and the insect, Branchiopoda spp., lineages possessed minimum of five or six
types of opsins [53]. Further, Helmut et al. [54] reported the presence of three varieties of visual
pigments in the retinal extracts of moth Antheraea polyphemus. In many Drosophila species, a
genetic model for characterizing retinoid-binding proteins was established. It was reported by
Tao et al. [55] that PINTA is expressed and is functionally required after the production of
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4.4. Ommochrome pathway in insects

Ommochromes are biological visual pigments occurring in the eyes of crustaceans and insects,
which determine the color of insect eye. Mostly, these are predominantly found in chromo-
phores of cephalopods and spiders. Ommochromes are in the form of pigment granule
deposits inside the cells of the hypodermis, just below the cuticle [56]. They are responsible
for a wide variety of colors, ranging from yellow, red, and brown to black. Ommatins impart
light colors, while combinations of ommatin and ommins are known to impart dark colors [56,
57]. In few insect lineages, ommochromes have special function of coloration of integument
and tryptophan secretion. Only in family Nymphalidae, ommochromes are well known as
butterfly wing pigments. In order to understand the occurrence of subcellular process during
evolution, the development of pigment ommochrome called xanthommatin in the wings of
nymphalid butterfly Vanessa cardui was identified and explored. Fragments of ommochrome
enzyme genes, “Vermilion” and “Cinnabar,” were cloned with the well-known precursor
transporter gene called “White.” These genes were found to have transcribed at high levels
during the development of the wing scale tissue. However, the transcription pattern and adult
pigment patterns were not associated with each other. These results indicate that there exists a
transcriptional interrelationship between pre-pattern and pigment synthesis in Vanessa cardui
[58]. The color of eye shine of some butterflies is determined mainly by the reflectance spec-
trum of the tapetal mirror and the transmittance spectrum of the photoreceptor screening
pigments [23]. Insausti et al. [59] studied the morphological and physiological changes associ-
ated with mutation in the red-eyed mutant bug, Triatomine sp. They demonstrated
ommochromes as one of the major pigments responsible for coloration of eggs, eyes, and body
surface of insects [59]. However, final steps of molecular mechanisms of ommochrome pig-
ment synthesis are not known. Osanai-Futahashi et al. [60] identified the gene involved in egg
or eye pigmentation, and it has been identified and characterized in Bombyx and Tribolium
species [60] as well.

5. Discussion

Evolutionary questions about process of pigmentation highlight the similarities and differ-
ences between various organisms in a framework. Thus, developmental and evolutionary data
is useful for creation of a unified view of insect pigment cells and to study its existence across
diverse species [7]. Briscoe and Chittka [9] reviewed the physiology, molecular biology, and
neural mechanisms of color vision of insects. Studies on phylogeny and analysis at molecular
level revealed that the basic bauplan, UV-blue green trichromacy dates back to the Devonian
ancestor of all pterygote insects. In addition to exploring these factors, quantification of vari-
ance between individual and population of insects and fitness measurements was used to test
the adaptiveness of characteristics in insect color systems [9]. The molecular basis of spectrum
analyses in vision pigments can be elucidated by conducting experiments to study the adapta-
tion of different insect species to various light conditions with time. To explain the molecular
and functional aspect of visual pigment adaptations in a better way, it is necessary to
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understand all important molecule exchanges that may be involved in the alignment of spectra
and investigate effectiveness of the interactions of spectral shifts [16]. A number of examples of
fly and butterfly species possessing dark-colored eyes are known, but distinct colors or pat-
terns are discussed to depict current knowledge available on the physical and functional
implications in insect ocular color [61]. Color vision has its greatest value for species that are
active during the day when there is abundant light to illuminate objects with different spectral
reflectance. Thus, color vision is particularly well developed in various species such as birds,
reptiles, and some fishes which trace their evolution through long lines of diurnal ancestors.
Humming birds, as well as chickens and pigeons, may have as many as four different cone
photo pigments, allowing them to make fine color discriminations over a wide range of
wavelengths. Avian cones, like those of certain turtles and amphibians, also contain colored
oil droplets which may further refine their spectral selectivity. The oil droplet can act as a filter,
limiting the wavelengths that reach the photo pigment. In principle, one can possibly construct
a color vision system with one photo pigment and different kinds of oil droplets in different
cones, although this strategy does not appear to have been adopted in evolution. The func-
tional significance of the cone oil droplets in birds, turtles, and amphibia still remains
unknown [62]. Bernard et al. [63] described the red color absorbing visual pigment of butter-
flies. Cromartie [64] surveyed the knowledge about chemical nature and biogenesis of the
coloring matters of insects. Importantly, the biological significance of important pigments
occurring in insects has been mentioned by emphasizing on the remarkable developments [64].

6. Conclusions

Insects are tiny creatures having typical eye features which help them to visualize the world
around them and unique pigments which impart beautiful colors to their body parts. The role
of color in genetic evolution of many insect species has been studied in the past. The pigments
which play a major role in the coloration, especially the pigments that are vital for the vision in
insects, have been studied. However, further insight into the same is needed with the use of
advanced techniques. The induced and spontaneous mutations related to pigmentation have
been investigated in many insect species. The pattern of pigment synthesis and the stages
involved during metamorphosis have also been elucidated. The mechanism of vision and the
involvement of visual pigments, especially in flies, have proved to be a landmark in the field of
research. This has been done by discovery of novel pathways and their detailed studies.
However, certain visual pigments and their relationship with various chromophores need
elaborate studies to be carried out. The role of insect pigments in vision with respect to
identification of hosts and prey-predator interactions for identifying preys is an interesting
area of future research. Naturally occurring pigments from insects are being explored for
better prospects and welfare of mankind. Their varied applications in areas as edible colors
and rich source proteins in food industry can be a subject of future research. The abundant
availability of insect all over the world and the never ending task of exploring their potential at
the morphological, physiological, evolutionary, and genetic level open up new avenues for a
wide and more interesting subject of entomology.
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analyses in vision pigments can be elucidated by conducting experiments to study the adapta-
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reptiles, and some fishes which trace their evolution through long lines of diurnal ancestors.
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cones, although this strategy does not appear to have been adopted in evolution. The func-
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unknown [62]. Bernard et al. [63] described the red color absorbing visual pigment of butter-
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area of future research. Naturally occurring pigments from insects are being explored for
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Abstract

Insects have been immensely successful as an animal group. They dominate composi-
tional diversity of all but the saltiest and coldest parts of the planet. Yet today insects are 
declining at a precipitous rate. This is of great concern in terms of impoverishment of 
Earth, and is also dire for us. Insects contribute to the maintenance of terrestrial and fresh-
water systems, their service delivery and their resilience. The meteoric impact of humans 
is challenging this dominance, yet so few people realize that the very fabric of life on 
which they depend is being unraveled at an alarming rate. Action is required, as are new 
perspectives, if we are to maintain insect diversity and services through the twenty-first 
century. Here, we review how we should view and act to have more effective insect diver-
sity conservation based on six themes: (1) philosophy (establishing the ethical founda-
tion), (2) research (the finding out), (3) policy (the framework for action), (4) psychology 
(understanding how to engage humans in insect conservation action), (5) practice (imple-
mentation of action), and (6) validation (establishing how well we are doing at conserving 
insects). We then overview some emergent challenges and solutions at both the species 
and landscape operational levels in agricultural, forestry, and urban environments.

Keywords: insect conservation biology, insect species conservation, insect diversity, 
insect services, conservation strategies, caring for insects

1. Introduction

We live in a rapidly changing world. Yet the very fabric of life on which we depend is in 
jeopardy [1]. A major component of this fabric is the insects. Although they are small and 
rarely seen performing their myriad activities, they are critically important for maintaining 
the world as we know it [2]. They perform so many tasks that life without them would be a 
catastrophe. Yet, so few people even begin to realize just how important insects are in our 
everyday lives.
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The aim here is first to overview insect success as the dominant organisms on the planet. Then, 
we focus on the threats that insects are currently facing as a result of human activity. Yet, time 
is short for us to do something about the escalating insect losses across the planet [3, 4].

While strategies are already in place for undertaking insect conservation, some are emerging 
as being crucially important for successful insect conservation into the twenty-first century, 
and beyond. We do this here by overviewing some emergent themes on which to base strate-
gies for averting further insect losses. This is important, as insects are fundamental to terres-
trial and freshwater ecosystem processes, and we need to maintain insect diversity for future 
human generations to appreciate, respect, and rely on for supplying essential services.

2. Insect success from a conservation perspective

Insects are the most speciose organisms on earth, making up 70% of all organisms. They dominate 
all but the coldest and saltiest environments. They inhabit deserts to tropical forests, and swampy 
pools to pounding waterfalls. They are the majority that few of us see, hidden in plain view. 
All terrestrial and freshwater plants, even mosses and liverworts, have associations with insects. 
Most plants have flowers, and their reproduction depends on insect visitors to pollinate them, 
and so reproduce. Virtually, all frogs and lizards need insects to sustain them. Well over half of all 
fish, birds, and small mammals require insect food. In turn, a third of insects eat other insects. In 
short, insects are the fundamental woof and weft of all land-associated ecosystems. Furthermore, 
we cannot live without them, as a third of our food, and especially the most nutritious compo-
nents of our food, such as fruit and nuts, depends largely or totally on insect pollination.

Insect success has come about largely through the insect’s body plan, with its three tagma (head, 
thorax, and abdomen), its immensely versatile skeletal structure, and highly varying physiol-
ogy. The head is packed with a huge array of sensory apparatus. The thorax has highly effec-
tive legs for many environments, and, most notably, wings for dispersing and rapidly finding 
resources and mates. In turn, the abdomen, houses diverse digestive tracts, as well as reproduc-
tive apparatus that in some species produces millions of eggs. Indeed, reproductive potential 
can be extraordinarily high. Richard Harington calculated that when a gravid aphid is left to 
reproduce with no mortality, after 1 year, the earth would be covered 14.7 km deep in aphids!

Insects have a wide range of mouthparts molded from the robust chitin of the skeleton, so that 
they can chew, rasp, suck, and burrow through all sorts of organic tissue, living and dead, 
plant, animal, and fungal. They are also able produce an immense array of chemicals for attack, 
defense, camouflage, mate attraction, and digestion. Furthermore, their sensitivity to certain 
chemicals can be extraordinary, with some moths being able to detect a mate many kilometers 
away, and others, such as certain parasitoids, able to detect prey deep in plant tissue.

Insects are not just items, but also interactors. They are among the most ecologically con-
nected of all organisms. A simple biotope with just 1000 species, leads to half a million poten-
tial interactions. This means that the over 1 million described insect species and the likelihood 
that there are about 5 million species in all, suggests that insects interact with virtually every 
component in the terrestrial and freshwater realms (Figure 1).
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3. Insects in today’s world

The world is in trouble, with the “World Scientists’ Warning to Humanity: A Second Notice” 
[5] having been issued. We must act now, and decisively, on how we manage the planet. The 
Anthropocene (“age of humans”) is well-established as the new geological era, and the sixth 
mass extinction is upon us [6]. Insects are central to how we react to this crisis, and how we 
should respond, as avoiding general ecocide in the twenty-first century rests on involving 
insects in the new world view.

What is of great concern is that insects appeared to have pulled through the last great extinc-
tion at the end of the Cretaceous, 66 million years ago, largely intact [7]. They also survived the 
various glacial maxima and minima by moving around to re-establish in thermal optima, and 
to some extent, independent of plants [8]. Such large-scale movement is not so feasible today. 
The human-induced patchwork of anthropogenic, novel ecosystems has created a myriad of 
barriers to free movement. With global climate change and landscape fragmentation being a 
“deadly anthropogenic cocktail” [9], the future for insect diversity depends on three options: 
(1) adapt on site, (2) move across the human-instigated barriers, or (3) die out. As (3) is not 
an ethical or survival option, either for insects or us, we must find ways that enable insects to 
survive through the twenty-first century and beyond.

Despite the importance of insects, it is only relatively recently that they have been main-
streamed into biodiversity conservation. This is being done at various operational levels from 
the species level through to the landscape level of conservation, with major decisions being 
made at the scale of nation states through National Biodiversity and Strategy Action Plans. 
Furthermore, as there are now global insect conservation initiatives, it highlights the adage 

Figure 1. 70% of the species on Earth are insects, despite the land covering only a third of the planet. Insects in terrestrial 
and freshwater systems are the most highly ecologically connected of all organisms.
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“think global, act local.” These operational levels, species, landscape, national, and global, are 
not mutually exclusive, but complementary.

Insect conservation in the twenty-first century can be seen against six inter-related themes: 
(1) philosophy (establishing the ethical foundation), (2) research (the finding out), (3) 
policy (the framework for action), (4) psychology (understanding how humans engage 
in insect conservation action), (5) practice (implementation of action), and (6) validation 
(establishing how well we are doing at conserving insects). We will now interrogate these 
themes in more detail. We do this against a background of species, landscape, national, 
and global operational levels, so as to move quickly to save the current insect diversity on 
Earth (Figure 2).

4. Philosophy for insect conservation

The starting point for insect conservation is to question why we should do it. Arguably, 
as extinction is the norm, with 99% of all organisms on earth having gone extinct from 
natural causes, perhaps we should just let events take their course, as a part of an evolv-
ing planet? There are two aspects here that we must consider to counter this view. First, 
there is the intrinsic value of insects, and that they must be conserved for their own sake, 
especially as they celebrate the immense complexity of life. The argument for intrinsic 
value is that we are sentient, and hopefully, as we have given ourselves the epithet sapi-
ens, a wise and caring species. Quite simply, we share this lonely planet with an amazing 
variety of life and a stunning selection of insect forms. Are we so crass that we simply 
send them to oblivion? Second, and quite bluntly and selfishly, they have instrumental 
value, that is, they have value purely for us. Yet in reality, so few people actually appreci-
ate this value.

Figure 2. One way to view insect conservation into the twenty-first century is to focus on six, inter-related themes: 
philosophy, research, policy, psychology, practice, and validation.
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With humanity having received its “Second Warning” and global ecosystems in major decline, 
we cannot carry on as we have been up to now. We require a radical change in thought and 
action. We need a good philosophical base for steering practice. Many people consider that 
conservation is instrumental and must benefit humans. This approach stems partly from the 
logic that by taking this approach, those who hold power will listen. In short, it is considered 
by many as the only hard currency of insect conservation.

The binary approach of intrinsic versus instrumental value of itself has shortcomings, as it 
focuses on entities, such as insect species or landscapes, rather than how we relate to nature. 
There is now a move away from this binary approach to one that focuses on personal and collec-
tive wellbeing, based on how we value and relate to nature to achieve this wellbeing [10]. This 
focus on relational value is built into our need for nature, and that we have a shared destiny, with 
biodiversity as a whole. This also means relating to insects as most of them are fundamental to 
our health and happiness, because without them we would have an impoverished and danger-
ous world as resources decline. Quite simply, we need to look after insects, and they will look 
after us. We can no longer ignore this fact if there is any future for our grandchildren (Figure 3).

5. Research needed for twenty-first century insect conservation

5.1. Operational levels of insect conservation research

Research is concerned with discovery of new information. For insect conservation, this 
research is about finding new and effective ways for maintaining insect diversity, insect spe-
cies, and insect populations. As insects are embedded in the ecological fabric around them, 
and we need to understand it if we are to provide realistic insect conservation solutions, we 
research the optimal environmental conditions that enable insect survival. These environ-
mental conditions may be abiotic, such as temperature regimes, fire frequencies and intensity, 
rainfall patterns and intensity, insolation, elevation, rockiness, water, pH, dissolved oxygen, 
as well as contaminants, pollutants, pesticides, and many others. Environmental variables are 
also biotic, including vegetation structure and composition, pollen and seed availability, fun-
gal presence vs. absence, host availability (vertebrate or invertebrate, including other insects), 
mutualist presence, dung availability, mimic models, and so on.

Figure 3. Justifying insect conservation, and then doing it requires a philosophical view based on valuing nature. When 
value is placed on the human relationship with nature, benefit accrues in terms of physical resources such as food, as 
well in terms of well-being, both emotional and mental.
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The starting point for insect conservation is to question why we should do it. Arguably, 
as extinction is the norm, with 99% of all organisms on earth having gone extinct from 
natural causes, perhaps we should just let events take their course, as a part of an evolv-
ing planet? There are two aspects here that we must consider to counter this view. First, 
there is the intrinsic value of insects, and that they must be conserved for their own sake, 
especially as they celebrate the immense complexity of life. The argument for intrinsic 
value is that we are sentient, and hopefully, as we have given ourselves the epithet sapi-
ens, a wise and caring species. Quite simply, we share this lonely planet with an amazing 
variety of life and a stunning selection of insect forms. Are we so crass that we simply 
send them to oblivion? Second, and quite bluntly and selfishly, they have instrumental 
value, that is, they have value purely for us. Yet in reality, so few people actually appreci-
ate this value.

Figure 2. One way to view insect conservation into the twenty-first century is to focus on six, inter-related themes: 
philosophy, research, policy, psychology, practice, and validation.
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With humanity having received its “Second Warning” and global ecosystems in major decline, 
we cannot carry on as we have been up to now. We require a radical change in thought and 
action. We need a good philosophical base for steering practice. Many people consider that 
conservation is instrumental and must benefit humans. This approach stems partly from the 
logic that by taking this approach, those who hold power will listen. In short, it is considered 
by many as the only hard currency of insect conservation.

The binary approach of intrinsic versus instrumental value of itself has shortcomings, as it 
focuses on entities, such as insect species or landscapes, rather than how we relate to nature. 
There is now a move away from this binary approach to one that focuses on personal and collec-
tive wellbeing, based on how we value and relate to nature to achieve this wellbeing [10]. This 
focus on relational value is built into our need for nature, and that we have a shared destiny, with 
biodiversity as a whole. This also means relating to insects as most of them are fundamental to 
our health and happiness, because without them we would have an impoverished and danger-
ous world as resources decline. Quite simply, we need to look after insects, and they will look 
after us. We can no longer ignore this fact if there is any future for our grandchildren (Figure 3).

5. Research needed for twenty-first century insect conservation

5.1. Operational levels of insect conservation research

Research is concerned with discovery of new information. For insect conservation, this 
research is about finding new and effective ways for maintaining insect diversity, insect spe-
cies, and insect populations. As insects are embedded in the ecological fabric around them, 
and we need to understand it if we are to provide realistic insect conservation solutions, we 
research the optimal environmental conditions that enable insect survival. These environ-
mental conditions may be abiotic, such as temperature regimes, fire frequencies and intensity, 
rainfall patterns and intensity, insolation, elevation, rockiness, water, pH, dissolved oxygen, 
as well as contaminants, pollutants, pesticides, and many others. Environmental variables are 
also biotic, including vegetation structure and composition, pollen and seed availability, fun-
gal presence vs. absence, host availability (vertebrate or invertebrate, including other insects), 
mutualist presence, dung availability, mimic models, and so on.

Figure 3. Justifying insect conservation, and then doing it requires a philosophical view based on valuing nature. When 
value is placed on the human relationship with nature, benefit accrues in terms of physical resources such as food, as 
well in terms of well-being, both emotional and mental.
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As many insects express developmental polymorphism, where for example, the larva is mor-
phologically and functionally very different from the adult, they may require a host of abiotic 
and biotic conditions and resources for optimal survival within their habitat. The larva of a 
butterfly needs a particular host plant(s), as well as enemy-free and disease-free space, while 
the adult needs certain nectar sources, mate-meeting sites such as hilltops, oviposition sites, 
sunny conditions for flight, besides enemy- and disease-free space.

Although an insect’s habitat is embedded in an ecosystem, some require more than one eco-
system to sustain them [11]. With anthropogenic modification of the landscape, not only are 
conditions changed within their habitat, but also around it. The landscape matrix around a 
habitat may not only lack critical conditions and resources, so prohibiting generational sur-
vival there, but it also has an effect, often adversely, on the habitat itself. In terms of research, 
as well as investigating the habitat per se, we also must establish the landscape context and 
contrast. How we make this matrix more hospitable for insects is a major research thrust 
in this the twenty-first century. This is where we need to reconcile the needs of insects and 
those of humans. Progress is being made, but now we must hasten that process in the com-
ing years.

Insects have to move and mate, and so maintain genetic diversity within a species, especially 
to maintain adaptability to changing conditions induced by humans. Functional connectiv-
ity across the landscape that facilitates movement, and so genetic exchange, has become a 
major challenge for the twenty-first century. Already much progress has been made. This has 
been done by making the human production landscape and urban environment more insect 
friendly. This has been done by putting in place stepping stone habitats, while perhaps not 
being optimal for long-term survival nevertheless provide stop over stations for insects as 
they move across the landscape, and by instigating conservation corridors, which as well as 
being for movement, are also source habitats that provide optimal conditions for all the life 
stages and the production of viable offspring.

5.2. Species-level insect conservation

From a conservation perspective, we can view “a species” as populations made up of a group 
of individuals. We do not actually conserve “a species” but individuals of the species. Groups 
of individuals in an overall population do, or do not, exchange occasional alleles. Those that 
do are metapopulations, and those that do not are subpopulations. Importantly, it is the range 
of genetic variation in populations and how it is shared among individuals that determines 
the adaptability of a population to environmental change, whether for the better or the worse, 
and whether in response to local (e.g., landscape fragmentation, pollution) or global (e.g., 
climate change) impacts, or both.

The viability of metapopulations depends on the flow of genes that provide high value for 
adapting to prevailing conditions. These conditions are currently changing rapidly, and are 
often adversely synergistic, with, for example, fragmentation and insecticidal impact together 
providing an even greater challenge over the impact of just one. Without gene flow, meta-
population dynamics can be disrupted, leading to an adapt-or-die situation. There might not 
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be enough genetic variation within the isolated group of individuals for survival in the long 
term, because of changing or stochastic environmental events and/or genetic impoverish-
ment. When populations are isolated by the effect of landscape fragmentation, there may 
some selection pressure to the new conditions, leading to human-induced evolution, known 
as anthropovicariance [12]. Philosophically, this leads to an interesting debate. Here, we are 
not conserving an existing natural phenomenon so much as creating a new one: to what extent 
is this “new insect” of conservation concern? This sort of philosophical challenge is what we 
now need to address in the twenty-first century. As novel landscapes (i.e., those created by 
humans) are now present, arguably we now need to conserve, or at least let live, those species 
with high adaptive ability, and therefore have an evolutionary future in this rapidly changing 
world [13].

Subpopulations present a different situation in that they already show some differentiation 
caused by natural drivers. These different subpopulations are known as evolutionarily signifi-
cant units (ESUs), each unit of which deserves conservation in its own right. They are in effect 
evolution in action, and represent new species in the formation. However, some ESUs are 
threatened and others not. The English Large copper butterfly Lycaena dispar dispar is extinct, 
the Dutch ESU L. dispar batavus is highly threatened [14], and the Estonian L. dispar rutilis is 
common and expanding its geographical range [15]. The “species” has been re-introduced 
and has established in England from Europe, but this is not the original ESU. These are genetic 
and ethical issues that will confront us ever more this century.

The twenty-first century is likely to see much more focus on the genetics of species, bearing in 
mind this will always be about a few species attracting special attention. There will be several 
approaches, and these are already developing. Genetic work has shown that some species are 
very ancient, with the yellow presba dragonfly Syncordulia gracilis having a pedigree going 
back almost 60 million years [16]. Such species must receive conservation action if we are to 
show some empathy for ancient insects. Even resurrecting extinct species (revenant species) is 
feasible from well-preserved specimens in museums [17]. However, this is a lot of hard work 
for a privileged few in comparison with saving species by good and protective management 
of natural ecosystems in the first place (Figure 4).

5.3. Landscape-level insect conservation

Species conservation is arguably a luxury overlay on insect diversity conservation using 
landscapes, at least from a global perspective. Insect species conservation is morally right, 
but exclusive, and time is short for conserving as many insect species as soon as possible. 
However, there is a good reason to do good insect conservation in parts of the world that can 
afford that luxury, i.e., in those countries with high GDPs, and where there is great interest 
and involvement by the public. It leads to exploratory techniques and methods that we will, 
in the future, need globally. Meanwhile, for those countries with lower GDPs, as well as the 
more economically developed nations, conserving good quality landscapes with high habitat 
heterogeneity will not only conserve many insect species and their interactions all at the same 
time, but also will conserve many insect services to which the public and policy makers can 
both literally buy into.
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major challenge for the twenty-first century. Already much progress has been made. This has 
been done by making the human production landscape and urban environment more insect 
friendly. This has been done by putting in place stepping stone habitats, while perhaps not 
being optimal for long-term survival nevertheless provide stop over stations for insects as 
they move across the landscape, and by instigating conservation corridors, which as well as 
being for movement, are also source habitats that provide optimal conditions for all the life 
stages and the production of viable offspring.

5.2. Species-level insect conservation

From a conservation perspective, we can view “a species” as populations made up of a group 
of individuals. We do not actually conserve “a species” but individuals of the species. Groups 
of individuals in an overall population do, or do not, exchange occasional alleles. Those that 
do are metapopulations, and those that do not are subpopulations. Importantly, it is the range 
of genetic variation in populations and how it is shared among individuals that determines 
the adaptability of a population to environmental change, whether for the better or the worse, 
and whether in response to local (e.g., landscape fragmentation, pollution) or global (e.g., 
climate change) impacts, or both.

The viability of metapopulations depends on the flow of genes that provide high value for 
adapting to prevailing conditions. These conditions are currently changing rapidly, and are 
often adversely synergistic, with, for example, fragmentation and insecticidal impact together 
providing an even greater challenge over the impact of just one. Without gene flow, meta-
population dynamics can be disrupted, leading to an adapt-or-die situation. There might not 

Insect Science-Diversity, Conservation and Nutrition24

be enough genetic variation within the isolated group of individuals for survival in the long 
term, because of changing or stochastic environmental events and/or genetic impoverish-
ment. When populations are isolated by the effect of landscape fragmentation, there may 
some selection pressure to the new conditions, leading to human-induced evolution, known 
as anthropovicariance [12]. Philosophically, this leads to an interesting debate. Here, we are 
not conserving an existing natural phenomenon so much as creating a new one: to what extent 
is this “new insect” of conservation concern? This sort of philosophical challenge is what we 
now need to address in the twenty-first century. As novel landscapes (i.e., those created by 
humans) are now present, arguably we now need to conserve, or at least let live, those species 
with high adaptive ability, and therefore have an evolutionary future in this rapidly changing 
world [13].

Subpopulations present a different situation in that they already show some differentiation 
caused by natural drivers. These different subpopulations are known as evolutionarily signifi-
cant units (ESUs), each unit of which deserves conservation in its own right. They are in effect 
evolution in action, and represent new species in the formation. However, some ESUs are 
threatened and others not. The English Large copper butterfly Lycaena dispar dispar is extinct, 
the Dutch ESU L. dispar batavus is highly threatened [14], and the Estonian L. dispar rutilis is 
common and expanding its geographical range [15]. The “species” has been re-introduced 
and has established in England from Europe, but this is not the original ESU. These are genetic 
and ethical issues that will confront us ever more this century.

The twenty-first century is likely to see much more focus on the genetics of species, bearing in 
mind this will always be about a few species attracting special attention. There will be several 
approaches, and these are already developing. Genetic work has shown that some species are 
very ancient, with the yellow presba dragonfly Syncordulia gracilis having a pedigree going 
back almost 60 million years [16]. Such species must receive conservation action if we are to 
show some empathy for ancient insects. Even resurrecting extinct species (revenant species) is 
feasible from well-preserved specimens in museums [17]. However, this is a lot of hard work 
for a privileged few in comparison with saving species by good and protective management 
of natural ecosystems in the first place (Figure 4).

5.3. Landscape-level insect conservation

Species conservation is arguably a luxury overlay on insect diversity conservation using 
landscapes, at least from a global perspective. Insect species conservation is morally right, 
but exclusive, and time is short for conserving as many insect species as soon as possible. 
However, there is a good reason to do good insect conservation in parts of the world that can 
afford that luxury, i.e., in those countries with high GDPs, and where there is great interest 
and involvement by the public. It leads to exploratory techniques and methods that we will, 
in the future, need globally. Meanwhile, for those countries with lower GDPs, as well as the 
more economically developed nations, conserving good quality landscapes with high habitat 
heterogeneity will not only conserve many insect species and their interactions all at the same 
time, but also will conserve many insect services to which the public and policy makers can 
both literally buy into.
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Conceptually, we as humans relate to landscapes very well, as they fit comfortably into our 
frame of reference about nature. We see this already with the evolution of new perspectives. 
While there has been much progress in the past with species conservation, there is now a shift 
towards viewing nature as a vast array of benefits that it provides, which includes being in 
nature for our wellbeing.

Natural England’s Conservation Strategy for the twenty-first century [18] articulates this well, 
and uses three guiding principles: (1) creating resilient landscapes (and seas), (2) putting peo-
ple at the heart of the environment, and (3) growing natural capital (i.e., giving populations 
the chance to survive and increase). The earlier strategy of ring-fencing and protecting indi-
vidual species and habitats has not been successful, having led to local species loss. The focus 
now is at the larger spatial and conceptual scales, with the development of resilient landscapes 
and ecosystems. This has led to research on the drivers of species loss and deterioration of 
ecosystems vis-à-vis what maintains species, their interactions, and ecosystem function. This 
means understanding what are opportunities and realistic strategies can be brought into play. 
These include engaging wildlife-friendly farming, gracing the urban environment with bio-
diversity-friendly green spaces, and improving functional connectivity across the landscape.

All these biological perspectives must include people and their wellbeing if it is to succeed. The 
focus moves away from risk toward a new approach that involves enhancing and investing 
in the environment, leading to long-term stewardship of environmental assets. Interestingly, 
this new approach does not exclude a species focus, but rather integrates it into a vision of 
long-term resilience across landscapes. Crucially here, it includes insects of all types, whether 

Figure 4. There are great opportunities for insect species-level conservation, as long as we have a good understanding 
of what “a species” stands for, based on genetic, behavioral, and ecological knowledge. Here (upper left) are two 
species (A and B), one (A) with populations that experience genetic exchange (metapopulations), and one (B) that 
does not (having two subpopulations). Either of these might undergo genetic change in response to human impacts, 
a phenomenon known as anthropovicariance (bottom left). Two subpopulations may be genetically, and usually 
morphologically, different, making up two evolutionarily significant units (ESUs) in two geographically distinct 
regions (X and Y) (upper right). The one on the left is red listed as critically endangered (CR), and of great conservation 
concern, while the one on the right is red listed as least concern (LC), which means that it is not of immediate concern, 
but it could always be threatened in the future. Ancient species, with a long phylogenetic pedigree, are often of high 
conservation significance as they are usually genetically highly irreplaceable (bottom middle). A revenant species is one 
that is extinct as a species and has been brought back to life from good quality genetic material extracted from museum 
specimens (bottom right).
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threatened or not, which contribute to a more informed landscape approach. It is essentially a 
positive feedback loop, with all species, including humans, benefitting. In turn, it is the sensi-
tive species on those landscapes that can tell us how well we are doing. These principles now 
require more research to tailor them to local circumstances (Figure 5).

6. Policy for insect conservation

There are two ways to consider insect conservation as regards policy. Insects are a component 
of biodiversity, and secondly, they provide essential ecosystem services. These perspectives 
can be considered at various spatial scales, from global down to national (bearing in mind that 
nation states are an important conservation action unit), and then local.

From a biodiversity perspective, insect conservation is integral biodiversity conservation, as 
insects function at various trophic levels, and so interact with many other organisms, plant, 
fungal, animal, protoctist, as well as among themselves. Biodiversity conservation is globally 
framed in terms of the Convention on Biological Diversity (CBD), which is agreed to by most 
nation states. Importantly, the Aichi Biodiversity Targets, under the umbrella of the CBD, 
provide some specific goals, and with the exception of those specifically relating to the marine 

Figure 5. Landscape-level insect conservation based on three guiding principles: (1) creating resilient landscapes, (2) 
putting people at the heart of the environment, and (3) growing natural capital, as perceived by Natural England. 
Resilient landscapes include, for example, improved functional connectivity (here, grassland conservation corridors 
between exotic pine plantation tree blocks, wildlife-friendly farming such as using organic methods and leaving an 
increased proportion of natural habitat, as well as biodiversity-friendly spaces in the urban environment). Growing 
natural capital is just not only about improving indigenous species richness, but also improving the abundance of the 
focal species. In the case of rare and threatened species, an increase of ten times would be a great improvement, while 
for service-providing species, like bees for pollination and parasitoids for pest control, a 100-fold increase would be 
truly excellent.
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environment, apply to insect conservation into the future. There are, however, a few marine 
insects, notably sea striders (Hemiptera, Gerridae: Halobates spp.).

Insects globally are conserved both at the species level and as insect diversity. At the species level, 
it is the International Union for the Conservation of Nature (IUCN)/Species Survival Commission 
(SSC) that is the major global proponent through production of the Red List of Threatened Species 
(www.iucnredlist.org). This globally recognized list provides just not only an inventory of the 
world’s species and their threat status, but also gives suggestions for conservation action. It does 
this through the activities of a network of specialists on various taxonomic groups.

The red list however, is not a priority list for action, and nor is it a political document stip-
ulating what governments or agencies should do to conserve insects. Quite simply, but 
importantly, it is an assessment of the conservation status of the insects that have so far been 
assessed. Nevertheless, it is highly influential for conserving insects globally. One reason for 
its impact is that once a species is assessed on the red list, and especially when a species in 
listed as threatened (as opposed to not, i.e., that it is classified as Least Concern), a species 
tends to become highly iconic. This is a great boost for listed insects, as they then receive the 
same treatment as a wombat, whale, or weasel. In short, their profile is raised considerably, 
and so automatically find their way into policy documents on biodiversity conservation.

The greatest challenge, among many [19], for insect species Red Listing is that the group is so spe-
ciose, with today only about 7700 species having been evaluated for the Red List, which is 1% of 
described species, 1,060,704 in all [20], and probably less than 0.2% of the millions that exist. The 
reason for these low percentages is that considerable field work is required to assess the threat 
status of an insect species, and there are relatively few insect specialists to do the job. The situa-
tion is aggravated by many species going extinct without even having received scientific names, 
a phenomenon known as Centinelan extinction (named after Centinela Ridge in Ecuador where 
botanists found many plants had gone extinct from deforestation before they could name them).

Of those insects that have been assessed, it is possible to get a sense of the types of threats fac-
ing them. When lumped with terrestrial invertebrates in general, the main threats in decreasing 
order are: (1) habitat loss due to logging, (2) habitat loss due to agriculture, (3) infrastructure 
development such as urbanization, (4) habitat loss and fragmentation due to transportation/
service corridors, (5) invasive alien species, (6) change in fire regime, (7) pollution, (8) climate 
change/severe weather, and (9) mining [21]. For freshwater invertebrates, pollution and dams/
poor management are the major threats, and greater than all the others together [22]. Knowing 
what these threats are not only helps us plan for the future, but also bearing in mind that for any 
one insect species, there may be more than one threat, as threats are often adversely synergistic.

International trade in insect species is regulated. This is done through the Convention on 
International Trade in Endangered Species (CITES). To date, however, few insect species are 
listed, and they are mostly large, highly collectable and charismatic species, like birdwing 
butterflies. Objectively, there should be many more insect species that are CITES listed, but 
this is not the case because the limited financial resources for doing so are prioritized for 
restricting trade on charismatic vertebrates and rare plants, which are facing a desperate 
plight in its own right.
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Moving down to the national scale, insect species conservation varies greatly from one coun-
try to another, with those countries with a high Gross National Product usually devoting 
more attention and resources to insect species conservation than the financially more con-
strained countries. Some countries have strong regulation protecting insects (e.g., all drag-
onflies in Germany). There are also consortia, and especially notable is the European Union 
Habitat Directive, where there is co-operation on protecting insects across the continent.

As regards, ecosystem services as defined by the Millennium Ecosystem Assessment [23], 
insects are highly significant. In terms of provisioning services, they are important as bio-
logical control agents of pests, for monitoring ecosystems, as well as for providing new med-
icines, and acting as tourist attractions in the wild, and in commercial butterfly houses in 
urban areas. Regulating services provided by insects include nutrient cycling, pollination, 
seed dispersal, stopping, or slowing invasions by other insects, and contribution to atmo-
spheric gases. They also provide supporting services through breaking down living and dead 
plant material, as well as turning over soil. In turn, cultural services are many, and include 
representativeness of the variety of life, connecting with the natural world (especially through 
children), and use in genetic research.

All these services are often strongly recognized by policy makers, and regularly form the 
basis of justification for conserving insects, i.e., for what they do for us, which in the USA is 
estimated to be $57 billion/year [24]. But, we must be careful not to confuse the conservation 
of insects for the services that they provide with the conservation of insect species, which may 
not be the same set [25].

With recognition of the value and importance of insects with each passing year, insects are being 
increasingly enshrined in policy, at least in countries that have great respect for nature and 
recognize that our survival depends on valuing and conserving them. Recognition of the value 
and importance of insects will become more important with the passing of time this century.

Insects have been eaten by humans (entomophagy) from the earliest of times, with today 
an estimated 2 million people eating insects as part of their traditional diet. This is because 
insects are highly nutritious, being high in protein, essential fatty acids, and in important min-
erals such as calcium, copper, iron, selenium, and zinc. Commonly eaten insects are beetles, 
moth larvae, bees, wasps and ants, cicadas and other bugs, termites, dragonflies, flies, as well 
as some other insects [26]. Entomophagy will become increasingly important in the twenty-
first century, both for direct human consumption and for livestock. Entomophagy is also now 
being used as a way of tackling malnutrition in children [27].

This increased reliance on insects is partly driven by red meat production being three times 
more resource hungry than insect production. While insects traditionally have been harvested 
from the wild, there is now a move to rear them on a large scale. This intense farming of 
insects has challenges, but new rearing and processing techniques and methods will inevi-
tably come about simply because natural habitats are decreasing, and the size and demands 
of the human population are increasing. Improved insect farming will go hand in hand with 
new developments in the visual appearance of the food, and its design, so as to make insect 
food increasingly acceptable to a more discerning human population [28] (Figure 6).
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environment, apply to insect conservation into the future. There are, however, a few marine 
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more resource hungry than insect production. While insects traditionally have been harvested 
from the wild, there is now a move to rear them on a large scale. This intense farming of 
insects has challenges, but new rearing and processing techniques and methods will inevi-
tably come about simply because natural habitats are decreasing, and the size and demands 
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food increasingly acceptable to a more discerning human population [28] (Figure 6).
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7. Insect conservation psychology

Understanding human behavior, promoting wellbeing, and increasing human care for nature 
is conservation psychology [29], which recognizes our dependence on nature and an under-
standing of why and how it is so essential for our wellbeing. Given, the huge role that insects 
play in providing services of all sorts, insect conservation psychology is going to play an 
important, if not vital, part in our survival into the twenty-first century [30].

As we advance technologically, we seem oblivious of the collateral damage we are doing to 
so many other species and their interactions, despite so many warnings that we are vitally 
dependent on them. In short, we are doing untold damage to the very systems on which we 
depend, with insects being at the heart of them, at least on land and in freshwater. We simply 
take nature, and insect services, for granted, and this cannot continue into the twenty-first 
century without dire consequences. Just as we do not see water vapor coming off plants, or 
the oxygen being breathed out by them, we just do not see insect diversity and our depen-
dency on it: out of sight, out of mind.

Many of us have great interest and even respect for insects as children. But there are only certain 
“species,” like “the” butterfly, bee, grasshopper, ladybird, and dragonfly that we hold dear. These 
are the iconic insects that are fascinating to us as children (and adult entomologists!), and are also 
benign. Only as we grow up, do we begin to realize that “the fly” is dirty, and “the mosquito” is 
a nuisance, if not dangerous. So, all insects get lumped together in our adult perceptions, i.e., not 
worthy of our consideration and conservation. This realization is now changing for the better, 
with the global realization that we have a pollinator crisis around the world, and “the bees are 
dying” [31]. This has aroused considerable awareness of our dependency on insects.

Figure 6. Insect conservation policy has various perspectives. Overarching is the Convention on Biological Diversity 
to which most countries in the world are signatories. The Aichi Biodiversity Targets, which are specific targets, mostly 
have great application to insect conservation. In terms of conservation of species per se, the International Union for the 
Conservation of Nature’s global red list gives important coverage to insects. At the national level, local red lists (RLs) are 
important too. National Biodiversity Strategy Action Plans (NBSAPs) are also significant for local insect conservation, 
especially in biodiversity hotspots. NBSAPs cover a wide range of biodiversity issues and targets besides insect species 
conservation. As regards services supplied by insects, these may be described under the Millennium Ecosystem 
Assessment (MEA). It provides a framework to include provisioning, regulating and cultural services. An important 
service currently being supplied by insects is entomophagy, the human consumption of insects, which is becoming 
increasingly mainstream globally.
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It has also dawned on us that we need to be far more aware that widespread use of insecti-
cides is not only detrimental to our health but also undermining our very food base, despite 
actually having been articulated in the 1960s [32]. The pollination crisis has also led to much 
action to find solutions to it, and for once, right now without delay [33]. Like climate change, 
the pollinator crisis is no longer something to think about in the late twenty-first century—it 
has already arrived with full force.

While our dislike of many insects is intrinsic (biophobia/entomophobia), love and apprecia-
tion of insects (biophilia/entomophilia) is learned [34]. This learning can only come about from 
positive experiences, for example, by seeing insects in their natural environment, whether in 
the home garden, botanical garden, or protected area. Indeed, protected areas receive 8 bil-
lion people visits per year [35], with a profit of $250 billion/year [36], making protected areas, 
along with other natural areas, good for human wellbeing, while also earning their keep and 
supporting a vast array of insects.

Linking insect conservation psychology to research and policy can come about through citi-
zen science, the involvement of informed and enthusiastic sectors of the public for recording 
the distribution of species and engaging in insect conservation [37]. This involvement of the 
public has greatly improved our knowledge of many insect groups [38–40]. The improvement 
in knowledge, and hence insight, comes about simply because there are more enthusiastic 
eyes and hands in the field increasing the amount of information on species, and this can 

Figure 7. Insect conservation psychology is the relationship between humans and insects. The conservation of insects 
is essential for our wellbeing. The involvement of the wider body of the public in recording, monitoring, and engaging 
in conservation is citizen science. This activity promotes wellbeing in people while helping ensure a future for insects. 
Insect icons like “the bee, butterfly, and ladybird” are highly significant for children, but often we as adults forget them 
in our preoccupied lives. This is partly because an awareness develops that “the fly and the mosquito” are not good 
for us. We are also aware that the wasp stings, and so will the bee if we are unkind to it. This is biophobia (a), which is 
intrinsic to us. Yet when we overcome this fear factor, we culturally develop biophilia, especially when we see the beauty 
of nature, including insects, in our parks and gardens. Besides biophobia, the fear factor today has a second component, 
a concern that there is a loss of essential services (b), particularly pollination. Our reaction to this service loss, alongside 
biophilia for certain species, is feeding back into insect conservation, which, in turn, improves our sense of wellbeing.
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be very high in the case of threatened, red listed species, as well as many others that are not 
threatened, at least for now. This information then also becomes valuable for lobbying policy 
makers. Enthusiastic citizen scientists are also making direct contact with policy makers, and 
therefore increasing the voice of change-for-better in insect conservation. This approach is 
going to become increasingly important in the twenty-first century (Figure 7).

8. Insect conservation in practice

Insect conservation is a practical activity based on good research and a sound knowledge 
base. The foundation for practice is a well-understood philosophical underpinning, valuable 
research findings, and then a strategic response to well-informed policy, alongside applied 
insect conservation psychology. Yet, the practice of insect conservation is rarely actually car-
ried out by philosophers, researchers, policy makers, or psychologists. Insect conservation 
action is usually carried out by conservation organizations, concerned farmers, and progres-
sive private companies, and other responsible land stewards and owners, all of whom are 
highly cognizant of philosophy, research, policy, and psychology. It is also carried out by 
citizen scientists, many of whom may be associated with self-grown non-governmental orga-
nizations like the Xerces Society, Butterfly Conservation, and Buglife, who receive donations 
from private funders, as does IUCN at the global scale. Citizen scientists are usually active in 
their home area, where they carry out insect conservation activities in addition to monitoring, 
especially on nominated insect species, and often those of special concern. This is another 
reflection of the “think global, act local” principle.

There is a baseline for insect conservation that is non-negotiable, that is, the recognition of for-
mally proclaimed protected areas composed of natural habitat. The significance of this is that 
these areas are often an island in a mosaic of novel landscapes. They are frequently the last bas-
tion for many rare, specialist and/or highly localized endemics, as well as for specialized inter-
actions. As protected areas are usually isolated, they may require some management, usually 
to mimic the historic condition. Introduction of fire regimes, for example, may be required to 
simulate the situation before modern human fragmentation of the landscape. Management of 
fire may be to reduce the fuel load, or so reduce risk of an intense and potentially highly damag-
ing fire, or it may be to stop vegetation succession to an unnaturally woody environment [41].

There are approaches that also intergrade protected areas with the surrounding novel mosaic. 
Among these are biosphere reserves, of which there 669 in 120 countries, and ratified by the 
United Nations Educational, Scientific, and Cultural Organization. Biosphere reserves consist 
of a core and two surrounding zones. The core of the biosphere reserve is fully protected 
and managed according to historic conditions. Surrounding that is a buffer zone with only 
low-level human impact on the biota and ecosystem function. Outside the buffer zone is the 
transition zone, which supports sustainable agriculture or forestry based on agro-ecological 
principles or organic agriculture, as well as having little infrastructure development.

The transition zone is characterized by low insecticide use, maximal use of biological control, and 
cultural control measures of pests, low compaction practices (i.e., avoiding heavy machinery), 
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planting of indigenous flora, and the setting aside of remnant patches as reserves per se or as 
stepping stones to protected areas. Despite the great importance and high level of instigation of 
biosphere reserves, there is still little research on their effectiveness for conserving insects and 
their interactions. Research and validation of these reserves is going to be increasingly impor-
tant in the twenty-first century, as they may well prove to be a major initiative for harmonizing 
human activity for optimal production and effective insect conservation (Figure 8).

Other insect-friendly approaches are also being used. These go hand in hand with agro-
ecological approaches [42]. They follow a spectrum from land sharing (the mixing of crops 
and insect-friendly plants, e.g., coffee plantations in natural forest [43] to the separation at a 
larger spatial scale between conservation areas and production areas, known as land sparing 
(e.g., instigation of interconnected conservation corridors of remnant land to form large-scale 
ecological networks, e.g., grassland and natural forest patches among plantation forestry 
blocks [44]. These approaches have been very successful, with ecological networks effectively 
extending the size of the adjacent protected area and providing much more resilience to the 
system overall [45].

Originating in Europe, but now more widespread, has been the development of agri-environ-
ment schemes, which at the start involved financial compensation to farmers for setting aside 
land and not cultivate it [46]. These schemes have now grown into fully agro-ecological areas 
which aim to maximize opportunities for indigenous biodiversity while optimizing produc-
tion. The aim is not only to conserve insects and other wildlife, but also to promote natural 
ecosystem services such as pollination and biological control of pests [47, 48].

In general, embracing these new approaches has been beneficial for insect conservation, 
despite farmers often being concerned that production might dip when moving across to 
agro-ecological/organic approaches from conventional practices [49]. Nevertheless, the future 
is looking bright for these new eco-friendly approaches, with increasing global pressure to 
use farming and forestry techniques that conserve insects and promote human health. These 
approaches are going to become increasingly prevalent this century. They will be especially 

Figure 8. (Left) An organic vineyard with no insecticide input, mulching of the inter-rows, and the planting of the inter-
rows to biodiversity-friendly vegetation. These vineyards are particularly rich in soil fauna as well as in above-ground 
insect diversity. (Right) Seen here is a large-scale ecological network of conservation corridors of remnant, natural, high 
value grassland in and among plantation forestry using alien pine trees. These grassland corridors not only conserve 
biodiversity but also maintain hydrological processes in a natural state.
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of a core and two surrounding zones. The core of the biosphere reserve is fully protected 
and managed according to historic conditions. Surrounding that is a buffer zone with only 
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Figure 9. Insect conservation in practice is carried out by various organizational communities. Land cores, such as 
protected areas and the core zones of biosphere reserves, are critical for many specialist insect species. These areas 
do, however, sometimes require some management to simulate natural events. Outside of these land cores, softer 
approaches to landscape design and management take place as insect conservation action. These approaches include 
agro-ecology, organic agriculture, the land sparing-land sharing spectrum, agri-environment schemes, restoration, 
urban improvement, and removal of invasive alien plants.

effective when high-intensity agriculture is converted into a softer approach, which may 
require some restoration of both terrestrial and freshwater ecosystems.

Already, more than half the human population lives in cities, with the proportion increasing 
as the century progresses. There are two fundamental issues to consider: human intensifi-
cation of the urban landscape, and increasing disconnection between humans and nature. 
Intensification leads to proportionately less space for nature, and increasing pressures on 
what remains. Only the widespread generalist insect species will likely survive. As habitat 
space becomes scarcer, all insects will also be less abundant. Furthermore, there are going to 
be some major genetic change among those that do not die out.

In this new urban space, there must be provision for all the life stages. While butterfly gardens 
usually provide nectar for adults, they must, in addition, provide food plants for the larvae. 
Metapopulation dynamics must also be maintained, and while this may be possible for some 
species in large urban parks, there will need to be conservation corridors, often known as 
greenways in an urban setting, to maintain genetic diversity within each species.

Pressures on insect populations in the urban environment are also great [50]. Temperature 
increase in the urban environment, the heat island effect, presents one challenge. Increased 
road kill from vehicles and above-ground transportation is another. Pollution is an issue for 
humans and insects alike. For insects, another major impact is the huge effect of lights, espe-
cially on night flying insects.
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There are areas of mitigation that are likely to become increasingly important in the 
twenty-first century. As regards the two fundamental issues, needs of humans as well as 
of insects, both are inter-twined. Good quality habitat space, terrestrial and freshwater, 
must be available, and largely populated with indigenous vegetation, and without inva-
sive alien plants. Green walls and roofs are also likely to increase greatly, but mostly as 
carbon sinks and for esthetics than for native insect diversity. Nevertheless, this would 
increase awareness and contribute to rescuing the extinction of experience [51], where 
people, especially children, can stay connected with nature. However, with the increasing 
devastating impacts of global change leading to more extreme weather events, safety and 
security must be integrated with an awareness of the plight of insects. However, care for 
insects is likely to slip down the list of priorities as extreme weather events become more 
prevalent (Figure 9).

9. Validation

Our fifth theme is validation, which links back to the first, research [44]. We need to check how 
well we have done after we have actually engaged in insect conservation. We measure our 
insect conservation success by using a range of variables that may be abiotic (e.g., water flow 
and soil chemistry) or biotic (e.g., plant diversity, plant health, insect diversity, and recovery 
of insect populations). Before the conservation action, we would have determined the goal. 
What exactly are we aiming to conserve? Is it a particular species? If so, will it pull through 
adverse weather conditions? Will it be able to tolerate or move with climate change? Or, we 

Figure 10. Validation for improved insect conservation means that we have understood the fundamental conservation 
ethics, and have recognized the relevance of various policies. We then set the conservation goal(s) and undertake the 
research. We further engage insect conservation psychology as we put research findings into practice. Then comes a 
critical point in the circle: validation. Here, we ask how well we are doing in implementing research, and whether the 
conservation practice is effective. If not then we undertake more research. This validation/research/practice cycle is 
actually never ending, as we must monitor even if we think what we have put into practice is working, as conditions may 
change, especially given climate change and always the risk of a new stochastic event.
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Figure 9. Insect conservation in practice is carried out by various organizational communities. Land cores, such as 
protected areas and the core zones of biosphere reserves, are critical for many specialist insect species. These areas 
do, however, sometimes require some management to simulate natural events. Outside of these land cores, softer 
approaches to landscape design and management take place as insect conservation action. These approaches include 
agro-ecology, organic agriculture, the land sparing-land sharing spectrum, agri-environment schemes, restoration, 
urban improvement, and removal of invasive alien plants.
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may aim to conserve insect diversity using conservation corridors among plantation forestry 
blocks. Is the insect diversity the same as measured against a benchmark such as in a nearby 
protected area? Although species richness may be the same, is the composition the same? Or, 
when we engage agro-ecology, are the focal services, whether pollination with bees or pest 
control using natural enemies, being adequately supplied? If so, are the local rare and threat-
ened species also being conserved?

Validation is a circular process: setting the conservation goal, establishing a time line, deter-
mining resources to achieve the goal, validating the goal, identifying shortfalls, understand-
ing those shortfalls with research, putting in place a new goal which has then been refined, 
and so on. In short, as the twenty-first century progresses, we are going to focus more on a 
healthy and reliable environment, and this is going to require accountability in the form of 
validation (Figure 10).

10. Conclusions

Time is short for conserving the necessary insect diversity to sustain us. Future generations 
will decry this era of despoliation of the planet, and what we have done to the web of life, 
including the vast beauty, grace, intricacy, and worthiness of insects. Insects and other biodi-
versity symbolize this blue and white jewel in an almost incomprehensible vastness of molec-
ular simplicity that we call space. Once the novelty of landing on Mars has worn off, humans 
will look back at Earth and realize with a great awakening how special it is. This may well 
(hopefully) trigger a renewed enthusiasm and effort to conserve the great poetry of biodiver-
sity, especially that of insects. It will be a true case of “the grass was not, after all, greener on 
the other side of the fence.”

We are improving our ethical base, but too slowly. We have rapidly increased insect conserva-
tion research, but too slowly. We have put in place policy, but acting on it too slowly. We are 
developing insect conservation psychology, but too slowly. And, as for action, it is being done 
pitifully too slowly. We are beginning to instigate validation processes, but still too slowly.

We will achieve much insect conservation this century, surfing on the wave of becoming 
scared of what a terrible mess we are making of the planet and now that our very life base 
is threatened. We are developing improved range of technologies, from conservation genet-
ics through to satellite technology and information flow, all of which will help us make 
progress. But we still have to do the physical hard work on the ground to get it all right. 
The more we live in a virtual world, the more disconnected from nature we will be. We will 
wake up one day and it will dawn on us that the fiction of money [52] will not sustain us. 
Nature will always survive, with Conservation International’s message “we need nature, 
nature does not need us” becoming totally real. We will kill many insects, but those which 
do survive will exist for a lot longer than we will. What saddens me personally is that our 
grandchildren will say “why did grandpa and grandma destroy so much without thinking 
of us?”
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Abstract

In the scientific literature, there is a considerable consensus that working toward evaluat-
ing multiple stressors is worthwhile. Unfortunately, our means to evaluate the combined 
effects of multiple stressors on species is limited. In agricultural systems, the relative 
threat posed to aquatic insect communities due to individual stressors (e.g., individual 
insecticides) is relatively well understood. However, understanding mixtures of pesti-
cides, let alone the addition of complex and potentially interacting, natural gradients 
(e.g., nutrients and predation), is far harder. The objective of the following review was to 
evaluate the individual and combined effects of a range of multiple agricultural stressors 
on aquatic insect communities using a series of seven outdoor mesocosm experiments 
conducted since 2003. The mesocosm studies show that macroinvertebrate community 
responses can be similar, subtle, or even opposing depending on the stressors investi-
gated and the mechanistic or ecological focus of the study. The current focus on individ-
ual chemicals and responses to treatment is misleading. Cumulative effects and multiple 
sublethal stressors are the norm in impacted ecosystems. A simple, holistic approach to 
environmental risk assessment is needed.

Keywords: aquatic communities, multiple stressors, mesocosm experiment, multiple 
predator theory, insecticides, nutrients, benthic macroinvertebrates, insect predators, 
review, synthesis

1. Introduction

Streams draining agricultural watersheds contain complex mixtures of pesticides, nutrients, 
and sediment due to runoff, spray drift, and erosion [1]. Pesticides also tend to be present at 
sublethal concentration levels at which we even know less about the cumulative toxicity and 
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multiple stressor threat of mixtures of substances [2]. Some estimates suggest that >50% of 
river miles in the continental United States include mixtures of five or more pesticides, mod-
erate to highly enriched nutrients and sediments [3]. More recent work has reported similar 
trends reporting the widespread use of insecticides and neonicotinoids in particular [4–6].

The exposure to mixtures of insecticides and other compounds pose a particular risk to 
aquatic insects because target biochemical receptors in insects are highly conserved [7]. For 
instance, the nicotinic acetylcholine receptor (nAChR), the primary binding site for neo-
nicotinoid insecticides in insect pests, has been reported in numerous insect orders (e.g., 
Hemiptera, Blattodea, Homoptera, Orthoptera, and Diptera) [7]. Among the most highly 
publicized nontarget species affected by neonicotinoid insecticides are bees (Apis mellifera) 
[8]. Similarly, aquatic insects, such as mayflies (Order: Ephemeroptera), are also negatively 
affected by exposure to neonicotinoid insecticides at levels associated with agricultural 
runoff [9, 10]. Responses in other orders of aquatic insects, such as insect predators (e.g., 
Plecoptera and Odonata), are less studied but preliminary data suggest that these com-
pounds likely affect a wide range of taxa. Knowledge gaps in our understanding of key-
stone taxa such as predators may have serious implications for risk assessment as density, 
and trait-mediated responses may have cascading effects on other members of aquatic food 
webs [11].

In the literature, there is a considerable consensus that working toward evaluating multiple 
stressors is worthwhile and important [12–14]. However, there has been virtually no uptake 
in addressing multiple stressors in ecological risk assessment. This may be due to the complex 
results emanating from mixture studies, which can be challenging to interpret [15]. Mixture 
studies are also typically retrospective and rarely address likely combinations of substances 
[16]. More proactive approaches that examine intentional or unintentional overlap in the field 
application of chemicals are needed.

The objective of the following studies was to evaluate the effect of multiple, interacting, natu-
ral, and anthropogenic stressors on aquatic macroinvertebrate communities. Responses pri-
marily focus on the effects of the neonicotinoid insecticide imidacloprid, individually and 
in combination, with environmentally relevant mixtures of other substances and changing 
ecological conditions. Seven mesocosm studies were conducted between 2003 and 2010. Tests 
included exposure (individually and in mixture) to the following compounds: imidaclo-
prid, the fungicide chlorothalonil, and the organophosphorus insecticides chlorpyrifos and 
dimethoate. Natural gradients were also examined and included changes in nutrient gradi-
ents such as low, medium, and high nutrient enrichments (oligotrophic, mesotrophic, and 
eutrophic) and increased predation pressure (added stonefly and dragonfly nymphs). Unique 
to this work is the comparison between responses of aquatic communities tested over time to 
overlapping treatments all collected from the same riverine source (see Materials & Methods). 
Further, concentrations selected were within the range of concentrations of pesticides and 
nutrients that have been detected in runoff and offer new insights as to why some streams 
become degraded. These findings have never before been summarized; thus, collectively, the 
following represents a unique snapshot of the range of effects of multiple agricultural stress-
ors on aquatic insect communities.

Insect Science-Diversity, Conservation and Nutrition44

2. Materials and methods

2.1. Study species

Benthic insects live on the bottom of streams and interact with multiple environmental com-
partments including water, sediment, and gravel interfaces [17]. Benthic macroinvertebrates 
(BMI) are good indicators of stream health because changes in BMI diversity and abundance 
can be associated with some contaminants [18]. Aquatic insects, like midges (Order: Diptera) 
and mayflies (Order: Ephemeroptera), lend themselves to studies of nutrients and contami-
nants since they both share many life history characteristics and yet are sufficiently differ-
ent to highlight changes in streams. Midges in our streams were dominated by the family 
Chironomidae. Chironomids are small-bodied (adults: 1.5–20 mm [19]) with a short life cycle 
and emerge throughout the spring, summer, and fall in Atlantic Canada (unpub. data). Like 
many mayflies, chironomids are often members of the collector-gatherer or scraper trophic 
guilds, feeding on benthic algae, bacteria, and organic matter. Mayflies are larger than chi-
ronomids and may take prolonged periods to develop with some mayfly families only able 
to emerge once a year [20]. Mayflies are also generally considered to be sensitive to stress, in 
contrast to the more tolerant midges, and can be good indicators of contamination.

Aquatic insect predators such as dragonflies and stoneflies have also been shown to be sensi-
tive to changes in habitat condition and agricultural gradients, particularly, nutrients [21]. 
As aquatic nymphs, dragonflies and stoneflies are highly opportunistic predators and show 
strong allometry to the average body size of their prey [22]. Gomphus borealis (Odonata and 
Gomphidae) are ambush predators that burrow in sediment to await the arrival of suitable 
prey items [23]. These generalized predators [24] feed by ejecting their labium to grasp their 
prey before devouring them. In contrast, Agnetina capitata (Plecoptera and Perlidae) are forag-
ing predators [25] and search mechanically for prey.

2.2. Study site and allocation of treatments

Since 2003, mesocosm experiments have been conducted at the Environment and Climate Change 
Canada mesocosm test facility located at Agriculture and Agri-Food Canada, 10-km southeast 
of Fredericton (New Brunswick, Canada). Among these experiments were a series of studies 
conducted to examine the effects of multiple stressors on aquatic macroinvertebrate communi-
ties. These studies were designed to test the additive, cumulative, and interactive effects of the 
insecticide imidacloprid, in mixtures of similar (e.g., three insecticides) and dissimilar (insecticide 
and fungicide) chemicals on aquatic insect assemblages. Test conditions manipulated concen-
trations of insecticides (imidacloprid, dimethoate, and chlorpyrifos), fungicides (chlorothalonil), 
nutrients (oligo-, meso-, and eutrophic gradients) and predation pressure (stoneflies and dragon-
flies). In brief, the chemicals tested were chlorpyrifos (O,O-Diethyl O-(3,5,6-trichloro-2-pyridinyl) 
phosphorothioate) and dimethoate (O,O-Dimethyl S-[2-(methylamino)-2-oxoethyl] phosphoro-
dithioate) both organophosphorus insecticides that are among the top 10 most commonly used 
in North America as well as being highly toxic to nontarget aquatic species [26, 27]. Imidacloprid 
(1-((6-Chloro-3-pyridinyl)methyl)-N-nitro-2-imidazolidinimine) is a neonicotinoid insecticide, 
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while chlorothalonil (2,4,5,6-tetrachloro-1,3-benzenedicarbonitrile) is a widely used fungicide in 
Atlantic Canada [28, 29].

The experiments were designed to evaluate a range of conditions (Table 1) for example, (1) a 
chronic, low nutrient (oligotrophic) study conducted in the Fall of 2003 (22 September 2003–
21 October 2003) that explored continuous exposure to the insecticide imidacloprid in the 
lethal effects range; (2) a pulse, low nutrient (oligo-mesotrophic boundary) study conducted 
in the Summer of 2004 (20 June 2004–10 July 2004), which combined a chronic and a pulse 
experiment that explored lower concentrations of the same range of insecticide exposures 
with the addition of some nutrients (e.g., [TN] 25 ± 3 μg/L) described in [10]; (3) a pulse, meso-
trophic nutrient enrichment study conducted in the Fall of 2004 (3 August 2004-1 September 
2004) that included the addition of moderate nutrients (as above and [TN] 30 ± 4 μg/L); (4) a 
pulse, low nutrient study conducted in the Fall of 2005 (4 August 2005–24 August 2005) and 
an imidacloprid-chlorothalonil mixture experiment that explored the same range of insec-
ticide exposures and nutrients see [30]; (5) a binary (1:1) mixture of two insecticides chlor-
pyrifos and dimethoate (12 July–2 August 2007) [31]; (6) a ternary (1:1:1) mixture of three 
insecticides chlorpyrifos, dimethoate, and imidacloprid (16 August–6 September 2009) [21]; 
and (7) a pulsed imidacloprid within a nutrient gradient study conducted in 2010 (17 July–6 
August 2010) see [32].

For each study, 80 artificial streams or outdoor mesocosms (Figure 1) were inoculated with 
a benthic macroinvertebrate community collected in the Nashwaak River, New Brunswick, 

Experiment Exposure 
duration in -d 
or -h

Stressors tested (ppb) References

1. Chronic (press), oligotrophic study 20-d Imidacloprid (5, 15)

2. Press vs. pulse, oligo-mesotrophic 
study

20-d or 12-h Imidacloprid press (0.1, 0.5, 1) and 
pulse (0.1, 0.5, 1, 5, 10)

[10]

3. Sublethal (pulse), mesotrophic study 24-h (2×) or 24-h 
(4×)

Imidacloprid (0.5, 1)

4. Pesticide mixture (pulse), oligo-
mesotrophic study

24-h (3×) Imidacloprid (0.6, 17.6)

Chlorothalonil (3, 30)

[30]

5. Insecticide mixture (pulse), oligo-
mesotrophic study

96-h (1×) Chlorpyrifos (1, 2, 4)

Dimethoate (5, 10, 20)

[31]

6. Insecticide mixture (pulse), oligo-, 
and mesotrophic study

96-h (1×) Imidacloprid (0.5, 1, 2)

Chlorpyrifos (0.5. 1, 2)

Dimethoate (2, 4, 8)

[21]

7. Nutrient-insecticide (pulse), oligo-, 
meso- and eutrophic study

96-h (1×) Imidacloprid (1.4, 5) [32]

All experiments were conducted over a 20-d period. Concentrations of stressors tested given in parts per billion (ppb), 
throughout.

Table 1. Overview of the design of seven mesocosm experiments conducted between 2003 and 2010.
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Canada (46°8′34.584″ N × 66°22′1.992″ W). Each flow-through stream was circular and had a 
planar area of 0.065 m2 and a 10-L volume. Each treatment level contained at least eight rep-
licate streams. Treatment levels varied depending on the test objective but are summarized 
in detail elsewhere (see Table 1). Throughout, chemical analyses determined the actual con-
centrations of pesticides (National Laboratory for Environmental Testing, ECCC Saskatoon) 
and nutrients (RPC Fredericton). In brief, pesticide analyses were conducted on a Micromass 
Quattro Ultima liquid chromatography mass spectrometer (LC-MS/MS) with Waters 2695 
Alliance HPLC System equipped with a Waters Xterra MS C18 (100 × 2.1 mm i.d., 3.5 μm 
particle size, Milford, MA, USA) analytical column. Samples were routinely collected on 
multiple occasions during and after the exposure period. Pesticide samples were stored in 
500 ml amber vials (EPA vials, Fisher scientific, Fair Lawn, NJ, USA) and stored at 4°C until 
shipment to Saskatoon for analysis. Nutrient treatments were chosen based on Biggs [33] and 
corroborated using in-stream chlorophyll-a measurements compared to levels reported in 
Dodds et al. [34]. Water quality samples and emergent insects were collected daily through-
out each experiment.

Figure 1. Outdoor, flow-through, stream mesocosms. (a) Benthic macroinvertebrates are collected by five samplers 
collecting 4 U-nets each. (b) The benthic community is then subsampled (four-way pie-plate subsampler shown). 
Community subsamples are then inoculated into replicate streams (e.g., ¼ of community sampled per replicate). (c) Each 
replicate stream is circular (0.065 m2 and 10-L volume) and was also inoculated with five cobblestones and coarse and 
fine gravel. (d) After inoculation with benthic macroinvertebrates each stream is covered with 45 μm mesh to facilitate 
the daily collection of emergent insects.
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while chlorothalonil (2,4,5,6-tetrachloro-1,3-benzenedicarbonitrile) is a widely used fungicide in 
Atlantic Canada [28, 29].
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ticide exposures and nutrients see [30]; (5) a binary (1:1) mixture of two insecticides chlor-
pyrifos and dimethoate (12 July–2 August 2007) [31]; (6) a ternary (1:1:1) mixture of three 
insecticides chlorpyrifos, dimethoate, and imidacloprid (16 August–6 September 2009) [21]; 
and (7) a pulsed imidacloprid within a nutrient gradient study conducted in 2010 (17 July–6 
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For each study, 80 artificial streams or outdoor mesocosms (Figure 1) were inoculated with 
a benthic macroinvertebrate community collected in the Nashwaak River, New Brunswick, 

Experiment Exposure 
duration in -d 
or -h

Stressors tested (ppb) References

1. Chronic (press), oligotrophic study 20-d Imidacloprid (5, 15)

2. Press vs. pulse, oligo-mesotrophic 
study

20-d or 12-h Imidacloprid press (0.1, 0.5, 1) and 
pulse (0.1, 0.5, 1, 5, 10)

[10]

3. Sublethal (pulse), mesotrophic study 24-h (2×) or 24-h 
(4×)

Imidacloprid (0.5, 1)

4. Pesticide mixture (pulse), oligo-
mesotrophic study

24-h (3×) Imidacloprid (0.6, 17.6)

Chlorothalonil (3, 30)

[30]

5. Insecticide mixture (pulse), oligo-
mesotrophic study

96-h (1×) Chlorpyrifos (1, 2, 4)

Dimethoate (5, 10, 20)

[31]

6. Insecticide mixture (pulse), oligo-, 
and mesotrophic study

96-h (1×) Imidacloprid (0.5, 1, 2)

Chlorpyrifos (0.5. 1, 2)

Dimethoate (2, 4, 8)

[21]

7. Nutrient-insecticide (pulse), oligo-, 
meso- and eutrophic study

96-h (1×) Imidacloprid (1.4, 5) [32]

All experiments were conducted over a 20-d period. Concentrations of stressors tested given in parts per billion (ppb), 
throughout.

Table 1. Overview of the design of seven mesocosm experiments conducted between 2003 and 2010.
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Canada (46°8′34.584″ N × 66°22′1.992″ W). Each flow-through stream was circular and had a 
planar area of 0.065 m2 and a 10-L volume. Each treatment level contained at least eight rep-
licate streams. Treatment levels varied depending on the test objective but are summarized 
in detail elsewhere (see Table 1). Throughout, chemical analyses determined the actual con-
centrations of pesticides (National Laboratory for Environmental Testing, ECCC Saskatoon) 
and nutrients (RPC Fredericton). In brief, pesticide analyses were conducted on a Micromass 
Quattro Ultima liquid chromatography mass spectrometer (LC-MS/MS) with Waters 2695 
Alliance HPLC System equipped with a Waters Xterra MS C18 (100 × 2.1 mm i.d., 3.5 μm 
particle size, Milford, MA, USA) analytical column. Samples were routinely collected on 
multiple occasions during and after the exposure period. Pesticide samples were stored in 
500 ml amber vials (EPA vials, Fisher scientific, Fair Lawn, NJ, USA) and stored at 4°C until 
shipment to Saskatoon for analysis. Nutrient treatments were chosen based on Biggs [33] and 
corroborated using in-stream chlorophyll-a measurements compared to levels reported in 
Dodds et al. [34]. Water quality samples and emergent insects were collected daily through-
out each experiment.

Figure 1. Outdoor, flow-through, stream mesocosms. (a) Benthic macroinvertebrates are collected by five samplers 
collecting 4 U-nets each. (b) The benthic community is then subsampled (four-way pie-plate subsampler shown). 
Community subsamples are then inoculated into replicate streams (e.g., ¼ of community sampled per replicate). (c) Each 
replicate stream is circular (0.065 m2 and 10-L volume) and was also inoculated with five cobblestones and coarse and 
fine gravel. (d) After inoculation with benthic macroinvertebrates each stream is covered with 45 μm mesh to facilitate 
the daily collection of emergent insects.
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2.3. Ecological endpoints

At the end of each 20-d mesocosm experiment, the streams were dismantled and the contents 
collected. Water samples, periphyton samples, and invertebrates were collected from each rep-
licate stream. For chlorophyll-a (μg/cm2) and ash-free dry mass (AFDM, mg/cm2), three scrap-
ings (each 60.2 cm2) were collected into 20-mL scintillation vials and frozen in a portable freezer 
at −20°C (Engel fridge/freezer MT35F-U1, Sawafugi Electric Co. Ltd., Tokyo, Japan). Aquatic 
nymphs and emergent adults were then measured using the Auto-Montage imaging program 
(Syncroscopy, Synoptics Inc., Frederick, MD, USA) with a Leica digital camera and dissecting 
microscope (Leica Microsystems Ltd., Cambridge, UK). Multiple photographs were taken of 
each organism and measurements were conducted on segments using linear and curvilinear 
measurement tools. Calibrations were conducted for each objective lens and were repeated for 
individual insect measurements if the coarse or fine focus was adjusted. Numerous measure-
ments were taken, including maximum head length and width, maximum thorax length and 
width, wing pad length, and total body length. In the absence of wing pads, the total length of 
the thorax was measured from the center of the anterior tip of the pronotum dorsally to furthest 
posterior point along the centerline of the metanotum. When wing pads were present, the total 
length of the thorax was measured from the center of the anterior tip of the pronotum dorsally 
to furthest posterior tip of the wing pad along the left lateral axis. Predation pressure was esti-
mated as the product of the density (per cm2) and body size (mm) of predators such as the stone-
fly Agnetina capitata and dragonfly Gomphus borealis per replicate stream (described in [32]).

2.4. Statistical analysis

Responses were examined using a complement of standard parametric (ANOVA) and multi-
variate statistical tools including: (e.g., nonmetric multidimensional scaling, factor analysis, 
principal components analysis as well as mixed general linear and structural equation models) 
see [35–37]. Assumptions of statistical tests were met throughout. Differences in river sub-
samples and control tanks were assessed using the Euclidean distance method to compare the 
distance of reference samples calculated by the unweighted pair group method [38]. Structural 
equation models (SEM) were used to assess changes in food webs between treatment levels and 
were estimated using covariance in partial regression coefficients [39]. Finally, principal com-
ponents analysis was used to confirm the strength of relationships due to nutrient treatment.

3. Results

Seven mesocosm experiments were conducted between 2003 and 2010 (Table 1). Responses 
varied between studies but the pesticide or nutrient treatment applied were major drivers of 
changing patterns in the macroinvertebrate community. Changes over time due to succes-
sional or seasonal changes in the sampled aquatic community were less evident than those 
due to pesticide or nutrient treatment. For instance, at the onset of the mesocosm experiments, 
subsampled river communities were similar to other subsamples collected during the same 
period (Figure 2). River communities were also similar to assemblages observed in control 
streams at the end of the 20-d mesocosm experiment (Figure 2a). However, treatment with 
neonicotinoid insecticides such as imidacloprid (5 or 15 ppb, 20-d press exposure) resulted in 
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major changes in the abundance and diversity of aquatic insect taxa (Figure 2a). For example, 
severe reductions (>78 and 92% in 5 and 15 ppb) in the total abundance of taxa (Figure 2b) 
and sensitive E.P.T. taxa were strongly associated with imidacloprid treatment (>18 and 49%; 

Figure 2. Benthic macroinvertebrate community responses (a) nonmetric multidimensional scaling (nMDS) to 
treatment with three concentrations (control, 5 and 15 ppb) of the neonicotinoid insecticide, imidacloprid, in the 2003 
pilot mesocosm study. The size of the circles reflects the abundance of organisms and the distance between circles the 
magnitude of change between replicate communities. (b) Total abundance of aquatic macroinvertebrates per replicate 
stream (AVG total no. per stream ± SE). (c) Abundance of sensitive E.P.T. (orders Ephemeroptera, Plecoptera, and 
Trichoptera) aquatic insect taxa per replicate stream (AVG total of E.P.T. only per stream ± SE). Significant differences 
(P < 0.05) are indicated (*).
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microscope (Leica Microsystems Ltd., Cambridge, UK). Multiple photographs were taken of 
each organism and measurements were conducted on segments using linear and curvilinear 
measurement tools. Calibrations were conducted for each objective lens and were repeated for 
individual insect measurements if the coarse or fine focus was adjusted. Numerous measure-
ments were taken, including maximum head length and width, maximum thorax length and 
width, wing pad length, and total body length. In the absence of wing pads, the total length of 
the thorax was measured from the center of the anterior tip of the pronotum dorsally to furthest 
posterior point along the centerline of the metanotum. When wing pads were present, the total 
length of the thorax was measured from the center of the anterior tip of the pronotum dorsally 
to furthest posterior tip of the wing pad along the left lateral axis. Predation pressure was esti-
mated as the product of the density (per cm2) and body size (mm) of predators such as the stone-
fly Agnetina capitata and dragonfly Gomphus borealis per replicate stream (described in [32]).

2.4. Statistical analysis

Responses were examined using a complement of standard parametric (ANOVA) and multi-
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distance of reference samples calculated by the unweighted pair group method [38]. Structural 
equation models (SEM) were used to assess changes in food webs between treatment levels and 
were estimated using covariance in partial regression coefficients [39]. Finally, principal com-
ponents analysis was used to confirm the strength of relationships due to nutrient treatment.

3. Results

Seven mesocosm experiments were conducted between 2003 and 2010 (Table 1). Responses 
varied between studies but the pesticide or nutrient treatment applied were major drivers of 
changing patterns in the macroinvertebrate community. Changes over time due to succes-
sional or seasonal changes in the sampled aquatic community were less evident than those 
due to pesticide or nutrient treatment. For instance, at the onset of the mesocosm experiments, 
subsampled river communities were similar to other subsamples collected during the same 
period (Figure 2). River communities were also similar to assemblages observed in control 
streams at the end of the 20-d mesocosm experiment (Figure 2a). However, treatment with 
neonicotinoid insecticides such as imidacloprid (5 or 15 ppb, 20-d press exposure) resulted in 
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major changes in the abundance and diversity of aquatic insect taxa (Figure 2a). For example, 
severe reductions (>78 and 92% in 5 and 15 ppb) in the total abundance of taxa (Figure 2b) 
and sensitive E.P.T. taxa were strongly associated with imidacloprid treatment (>18 and 49%; 

Figure 2. Benthic macroinvertebrate community responses (a) nonmetric multidimensional scaling (nMDS) to 
treatment with three concentrations (control, 5 and 15 ppb) of the neonicotinoid insecticide, imidacloprid, in the 2003 
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see Figure 2c) (e.g., F3,30 ≥ 5.43, P < 0.01). Further, experiments examining an increasing range 
of imidacloprid concentrations demonstrated similar and significant decreases in community 
total abundance, total richness, and E.P.T. abundance (e.g., Mesocosm #1, F2,14 ≥ 5.90, P ≤ 0.01; 
Mesocosm #4: F2,71 ≥ 3.30, P ≤ 0.05) (Table 1).

Nutrient treatment also differed between studies (Table 1). Enrichment could be measured 
as changes in periphyton abundance (as chlorophyll-a in μg/cm2) and was consistent with the 
nutrient treatment applied (low to high enrichment: oligo-, meso-, or eutrophic). Responses 
to nutrient enrichment were consistent irrespective of the year of study or seasonal changes in 
the macroinvertebrate community. Community responses to the combined action of nutrients 
and insecticides could also appear similar. For instance, the removal of insect grazers (struc-
tural change) at the base of the food web in high insecticide treatments was associated with 
increased periphyton biomass (functional change). Thus, oligotrophic streams treated with 
imidacloprid were more similar to mesotrophic or even eutrophic conditions due to grazer 
release despite the lack of nutrient enrichment (e.g., 3.3 ± 0.5 μg/cm2 due to 15 ppb treatment 
with imidacloprid) (F2,23 = 3.91; P = 0.03).

A factor analysis of benthic macroinvertebrate community responses to treatment explained 
45% of the variance in all of the community data collected between 2003 and 2009 (Cumulative 
Eigenvalue 21.38) (Figure 3). Throughout, responses to treatment differed (P < 0.05) between 
Factor 1 (E.V. 17.68 of 21.38, 37%) and Factor 2 (E.V. 7.73 of 21.38, 45%). Factor 2 was closely cor-
related with the magnitude (concentration × duration) of imidacloprid concentration (r = 0.65, 
P < 0.05) and Factor 1 reflected differences associated with community composition (e.g., pres-
ence, absence, and diversity). In control streams, macroinvertebrate community responses to 
oligotrophic and mesotrophic enrichment overlapped, whereas responses to eutrophic treat-
ment were discernibly separated from those in lower levels of nutrient enrichment (Figure 
3a). Treatment with a single insecticide also overlapped for similar chemical compounds such 
as the insecticides imidacloprid, dimethoate, and chlorpyrifos (P > 0.05) (Figure 3b). In con-
trast, community responses to dissimilar chemicals, such as mixtures of imidacloprid and 
nutrients, diverged from those of imidacloprid alone (Figure 3c). Community responses also 
diverged in response to the combined action of imidacloprid, nutrients, and increased preda-
tion pressure (Figure 3c). Interestingly, community responses to mixtures of imidacloprid 
and the fungicide chlorothalonil were similar despite differences in the mode of action of 
these two compounds (Figure 3c).

A structural equation model of the covariant relationships between different organisms, tro-
phic guilds, and other metrics (e.g., periphyton biomass) was also used to compare food webs 
in the nutrient enriched (mesotrophic) versus limited (oligotrophic) streams (Figure 4). In oli-
gotrophic streams, only two response variables significantly covaried (P < 0.05) (Figure 4a).  
Specifically, the density (no./cm2) of the dragonfly Gomphus borealis covaried with ash-
free dry mass, or AFDM (mg/cm2), but did not covary with the density of other predators, 
such as the stonefly Agnetina capitata or the abundance of scrapers (Figure 4a). Rather, 
the density of A. capitata, covaried with scrapers (P < 0.05), which in turn may be associ-
ated with chlorophyll-a, but only at the P < 0.1 level. In contrast, mesotrophic streams 
had 17 covariant relationships (P < 0.05) between different taxa and guilds (Figure 4b).  
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Figure 3. Factor analysis of benthic macroinvertebrate community abundance (no. of different genera per treatment 
level) during 7 years of mesocosm experiments subdivided into (a) control treatments with the addition of no nutrients 
(oligotrophic), moderate nutrients (mesotrophic), and high nutrients (eutrophic). (b) Exposure to similar insecticides 
either individually (imidacloprid, chlorpyrifos, and dimethoate) or in mixture (all three insecticides), and (c) exposure to 
mixtures of dissimilar chemical contaminants (as mixtures only). Dissimilar contaminants tested included the insecticide 
imidacloprid, and fungicide chlorothalonil, imidacloprid in the presence of nutrient enrichment (mesotrophic or 
eutrophic) and imidacloprid in the presence of mesotrophic nutrients and stonefly predators. Ellipses enclose all 
replicate treatment responses at the 95% CI. Lack of overlap between ellipses suggests statistically significant differences 
between responses to treatment at the P < 0.05 level.
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see Figure 2c) (e.g., F3,30 ≥ 5.43, P < 0.01). Further, experiments examining an increasing range 
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Mesocosm #4: F2,71 ≥ 3.30, P ≤ 0.05) (Table 1).
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and insecticides could also appear similar. For instance, the removal of insect grazers (struc-
tural change) at the base of the food web in high insecticide treatments was associated with 
increased periphyton biomass (functional change). Thus, oligotrophic streams treated with 
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release despite the lack of nutrient enrichment (e.g., 3.3 ± 0.5 μg/cm2 due to 15 ppb treatment 
with imidacloprid) (F2,23 = 3.91; P = 0.03).
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45% of the variance in all of the community data collected between 2003 and 2009 (Cumulative 
Eigenvalue 21.38) (Figure 3). Throughout, responses to treatment differed (P < 0.05) between 
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diverged in response to the combined action of imidacloprid, nutrients, and increased preda-
tion pressure (Figure 3c). Interestingly, community responses to mixtures of imidacloprid 
and the fungicide chlorothalonil were similar despite differences in the mode of action of 
these two compounds (Figure 3c).
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phic guilds, and other metrics (e.g., periphyton biomass) was also used to compare food webs 
in the nutrient enriched (mesotrophic) versus limited (oligotrophic) streams (Figure 4). In oli-
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Specifically, the density (no./cm2) of the dragonfly Gomphus borealis covaried with ash-
free dry mass, or AFDM (mg/cm2), but did not covary with the density of other predators, 
such as the stonefly Agnetina capitata or the abundance of scrapers (Figure 4a). Rather, 
the density of A. capitata, covaried with scrapers (P < 0.05), which in turn may be associ-
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For instance, the density of G. borealis, covaried (P < 0.05) with the density of its main 
competitor, A. capitata, as well as with other predators. Collectively, G. borealis and A. capi-
tata both covaried with the density of a range of taxa including consumers from multiple 
sensitive orders (E.P.T. consumers), as well as scrapers, collector-gatherers, and shredders 
(Figure 4b). In turn, these taxa, and collector-gatherers in particular, affected the density of 
other guilds (e.g., E.P.T. consumers, collector-filterers, and piercers) as well as the standing 
stock of the periphyton community (AFDM, chlorophyll-a) (Figure 4b). Eutrophic conditions 
were only examined in a single mesocosm study (#7, conducted in 2010, see Table 1), and 
as such, relationships between taxa and guilds are less generalizable than those reported for 
oligotrophic and mesotrophic streams.

Responses, however, within eutrophic streams overlapped those in oligotrophic and 
mesotrophic nutrient treatments as well as with specific stressor conditions unique to 
Mesocosm #7, the only eutrophic gradient tested (Figure 5 and Table 1). Genera and guilds 

Figure 4. Summary of significant covariant relationships between the density (no./cm2) of different taxa, guilds and 
other metrics in control streams under oligotrophic (a) or mesotrophic (b) nutrient treatment. (a) Only two significant 
covariant relationships were reported under nutrient limited (oligotrophic) conditions whereas under (b) moderately 
nutrient enriched conditions (mesotrophic), 17 covariant relationships between taxa, guilds, or periphyton biomass were 
evident (measured as chlorophyll a in μg/cm2 (chlorophyll) were found.
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tended to respond similarly to treatment, and 68% of the variance in macroinvertebrate 
density could be explained by treatment with nutrients or the insecticide imidacloprid 
(52.3% of Factor 1 and 15.9% of Factor 2, Figure 5). For instance, total abundance, E.P.T. 
abundance, total richness, and density of collector-gatherers were all primarily (r ≥ 0.72, 
Factor 1) responding to the combined action of nutrient and insecticide gradients and 
secondarily to nutrient treatment specifically (r ≤ 0.63, Factor 2). In contrast, chlorophyll a 
and AFDM were only highly correlated (r = −0.68 and r = −0.71) to Factor 2. Finally, com-
munities in control eutrophic streams were most similar to oligotrophic streams that were 
simultaneously treated with concentrations that are lethal to 50% of the insect popula-
tion (median lethal concentration or LC50). Thus, in eutrophic streams, concentrations 
that would be highly significant stressors in less enriched streams were closely related to 
responses associated with baseline condition in these highly enriched systems (Figure 5).

Figure 5. Principal components analysis of mesocosm 7 only (17 July to 6 August 2010) explaining 68% (52.3 + 15.9% 
EV) of the variation in benthic macroinvertebrate community (no./stream/cm2) and periphyton biomass (chl-a in μg/cm2 
and AFDM mg/cm2) due to either nutrient enrichment (oligotrophic, mesotrophic or eutrophic due to the addition of 
dissolved inorganic nitrogen [DIN]) or neonicotinoid insecticide treatment (imidacloprid as control, lowest observable 
effect concentration [LOEC], or median lethal concentration [LC50]). Density of select genera and guilds are highlighted; 
for example, total abundance (N), richness (s), E.P.T. abundance (E.P.T.), collector-filterers (cf), collector-gatherers (cg), 
piercers (ph), predators (pr), scrapers (sc) and shredders (sh). All comparisons were made using a correlation matrix.
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effect concentration [LOEC], or median lethal concentration [LC50]). Density of select genera and guilds are highlighted; 
for example, total abundance (N), richness (s), E.P.T. abundance (E.P.T.), collector-filterers (cf), collector-gatherers (cg), 
piercers (ph), predators (pr), scrapers (sc) and shredders (sh). All comparisons were made using a correlation matrix.
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4. Discussion

Streams draining agricultural catchments contain complex and often sublethal mixtures of 
pesticides and nutrients [1]. Ecological risk assessments rarely consider chemical mixtures, let 
alone combinations of natural and anthropogenic gradients. Regulators focus on individual 
compounds. Pesticides are regulated in Canada using a risk ranking approach based on an 
evaluation of the presence of available application data (e.g., sales or max application rate), 
chemical fate information (e.g., persistence and mobility), and toxicity (e.g., single species 
toxicity tests on fish, invertebrates, or aquatic plants). This focus on mortal responses to indi-
vidual compounds poses a problem because it fails to consider conditions that are common in 
the environment: sublethal mixtures of chemicals are widespread. It is also evident that single 
species laboratory tests of individual compounds cannot approximate mixtures of chemicals 
affecting interacting assemblages of organisms in ecosystems.

The results of the studies described above show that in combination, pesticides and nutrients 
can reshape food webs (see also [9, 10, 21, 30–32]). In isolation, the action of these stress-
ors appears to supersede underlying seasonal differences in macroinvertebrate communi-
ties. This finding suggests that nutrients and pesticides are fundamental drivers of effects 
in impacted aquatic communities. However, macroinvertebrate responses to pesticides and 
nutrients were varied and responses may be structurally similar yet functionally different. In 
the studies described above, responses due to nutrients and insecticides, such as the neonicot-
inoid and imidacloprid, were difficult to discern. The removal of grazers (Figure 2) at the base 
of the food web also increased periphyton biomass to levels that would suggest moderate or 
even high levels of enrichment (> 3 μg/cm2) despite the lack of added nutrients (Mesocosm 
#1, in 2003). Further support for this finding is found in a separate experiment (Mesocosm 
#7, in 2010) where eutrophic streams were structurally and functionally similar to nutrient-
limited streams simultaneously dosed with lethal doses (LC50) of imidacloprid (Figure 5). 
Collectively, these findings suggest that cascading effects at one end of the food web are com-
mon but could be due to different, and potentially, interacting pathways.

At lower doses, community responses to stress tended to overlap (Figure 3b) [10, 21]. For 
instance, communities were structurally similar due to low dose mixtures of three insecticides 
(chlorpyrifos, dimethoate, and imidacloprid) or due to any of these same compounds when 
tested individually at moderate or even high doses (Figure 3b). However, differences in com-
munity structure could be subtle as responses to treatment with mixtures of different types 
of compounds (e.g., pesticides vs. nutrients) tended to have less overlap when co-exposed to 
either substance individually (Figure 3c). Further evidence for structural changes in aquatic 
communities due to nutrients is apparent in the structural equation model (Figure 4). The 
covariant relationships between taxa varied widely between nutrient enriched versus limited 
streams despite the same aquatic macroinvertebrate assemblage being initially introduced 
into each treatment level.

Varied responses to different types of chemical compounds may appear to make ecological risk 
assessment difficult (see Kienzler et al. [16] for a review of approaches). Currently, in Canada, 
risk rankings list the toxicity of chemical compounds to different types of taxa (invertebrates, 
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fish, or plants) using data collected from single species toxicity tests. For instance, fish tox-
icity ranks include different pesticides than rankings developed for invertebrates or plants. 
Specifically, the top three pesticides that are thought to pose the greatest risk to invertebrates 
are the neonicotinoid insecticides imidacloprid, thiamethoxam, and clothianidin. These same 
neonicotinoids are ranked as being far lesser risk of toxicity to fish (9, 20, and >30) or plants, 
respectively (>30). At present whether these substances are likely to co-occur is not considered.

There are advantages to the joint testing of substances. For instance, by testing effects jointly 
the number of tests to be conducted may decrease as only relevant mixtures need testing. Joint 
testing will also deepen our understanding of dose-dependent effects of similar and dissimi-
lar mixtures of chemical compounds offering new insights into the likelihood of synergistic 
and antagonistic effects. The advantage of increased environmental realism is also of critical 
importance and will aid in the development of better monitoring programs and regulations. 
Computer simulations, for instance, based on the chemical mode of action (e.g., Quantitative 
Structure Activity Relationships (QSARs) see [40]) are an important first step to reduce the 
time and cost of more detailed assessments while promoting informed decision making.

Joint exposure to multiple stressors has been addressed previously in the ecological litera-
ture in the theory of multiple predators (e.g., [11, 41–43]). The multiple predator approach is 
particularly fitting, as responses to predators are highly variable (e.g., [44]) as are responses 
to insecticides (e.g., above studies). The theory of multiple predators shows that predator-
predator interactions can cause conflicting risk to prey and lays out a framework for assessing 
the emergent properties of multiple predators on simple food webs. In the ecological frame-
work, each predator is treated as an individual stressor and as such presents an interesting 
analogy to work with different chemical stressors. The predator framework modified for 
chemical stressors suggests that there are a series of steps to move forward with cumulative 
effects risk assessment. These are: (1) to define the criteria for identifying mixtures of likely 
substances, (2) monitor how common substances interact with each other and environmen-
tal compartments, (3) assess what mechanisms may underlie unexpected interactions, and  
(4) propose how the impacts of multiple stressors on stream communities may be regu-
lated. This approach is far simpler than some of the chemical-based approaches suggested 
by others while also enabling the inclusion of insights gained using these methods [45, 
46]. Finally, a simple, holistic approach that integrates ecological components will likely 
present a fresh perspective enabling the capture of the complexity of both the mixtures 
of chemicals under investigation and the interacting assemblages of organisms in real 
ecosystems.

5. Conclusions

Complex mixtures of five or more pesticides, as well as nutrients and sediments, are per-
vasive in the aquatic environment. Yet, mortal endpoints of single chemicals on single spe-
cies laboratory tests are the norm in regulatory frameworks. A more holistic approach is 
needed. Within the regulatory community, there is a concern that multiple stressor studies 
are difficult to interpret and as a result, are often ignored. The above synthesis and review 
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4. Discussion

Streams draining agricultural catchments contain complex and often sublethal mixtures of 
pesticides and nutrients [1]. Ecological risk assessments rarely consider chemical mixtures, let 
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compounds. Pesticides are regulated in Canada using a risk ranking approach based on an 
evaluation of the presence of available application data (e.g., sales or max application rate), 
chemical fate information (e.g., persistence and mobility), and toxicity (e.g., single species 
toxicity tests on fish, invertebrates, or aquatic plants). This focus on mortal responses to indi-
vidual compounds poses a problem because it fails to consider conditions that are common in 
the environment: sublethal mixtures of chemicals are widespread. It is also evident that single 
species laboratory tests of individual compounds cannot approximate mixtures of chemicals 
affecting interacting assemblages of organisms in ecosystems.

The results of the studies described above show that in combination, pesticides and nutrients 
can reshape food webs (see also [9, 10, 21, 30–32]). In isolation, the action of these stress-
ors appears to supersede underlying seasonal differences in macroinvertebrate communi-
ties. This finding suggests that nutrients and pesticides are fundamental drivers of effects 
in impacted aquatic communities. However, macroinvertebrate responses to pesticides and 
nutrients were varied and responses may be structurally similar yet functionally different. In 
the studies described above, responses due to nutrients and insecticides, such as the neonicot-
inoid and imidacloprid, were difficult to discern. The removal of grazers (Figure 2) at the base 
of the food web also increased periphyton biomass to levels that would suggest moderate or 
even high levels of enrichment (> 3 μg/cm2) despite the lack of added nutrients (Mesocosm 
#1, in 2003). Further support for this finding is found in a separate experiment (Mesocosm 
#7, in 2010) where eutrophic streams were structurally and functionally similar to nutrient-
limited streams simultaneously dosed with lethal doses (LC50) of imidacloprid (Figure 5). 
Collectively, these findings suggest that cascading effects at one end of the food web are com-
mon but could be due to different, and potentially, interacting pathways.

At lower doses, community responses to stress tended to overlap (Figure 3b) [10, 21]. For 
instance, communities were structurally similar due to low dose mixtures of three insecticides 
(chlorpyrifos, dimethoate, and imidacloprid) or due to any of these same compounds when 
tested individually at moderate or even high doses (Figure 3b). However, differences in com-
munity structure could be subtle as responses to treatment with mixtures of different types 
of compounds (e.g., pesticides vs. nutrients) tended to have less overlap when co-exposed to 
either substance individually (Figure 3c). Further evidence for structural changes in aquatic 
communities due to nutrients is apparent in the structural equation model (Figure 4). The 
covariant relationships between taxa varied widely between nutrient enriched versus limited 
streams despite the same aquatic macroinvertebrate assemblage being initially introduced 
into each treatment level.

Varied responses to different types of chemical compounds may appear to make ecological risk 
assessment difficult (see Kienzler et al. [16] for a review of approaches). Currently, in Canada, 
risk rankings list the toxicity of chemical compounds to different types of taxa (invertebrates, 
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fish, or plants) using data collected from single species toxicity tests. For instance, fish tox-
icity ranks include different pesticides than rankings developed for invertebrates or plants. 
Specifically, the top three pesticides that are thought to pose the greatest risk to invertebrates 
are the neonicotinoid insecticides imidacloprid, thiamethoxam, and clothianidin. These same 
neonicotinoids are ranked as being far lesser risk of toxicity to fish (9, 20, and >30) or plants, 
respectively (>30). At present whether these substances are likely to co-occur is not considered.

There are advantages to the joint testing of substances. For instance, by testing effects jointly 
the number of tests to be conducted may decrease as only relevant mixtures need testing. Joint 
testing will also deepen our understanding of dose-dependent effects of similar and dissimi-
lar mixtures of chemical compounds offering new insights into the likelihood of synergistic 
and antagonistic effects. The advantage of increased environmental realism is also of critical 
importance and will aid in the development of better monitoring programs and regulations. 
Computer simulations, for instance, based on the chemical mode of action (e.g., Quantitative 
Structure Activity Relationships (QSARs) see [40]) are an important first step to reduce the 
time and cost of more detailed assessments while promoting informed decision making.

Joint exposure to multiple stressors has been addressed previously in the ecological litera-
ture in the theory of multiple predators (e.g., [11, 41–43]). The multiple predator approach is 
particularly fitting, as responses to predators are highly variable (e.g., [44]) as are responses 
to insecticides (e.g., above studies). The theory of multiple predators shows that predator-
predator interactions can cause conflicting risk to prey and lays out a framework for assessing 
the emergent properties of multiple predators on simple food webs. In the ecological frame-
work, each predator is treated as an individual stressor and as such presents an interesting 
analogy to work with different chemical stressors. The predator framework modified for 
chemical stressors suggests that there are a series of steps to move forward with cumulative 
effects risk assessment. These are: (1) to define the criteria for identifying mixtures of likely 
substances, (2) monitor how common substances interact with each other and environmen-
tal compartments, (3) assess what mechanisms may underlie unexpected interactions, and  
(4) propose how the impacts of multiple stressors on stream communities may be regu-
lated. This approach is far simpler than some of the chemical-based approaches suggested 
by others while also enabling the inclusion of insights gained using these methods [45, 
46]. Finally, a simple, holistic approach that integrates ecological components will likely 
present a fresh perspective enabling the capture of the complexity of both the mixtures 
of chemicals under investigation and the interacting assemblages of organisms in real 
ecosystems.

5. Conclusions

Complex mixtures of five or more pesticides, as well as nutrients and sediments, are per-
vasive in the aquatic environment. Yet, mortal endpoints of single chemicals on single spe-
cies laboratory tests are the norm in regulatory frameworks. A more holistic approach is 
needed. Within the regulatory community, there is a concern that multiple stressor studies 
are difficult to interpret and as a result, are often ignored. The above synthesis and review 
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of seven mesocosm studies on the combined effects of pesticides, nutrients, and macroinver-
tebrate community dynamics show that interactions between chemical substances, nutrient 
enrichment, and trophic status can change how communities respond to stress. This work 
offers unique insights into the evaluation of multiple stressors as it shows that expected toxic 
mechanisms can be muted or intensified in response to changing natural and anthropogenic 
gradients. This finding of diverse responses to stress is consistent with findings from field 
studies in the literature where some communities tend to be more resilient to stress than oth-
ers. Understanding multiple stressor effects in an ecological framework (e.g., theory of mul-
tiple predators) within a regulatory context may offer a simple and more holistic approach 
to environmental risk assessment integrating findings from mixture theory and community-
level responses to multiple stressors.
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1. Introduction

Beekeeping is an economic activity of the agricultural sector and an environmentally sus-
tainable production model, crucial for biodiversity and agriculture [1]. Beekeeping provides 
additional income for many poor communities, creating new opportunities in rural areas, 
and improves the living conditions of many families [2, 3]. In addition, the pollination service 
provided by honeybees generates increases in crop yields [4] and contributes to the balance of 
the ecosystem and biodiversity [5].

In the economic sphere, Brazil stands out among the honey-producing countries worldwide, 
occupying the 8th position. In 2014, Brazil exported 25.317 tons of honey, generating exchange 
revenue of US $ 98.58 million [6]. In the Brazilian scenario, Rio Grande do Sul, with a honey 
production of 7.286 tons, is the first State in the national ranking, followed by the States of 
Paraná with 5.565 tons and Santa Catarina with 4.887 tons of honey produced [7].

Although economic indicators of beekeeping show progress in the activity, its development 
is far below that expected for a country that has one of the largest biodiversity on the planet 
and conditions conducive to the beekeeping. Thus, making beekeeping more profitable, such 
as adopting appropriate beekeeping practices, with a consequent higher honey quality, can be 
an alternative to attract new entrepreneurs and increase their relevance as a means to achieve 
sustainable rural development. The physicochemical composition of honey is complex and 
can be used to verify the quality of the honey produced, as well as to improve honey extrac-
tion practices [8, 9], conservation, and storage, avoiding contamination, honey differentiation 
of other products, and determination of botanical origin [10].

A reliable statistical analysis, correlating information on beekeeping practices and quantity 
and quality of honey produced in the Western region is very important for the growth of bee-
keeping since in addition to the aspect of legislation these analyses can support assessments 
of the beekeeping profile, against many changes in the region in the last decade, thanks to the 
partnerships between the university and other institutions with beekeepers.

Principal Component Analysis (PCA) is a very powerful technique, but it has its limitations. 
It is generally used to study variance and covariance through linear combinations of ρ vari-
ables involved [11] and also to order data based on quantitative variables, with or without 
transformation [12]. PCA was initially defined for data with multinomial distributions [12], 
although it can be applied to binary data [13]. The objective of this study is to investigate 
the process of adoption of beekeeping practices and the quality of honey produced in the 
Western region of Paraná, proposing an alternative analysis of the data through the tech-
nique of Principal Component Analysis, using apicultural indexes constructed from binary 
variables and associated with quantitative variables.

2. Material and methods

2.1. Evaluation questionnaire

The study was carried out from January 2015 to June 2015 with 28 cooperative beekeepers 
from the Cooperativa Agrofamiliar Solidária dos Apicultores of the West Coast of Paraná, 
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located in the county of Santa Helena, State of Paraná, Brazil (latitude 24°51′37″S and longitude 
54°19′58″W).

For data collection, a questionnaire adapted from [14] was applied. The questionnaire con-
sisted of 46 closed-ended questions, in which the response by beekeepers allowed the con-
struction of a binary data matrix (1 or 0), and 4 open-ended questions (quantitative): honey 
productivity in kg per colony, number of colonies of Apis mellifera, age and experience in bee-
keeping activity in years. Each set of strictly related binary variables (closed-ended questions) 
that resulted in the construction of the indexes associated with the four beekeeping practices: 
equipment use, beekeeping management, harvesting and post-harvesting, and management 
and marketing can be seen in Table 1. As the study did not disclose any personal information 
about its participants, no approval was sought by an ethics committee.

2.2. Construction of apicultural indexes

The construction of the indexes occurred to facilitate the understanding of the set of attri-
butes that determine each important aspect of the apicultural chain, as well as to be analyzed 
in association with the quantitative variables (open-ended questions) through the Principal 
Component Analysis.

The construction of the indexes was based on Miranda’s method [15] for the determination of 
technological indexes. The index for each beekeeper j in apicultural practice g (  I  

g (j) 
   ) is given by:

   I  g  (  j )      =  ∑ i=1  n      
 x  i   __ n    (1)

where xi represents the value [0 or 1] assumed by the i-th variable (with i varying from 1 to N) 
of the g-th beekeeping practice (with g varying from 1 to N beekeeping practices) in the j-th 
beekeeper (with j varying from 1 to N beekeepers). The n is the number of variables measured 
within the specified beekeeping practice.

Thus, for apicultural practice regarding the use of equipment, g = 1, n = 12, and i = 1, …, 12; for 
management, g = 2, n = 19, and i = 1, …, 19; for harvesting and post harvesting, g = 3, n = 8 and 
i = 1, …, 8 and for management and marketing, g = 4, n = 7 and i = 1, …, 7. Therefore, n = Max    
∑ i=1  n    xi , therefore, 0 ≤  I  

j,g
    ≤ 1.

The mean general index of beekeepers for beekeeping management practices (IMg) is 
given by the sum of a beekeeping practice divided by the number of beekeepers and is 
calculated as:

   IM  g   =   1 __ N    ∑ 
j=1

  
N
    ∑ 

i=1
  

n
      

 x  i   __ n   =   1 __ N    ∑ 
j=1

  
N
     I  g (j)     (2)

where N is the number of beekeepers measured (N = 28).

The general index for each beekeeper (IPj), including all beekeeping management practices 
is given by:

 `  IP  j   =   1 __ g    ∑ 
g=1

  
v
     I  g (j)     (3)

where g is the number of beekeeping practices.
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Beekeeping practices regarding the use of equipment (n1 = 12)

1. Clothing (mask, hat, beekeeping suit, gloves and boots) (1) use all (0) some

2. Smoker (fuel) (1) vegetable origin (0) animal origin

3. Hive tool (1) use (0) not use

4. Bee brush (1) use (0) no use

5. Langstroth Hive (1) standard (0) not standard

6. Stainless steel equipment (1) all (0) some

7. Centrifuge (1) electric (0) manual

8. Decanter (1) use (0) not use

9. Uncapping table (1) use (0) not use

10. Strainer (1) use (0) not use

11. Decrystalizer (1) use (0) not use

12. Queen excluder (1) use (0) not use

Beekeeping practices regarding to management (n2 = 19)

1. Food supply (1) provide (0) not provide

2. Queen replacement (1) yes (0) no

3. Honeycomb wax replacement (1) annually (0) no

4. Supersedure control (1) use (0) no

5. Colony division (1) do (0) do not

6. Comb management (1) do (0) do not

7. Opening of storage space (1) yes (0) no

8. Food storage (1) deep super and honey 
super

(0) deep super only

9. Fight moths and ants (1) yes (0) no

10. Supplemental feeding (1) provide (0) not provide

11. Ventilation (1) use (0) not use

12. Shading (1) natural (0) artificial

13. Distance from water source (1) < 500 m (0) > 500 m

14. Uses more than one honey super per colony (1) yes (0) no

15. There is honeybee pasture (1) yes (0) no

16. Farthest honeybee pasture (1) < 10 km (0) > 10 km

17. Minimum proximity of other apiaries (1) > 3 km (0) < 3 km

18. Weekly frequency of visits to the apiary (1) > 1 visit (0) < 1 visit

19. Rent honeybee pasture (1) yes (0) no

Beekeeping practices regarding to honey harvest and post-harvest (n3 = 8)

1. Smoke (1) use (0) not use

2. Comb cleaning (1) yes (0) no

3. Uncapping fork (1) use (0) not use
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2.3. Physicochemical analyses of honey

For the physicochemical analysis of honey, 28 honey samples from Apis mellifera were col-
lected directly from beekeepers in the Western region of Paraná. Analyses of the physico-
chemical parameters of the honey samples were performed according to the Official Methods 
of Analysis, reported in detail in [16]. The evaluated parameters were: moisture (%), ash con-
tent (%), electrical conductivity (μS.cm−1), hydroxymethylfurfural content (HMF) (mg.kg−1), 
acidity (meq.kg−1), diastase activity (Goethe degrees), reducing sugars (%), apparent sucrose 
(%) and pH. The analyses were performed in triplicates from each parameter of the sample to 
obtain the data reported.

2.4. Statistical analyses

Minimum and maximum values, median, 5 and 95% percentiles, mean and standard mean 
error (SME), and Shapiro-Wilk normality test were calculated for the variables analyzed. Data 
from the questionnaire were analyzed using the technique of Principal Component Analysis 
(PCA) after normalization of the data, using Pearson X’X correlation matrix. The multicol-
linearity diagnosis was performed for the correlation matrix [17]. Subsequently, another PCA 
was performed without transformation for the sample data related to the physicochemical 
honey analyses. The Kaiser-Guttman criterion was used to select the number of interpretable 

4. Honey processing (1) honey house (0) other

5. Honey super transport (1) suitable (0) no

6. Equipment hygiene (1) yes (0) no

7. Honey storage (1) protected (0) not protected

8. Containers for honey storage (1) standard (0) not standard

Beekeeping practices regarding to management and honey marketing (n4 = 7)

1. Contract for services (1) yes (0) no

2. Information on market trends (1) yes (0) no

3. Employees training (1) yes (0) no

4. Quality control (1) yes (0) no

5. Partnership: research (1) yes (0) no

6. Marketing (1) use (0) not use

7. Computing (1) use (0) not use

Table 1. Binary variables related to beekeeping practices.
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axes in the PCA [12]. All statistical analyses were performed using the “R” software version 
3.0.2 [18].

3. Results and discussion

Honey production of the beekeepers varied from 15.00 to 40.00 kg.colony−1 (mean ± SME of 
23.86 ± 1.16 kg.colony−1) and 90% of beekeepers had honey production from 16.80 to 35.00 kg.
colony−1. The number of colonies kept by beekeepers varied from 12 to 430 (mean ± SME of 
110 ± 19), and only one beekeeper had beekeeping as the main source of income. The age 
of beekeepers ranged from 26 to 77 years, while experience in the activity ranged from 6 to 
50 years, with an approximate average of 22 years of experience in beekeeping (Table 2). 
Beekeeping in the Western region of Paraná is predominantly family friendly.

Camargo et al. [19] developed a Geographic Information System for beekeeping in the Western 
region of Paraná and found that 46% of the beekeepers had from 5 to 20 colonies, with honey 
production per colony no larger than 22.12 kg in the larger producer groups (i.e., they had 
larger areas of forest and smaller areas under agriculture). From our results, in general, it can 
be seen that the number of colonies kept by beekeepers increased, as well as there was a small 
increase in honey production per colony compared to 2009.

Possibly, the growth of the legal reserve area on these properties has been one of the factors 
responsible for such an increase in honey production, since we verified that no beekeepers 
pay rent to use an apiculture pasture and that good beekeeping practices related to manage-
ment are not widely adopted (see results below). Brodschneider and Crailsheim [20] reported 
higher productivity of a colony is linked to the provision of balanced macronutrient nutri-
tion. The increase in the area of forest near apiaries provides an increase in the diversity of 

Indexes Higher Lower Median 5% 95% Mean1 SME

Beekeeping equipment 0.92 0.33 0.63 0.33 0.83 0.61 0.03

Beekeeping management practices 0.68 0.21 0.47 0.32 0.66 0.49 0.02

Management and marketing 0.57 0.29 0.29 0.29 0.43 0.33 0.01

Harvesting and post-harvesting 
techniques

0.90 0.44 0.74 0.64 0.90 0.75 0.02

General index for each beekeeper 0.72 0.34 0.54 0.42 0.68 0.55 0.02

Honey productivity in kg per colony 40.00 15.00 20.50 16.75 35.00 23.86 1.16

Number of colonies 430.00 12.00 75.00 21.75 302.00 110.32 19.39

Experience in beekeeping activity in 
years

50.00 6.00 19.00 7.35 40.00 21.93 2.22

Age 77.00 26.00 57.00 38.35 65.95 54.68 1.98

1Mean obtained from 28 observations.

Table 2. Numerical summary of the survey on the adoption of beekeeping practices.
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plants, which positively affects the nutrition of the honeybees and, consequently, increases 
the colony productivity [21].

The general index of beekeeping (IA) in the Western region of Paraná was 0.55. The general 
index for each beekeeper, which includes all beekeeping practices ranged from 0.34 to 0.72430 
(mean ± SME of 0.55 ± 0.02). Average rates for each beekeeping practice were: use of beekeep-
ing equipment 0.61, management 0.49, harvesting and post-harvesting techniques 0.75, and 
management and marketing 0.33. There was a great variation of values for each index (see 
Table 2), which indicates the different adoption of practices in beekeeping.

The higher honey production is linked to the adoption of recommended beekeeping practices, 
especially those related to management (see Figure 1). However, only 50% of the beekeep-
ers use more than half of the beekeeping practices recommended for management (median 
0.48) (Table 2), with 50% of the beekeepers not adopting 50% of management recommenda-
tions regarding good beekeeping practices. Obviously, this can be an obstacle to production, 
because in addition to the honeybee flora, queen and old combs replacement, fighting dis-
eases, and food supply are prime factors for the increase of honey production.

More than 50% of beekeepers adopt more than 74% of the recommendations of beekeeping 
practices regarding the harvesting and post-harvesting of honey (median = 0.74, Table 2). 
However, it represents the quality of the honey samples verified through the parameters (see 
Table 3), in which only some samples did not include the standards established by national 
and international legislation [22, 23].

Figure 1. Ordering of the questionnaire data (normalized) in the first two main axes. Beekeeping equipment use (IE), 
beekeeping management practices (IM), harvesting and post-harvesting (IC), management and marketing (IG), honey 
productivity in kg per colony (Prod), number of colonies of Apis mellifera (Col), age (Id) and experience in beekeeping 
activity in years (Exp).
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axes in the PCA [12]. All statistical analyses were performed using the “R” software version 
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110 ± 19), and only one beekeeper had beekeeping as the main source of income. The age 
of beekeepers ranged from 26 to 77 years, while experience in the activity ranged from 6 to 
50 years, with an approximate average of 22 years of experience in beekeeping (Table 2). 
Beekeeping in the Western region of Paraná is predominantly family friendly.
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region of Paraná and found that 46% of the beekeepers had from 5 to 20 colonies, with honey 
production per colony no larger than 22.12 kg in the larger producer groups (i.e., they had 
larger areas of forest and smaller areas under agriculture). From our results, in general, it can 
be seen that the number of colonies kept by beekeepers increased, as well as there was a small 
increase in honey production per colony compared to 2009.

Possibly, the growth of the legal reserve area on these properties has been one of the factors 
responsible for such an increase in honey production, since we verified that no beekeepers 
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higher productivity of a colony is linked to the provision of balanced macronutrient nutri-
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plants, which positively affects the nutrition of the honeybees and, consequently, increases 
the colony productivity [21].

The general index of beekeeping (IA) in the Western region of Paraná was 0.55. The general 
index for each beekeeper, which includes all beekeeping practices ranged from 0.34 to 0.72430 
(mean ± SME of 0.55 ± 0.02). Average rates for each beekeeping practice were: use of beekeep-
ing equipment 0.61, management 0.49, harvesting and post-harvesting techniques 0.75, and 
management and marketing 0.33. There was a great variation of values for each index (see 
Table 2), which indicates the different adoption of practices in beekeeping.

The higher honey production is linked to the adoption of recommended beekeeping practices, 
especially those related to management (see Figure 1). However, only 50% of the beekeep-
ers use more than half of the beekeeping practices recommended for management (median 
0.48) (Table 2), with 50% of the beekeepers not adopting 50% of management recommenda-
tions regarding good beekeeping practices. Obviously, this can be an obstacle to production, 
because in addition to the honeybee flora, queen and old combs replacement, fighting dis-
eases, and food supply are prime factors for the increase of honey production.

More than 50% of beekeepers adopt more than 74% of the recommendations of beekeeping 
practices regarding the harvesting and post-harvesting of honey (median = 0.74, Table 2). 
However, it represents the quality of the honey samples verified through the parameters (see 
Table 3), in which only some samples did not include the standards established by national 
and international legislation [22, 23].
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The proportion of variance explained by the first two main components for the questionnaire 
data was 84.12% with the first axis explaining 72.54% and the second main axis 11.58% of the total 
variation, which in turn is satisfactory to explain most of the variation in PCA [12], see Figure 1.

Figure 1 represents a left-to-right gradient, starting with a similar group of the beekeepers 
(above the X-axis on the left) with higher values for honey productivity in kg per colony, 
management and marketing, harvesting and post-harvesting techniques, beekeeping equip-
ment and management, which are also more correlated with each other. A second group of 
the beekeepers (below the X axis on the left) presented higher age and experience in beekeep-
ing, which were variables with high negative correlation with the number of colonies and less 
positively correlated with honey productivity in kg per colony, management and marketing, 
harvesting and post-harvesting techniques, beekeeping equipment and management. A third 
group of beekeepers (to the right of the ordering on the X axis), very similar to each other, 
presented intermediate values in almost all measured variables.

Table 3 contains the results of the usual descriptive statistics of the eight physicochemical 
parameters of honey samples analyzed.

Honey acidity varied from 12.75 to 49.50 meq.kg−1 (mean ± SME of 27.58 ± 2.28 meq.kg−1), which 
is in accordance with the requirements of national and international regulations, which is, in 
general, no more than 50 meq.kg−1 [22, 23]. The variation of acidity between the different samples 
can be attributed to floral origin, harvesting time of honey [8], or fermentation processes [24]. 
The free acidity of honey can be explained by the presence of organic acids in equilibrium with 
their corresponding lactones, or internal esters, and some inorganic ions, such as phosphate [25].

Honey is mainly composed of monosaccharides, such as glucose and fructose and disaccha-
ride sucrose. The percentage of reducing sugars of the analyzed honey samples ranged from 
65.03 to 90.40% (mean ± SME of 74.47 ± 1.03) and the average percentage of apparent sucrose 

Parameters Higher Lower Median 5% 95% Mean1 SME

Acidity (mq.kg−1) 49.50 12.75 23.25 13.23 48.16 27.58 2.28

Reducing sugar (%) 90.40 64.42 74.08 66.01 84.92 74.47 1.03

Ash (%) 0.29 0.07 0.12 0.07 0.25 0.13 0.01

Electrical conductivity (μS.cm−1) 534.4 120.4 210.4 125.57 388.18 221.67 16.88

Diastase (° Goethe) 21.99 6.02 11.87 6.89 17.65 11.62 0.64

HMF* (mg.kg−1) 37.43 0.38 10.26 1.50 21.42 10.04 1.48

pH 4.48 3.44 3.94 3.62 4.30 3.94 0.05

Sucrose (%) 7.37 6.02 3.09 0.98 6.19 3.21 0.33

Moisture (%) 30.05 13.75 18.15 14.78 25.51 19.64 0.77

*Hydroxymethylfurfural.
1Mean obtained from 28 observations.

Table 3. Numerical summary of physicochemical parameters of honey samples from Apis mellifera colonies, Paraná, 
Brazil.
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was 3.21, with a variation of 0.10 to 7.37% and an SME of 0.33. For the percentage of reducing 
sugars, the Brazilian standard establishes a minimum of 65% [22] and international regulation 
[23], in general, a minimum of 60%, and all the different analyzed samples was included in 
these specifications. However, 10% of samples had a percentage of apparent sucrose greater 
than that required by the legislation which was a maximum of 5% [22, 23].

Electrical conductivity and ash content are important parameters of honey quality [10]. 
Analyzed honey samples had ash content ranging from 0.07% to 0.29%, that is, below the 
maximum value of 0.60% [22, 23]. Electrical conductivity values of analyzed honey samples 
ranged from 120.4 μS.cm−1 to 534.4 μS.cm−1. Although there is no value recommended by 
Brazilian legislation [22] for electrical conductivity, the values obtained are within the scope 
of international regulation [23], which is desired to be smaller than 800 μS.cm−1. However, in 
honey samples analyzed from all regions of Brazil, it is very common to obtain values above 
this index for electrical conductivity.

The ash content is a direct measure of the inorganic residues present in honey sample after 
the carbonization, while the electrical conductivity measurements express all the organic and 
inorganic ionizable substances [10]. The electrical conductivity can be considered an impor-
tant geographical marker for honey samples [26, 27] and ash content may be important in the 
evaluation of possible mineral contamination [10].

Hydroxymethylfurfural (HMF) and diastase activity are also indicators of honey quality. No 
sample exceeded the limits set for the HMF parameter, and 13% did not comply with national 
and international regulations for diastase activity: maximum HMF content of 40 mg.kg−1 and 
a minimum of 8 on the Goethe scale for diastase activity [22, 23]. HMF content of the analyzed 
honey samples ranged from 0.38 to 37.43 mg.kg−1, and diastase activity ranged from 6.02 to 
21.99 on the Goethe scale, indicating that the honey sampled was high quality [10]. It was sug-
gested that for a honey to be considered of high quality it is expected that it has high activity 
diastase and low content of HMF.

The knowledge of moisture in honey is useful to improve the conservation and storage prac-
tices of honey, since it prevents the growth of microorganisms [10]. For the analyzed honey 
samples, percentage of moisture varied from 13.75 to 30.05, with an average of 19.64% and SME 
of 0.77. Among the analyzed samples, 33% was not included in the requirements of national 
and international legislation, which establishes a maximum of 20% of moisture [22, 23]. In 
the 2008/2009 harvesting, [24] verified that 37.5% of honey samples from the Western region 
of Paraná presented values higher than 20% of moisture and considered that the responsible 
factors could be the premature harvesting of honey or the absorption of water from the envi-
ronment during storage, because it is highly hygroscopic, or because of the amount of rainfall 
at the time when it was produced.

As honey moisture may be indicative of the mismanagement problem in the region, similar 
to what occurs in other regions of the country, [24] passed on this information to the regional 
cooperative beekeepers that provide them technical assistance, so that they are alerted and 
aware of the correct management. However, it is still apparent from our results that the mea-
surements were not sufficient for the samples to reach the moisture requirements recom-
mended by national and international legislation.
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The proportion of variance explained by the first two main components for the questionnaire 
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was 3.21, with a variation of 0.10 to 7.37% and an SME of 0.33. For the percentage of reducing 
sugars, the Brazilian standard establishes a minimum of 65% [22] and international regulation 
[23], in general, a minimum of 60%, and all the different analyzed samples was included in 
these specifications. However, 10% of samples had a percentage of apparent sucrose greater 
than that required by the legislation which was a maximum of 5% [22, 23].

Electrical conductivity and ash content are important parameters of honey quality [10]. 
Analyzed honey samples had ash content ranging from 0.07% to 0.29%, that is, below the 
maximum value of 0.60% [22, 23]. Electrical conductivity values of analyzed honey samples 
ranged from 120.4 μS.cm−1 to 534.4 μS.cm−1. Although there is no value recommended by 
Brazilian legislation [22] for electrical conductivity, the values obtained are within the scope 
of international regulation [23], which is desired to be smaller than 800 μS.cm−1. However, in 
honey samples analyzed from all regions of Brazil, it is very common to obtain values above 
this index for electrical conductivity.

The ash content is a direct measure of the inorganic residues present in honey sample after 
the carbonization, while the electrical conductivity measurements express all the organic and 
inorganic ionizable substances [10]. The electrical conductivity can be considered an impor-
tant geographical marker for honey samples [26, 27] and ash content may be important in the 
evaluation of possible mineral contamination [10].

Hydroxymethylfurfural (HMF) and diastase activity are also indicators of honey quality. No 
sample exceeded the limits set for the HMF parameter, and 13% did not comply with national 
and international regulations for diastase activity: maximum HMF content of 40 mg.kg−1 and 
a minimum of 8 on the Goethe scale for diastase activity [22, 23]. HMF content of the analyzed 
honey samples ranged from 0.38 to 37.43 mg.kg−1, and diastase activity ranged from 6.02 to 
21.99 on the Goethe scale, indicating that the honey sampled was high quality [10]. It was sug-
gested that for a honey to be considered of high quality it is expected that it has high activity 
diastase and low content of HMF.

The knowledge of moisture in honey is useful to improve the conservation and storage prac-
tices of honey, since it prevents the growth of microorganisms [10]. For the analyzed honey 
samples, percentage of moisture varied from 13.75 to 30.05, with an average of 19.64% and SME 
of 0.77. Among the analyzed samples, 33% was not included in the requirements of national 
and international legislation, which establishes a maximum of 20% of moisture [22, 23]. In 
the 2008/2009 harvesting, [24] verified that 37.5% of honey samples from the Western region 
of Paraná presented values higher than 20% of moisture and considered that the responsible 
factors could be the premature harvesting of honey or the absorption of water from the envi-
ronment during storage, because it is highly hygroscopic, or because of the amount of rainfall 
at the time when it was produced.

As honey moisture may be indicative of the mismanagement problem in the region, similar 
to what occurs in other regions of the country, [24] passed on this information to the regional 
cooperative beekeepers that provide them technical assistance, so that they are alerted and 
aware of the correct management. However, it is still apparent from our results that the mea-
surements were not sufficient for the samples to reach the moisture requirements recom-
mended by national and international legislation.
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The PCA for the physicochemical parameters (normalized data) indicates that 71.92% of the 
variation in the data can be explained by the overall effect of the first two main axes. The first 
two axes have values corresponding to 53.14 and 18.78% of the total variance (Figure 2).

In Figure 2, PCA data for physicochemical parameters suggest similarities between honey 
samples, with the formation of only two groups: the first group of samples, to the right of 
the Y axis (PCA 1), was more similar for acidity, HMF, moisture, diastase, reducing sugars, 
apparent sucrose, and pH, and a second group, to the left of the Y axis (PCA 2), was more 
similar for electrical conductivity and ash. Figure 2 presents a positive correlation between 
electrical conductivity and ash, acidity, and HMF, between diastase activity and moisture, as 
well as between reducing sugars, apparent sucrose, and pH.

Therefore, experience in beekeeping, beekeeper age, and a number of colonies kept on proper-
ties are not variables that are strongly associated positively with increased honey production. 
Another issue is that the analyzed honey samples were very similar for the physicochemical 
parameters, in addition to the ones recommended by national and international legislation, 
which is an indication of the honey quality of the western region of the State of Paraná, Brazil.

However, we are aware that our results have limitations, such as sample size. Even so, 
the analyses were efficient and can be a valid alternative for application in future studies. 
Therefore, new studies must be performed with the same technique of data analysis proposed 
here, however, with a larger sample size. This could reflect a more representative image of 
the reality of beekeeping, with the consequence of reducing the main bottlenecks in the honey 
production chain, aiming at maintaining quality and increasing honey production.

Figure 2. Ordering of the data referring to the physicochemical parameters (normalized) in the plane of the first two 
main axes. Moisture (Moi), ash content (Ash), electrical conductivity (Con), hydroxymethylfurfural content (HMF), 
acidity (Aci), diastase activity (Dia), reducing sugars (Sug), and apparent sucrose (Sac).
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4. Conclusions

The construction of apicultural indexes and their associations with quantitative variables, 
using the multivariate technique of Principal Component Analysis was able to explain 84.12% 
of the total variation of the data in only two main axes and, therefore, proved to be efficient to 
draw a beekeeping profile, as well as for possible decision-making, with consequences for the 
future development of the activity. Statistical analysis indicated that the adoption of adequate 
beekeeping practices in the region, especially those related to the beekeepers’ management 
and marketing of beekeeping products can provide a higher honey production in the region, 
especially due to its strong positive associations.
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4. Conclusions
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of the total variation of the data in only two main axes and, therefore, proved to be efficient to 
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Abstract

Drosophila male sex peptide ACP70A is a small peptide mainly produced in the accessory 
glands. It elicits a high number of post-mating responses in mated females; yet its func-
tion in male physiology is not well known. Here, we explore its role in male sex behav-
ior and pheromone biosynthesis, using males either mutant or RNAi knocked-down for 
Acp70A. Courtship was severely affected in both Acp70A mutants and Acp70A knocked-
down males, with only 2% of the males succeeding copulation. Cuticular hydrocarbon 
amounts were moderately affected with 25% decrease in sp0 mutant (without Acp70A 
expression) and 10–22% increase in flies overexpressing Acp70A. Acp70A knock-down 
either ubiquitously or in the testes surprisingly resulted in an overproduction of hydro-
carbons, whose amounts were double of the controls. We tested eight putative “off-target”  
genes but none of these led to an increase in hydrocarbon amounts. These results show 
that male courtship behavior is largely dependent on the presence of Acp70A and inde-
pendent of cuticular hydrocarbons. The presence of potential “off-target” genes explain-
ing the hydrocarbon phenotype is discussed.

Keywords: cuticular hydrocarbons, pheromones, sex peptide, Acp70A, courtship 
behavior, Drosophila

1. Introduction

In most reproducing animals, including Drosophila, seminal fluid is transferred along with 
sperm to females during mating. These seminal fluid components have important effects on 
female behavior and physiology and have been extensively studied in Drosophila melanogaster  
[1, 2]. Most of these seminal proteins are synthesized in the accessory glands (AGs) and 
therefore, named ACcessory gland Proteins (ACPs). One well-characterized ACP, ACP70A 
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1. Introduction

In most reproducing animals, including Drosophila, seminal fluid is transferred along with 
sperm to females during mating. These seminal fluid components have important effects on 
female behavior and physiology and have been extensively studied in Drosophila melanogaster  
[1, 2]. Most of these seminal proteins are synthesized in the accessory glands (AGs) and 
therefore, named ACcessory gland Proteins (ACPs). One well-characterized ACP, ACP70A 
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(also called SP, sex peptide), plays a major role in eliciting postmating response: it modifies 
the female behavior, resulting in the rejection of courting males [3, 4]. It has a crucial role on 
female reproduction: it increases oogenesis [5], egg production [6] and egg-laying [3, 4]. It also 
induces dramatic effects on female nutrition: it increases food uptake [7], modifies food prefer-
ence by altering nutrient balancing [8] and alters gut water absorption and intestinal transit 
[9]. The other physiological modifications are the inhibition of sleep [10] and the regulation 
of sperm release from the storage organs [11]. All these effects are caused by the binding of 
the C-terminal part of the sex peptide to a neuronal sex peptide receptor (SPR) in the female 
[12–14]. The central part of sex peptide elicits the expression of immune response genes [15], 
and the N-terminal part activates the corpora allata (CA), inducing increased synthesis of juve-
nile hormone (JH) [16], which triggers oogenesis and vitellogenic oocyte progression [5] and 
also leads to decreased pheromone biosynthesis [17].

Whereas, there are numerous studies on the role of male sex peptide on female physiology, 
there are no such studies concerning male physiology. As we observed that there was a defect 
in courtship behavior of sex peptide mutant males, we wanted to elucidate the possible roles 
of ACP70A in male behavior and physiology. In this study, we report clear defects in male sex 
behavior and moderate defects in hydrocarbon and pheromone synthesis concerning mutant 
males. Using sex peptide knocked-down males, we confirmed the control of sex peptide on 
male sex behavior. Conversely, ubiquitous expression of Acp70A-RNAi resulted in a two-
fold increase in cuticular hydrocarbon (CHC) amounts. We could exclude the role of eight 
off-targets in this CHC augmentation and localize this RNAi effect in the accessory glands 
(responsible for a 35% increase) and in the testes (responsible for the rest of the effect). The 
presence of sperm in the testes does not affect CHC biosynthesis.

2. Materials and methods

2.1. Drosophila strains and rearing

Three strains mutant for sex peptide were used:

• the deficiency Δ130/TM3 (covering the Acp70A gene);

• the point mutant sp0, produced by targeted mutagenesis by homologous recombination 
[4]. sp0 males were used balanced by TM3 (sp0/TM3: one copy of Acp70A is active) or ho-
mozygous (sp0/ sp0: no production of ACP70A), or crossed by Δ130/TM3 (sp0/Δ130: no 
production of ACP70A).

• DTA-E [18], which are sperm-less and lack ACPs produced from the main cells (96% of the 
accessory glands).

The laboratory wild-type Canton-S strain was also used as a control.

The following Gal-lines from the Bloomington Drosophila Stock Centre were used: daughter-
less (da)-Gal4, a ubiquitous driver; elav-Gal4, a driver expressed in the nervous system [19], 
dopa decarboxylase (ddc)-Gal4, expressed in epidermis and nervous system [20], 1407-Gal4 and 
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PromE-Gal4, both expressed in pupal and adult oenocytes [21, 22], c564-Gal4, expressed in 
fat body [23], Acp26A-Gal4, expressed in accessory glands [3], svp-Gal80, which specifically 
blocks Gal4 activity in the oenocytes [24]. Using a UAS-GFP line, we could show that 1407-
Gal4 was also expressed in testes and built a line with the following genotype: 1407-Gal4; svp-
Gal80 that drives the expression only in the testes. Images were visualized and photographed 
on a Nikon eclipse E800 microscope with a Cool Snap camera.

A UAS-Acp70A line was generated in our laboratory and noted UAS-Acp70A+ [17]. The fol-
lowing UAS-RNAi-lines were obtained from the VDRC Stock Center and directed against: 
Acp70A, SP (109,175 KK); lamp1, CG3305, (7309 GD); dco, CG4379 (101,524 KK); rgk1, CG44011 
(108,710 KK); CG5961 (100,023 KK); CG15128 (100238KK); CG9413 (108,867 KK); CG8315 
(105,654 KK); tinc, CG31247 (101,175 KK).

Drivers were maintained as heterozygous over a Balancer (Cyo or TM3). In all RNAi knock-
down (or overexpression) experiments, balanced gal4-driver females were crossed to UAS males. 
Balanced progeny was taken as the control of RNAi knocked-down (or overexpression) progeny.

Flies were grown at 25°C with 12/12 light–dark (LD) cycles, on standard cornmeal medium. 
They were separated by sex at emergence and kept sex-separated in groups of 10 in fresh food 
vials until testing (4 days after emergence).

2.2. Hydrocarbon analyses

CHCs were removed from single 4-day-old flies by washing them for 5 min in 100 μL heptane 
containing 500 ng hexacosane (n-C26) as an internal standard. The fly was then removed from 
the vial and 5 μL of each sample was injected into a Perichrom Pr200 gas chromatograph, with 
hydrogen as the carrier, using a split injector (split ratio 40:1). The oven temperature started 
at 180°C, ramped at 3°C/min to 300°C, for a total run of 40 min. The data were automatically 
computed and recorded using Winilab III software (version 04.06, Perichrom) as previously 
described [17]. As we did not observe significant variation in the CHC profiles, we only rep-
resented the total amount of CHCs as means ± SEM (n = 10 for all tests).

2.3. Analysis of Acp70A expression

Quantitative PCR was performed as described [25] using RNA TRIzol™ (Invitrogen) to extract 
RNAs from 10 adults for each sample. cDNAs were synthesized with SuperScript II, and PCR 
was perfumed with a LightCycler® 480 SYBR Green I Master (Roche Applied Science). Primers 
for Acp70A (5′-ATTCTTGGTTCTCGTTTGCG-3′ and 5′-TAACATCTTCCACCCCAGG-3′) 
were used. To normalize mRNA amounts, we tested six different genes and used one gene, 
which was shown to be very stable in all samples: CG7598 (5′-AACGGATGTGGTGTTCGATT-3′ 
and 5′-TAATGCCATCCTTGGTGTGA-3′). Samples were performed in independent tripli-
cates (each consisting of two technical replicates).

2.4. Mating experiments

A 4-day-old Canton-S female was introduced into the observation chamber, consisting of a 
watch glass (28-mm diameter and 5-mm internal height) placed on a glass plate and left for 
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2 min before the introduction of the male. The following parameters were recorded: lengths 
of courtship, first copulation attempt and copulation latency (time from introduction of the 
male into the observation chamber to courtship, first copulation attempt or copulation), per-
centages of courtship, first copulation attempt and copulation (percentages of males perform-
ing courtship, copulation attempt or copulation). The effects of genotypes were evaluated by 
Kruskal-Wallis tests (latencies) and χ2-tests (percentages of flies). N ≥ 50 for all tests.

3. Results

3.1. Expression of Acp70A in adult males

Acp70A expression was not significantly different in controls (Canton-S and Acp26A) and in 
sp0 mutants that possess a point mutation in the signal sequence. In contrast, Acp70A expres-
sion was dramatically inhibited in Acp26A > Acp70A-RNAi males (−99%) and higher expres-
sion was observed in Acp26A > Acp70A males (+63%) (Figure 1).

3.2. Effect of Acp70A on male sex behavior

Males mutant for Acp70A (sp0/+ and sp0/sp0), overexpressing Acp70A (Acp26A > Acp70A) or 
RNAi knocked-down (Acp26A > Acp70A-RNAi and da > Acp70A-RNAi) were tested in face of 
wild-type females (Figure 2).

All the steps of courtship were affected in sp0 mutants: the number of heterozygous males 
that attempted or succeeded copulation decreased by 54 and 73%, respectively. The effect of 
the homozygous mutation was dramatic: sp0/sp0 males performing courtship (wing vibra-
tion) were 5 times fewer than heterozygous or control males, and out of the 50 homozygous 

Figure 1. Transcriptional expression of Acp70A in control, mutant, knocked-down or overexpressing male flies. Each bar 
represents mean ± SEM of three independent trials. *, ** and *** indicate significant differences (P = 0.05, 0.01 and 0.001, 
respectively).
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males tested, only 3 attempted to copulate and 1 succeeded copulation. Time needed to per-
form these tasks was higher as well: homozygous sp0 males needed 5 times more than sp0/+ 
or wild-type males to initiate courtship and the time to attempt copulation was 1.7 and 2 times 
longer in heterozygous and homozygous mutants, compared to control males.

Overexpression of Acp70A in the accessory glands did not modify the proportion of males 
performing the different steps of courtship behavior. On the other hand, the time necessary to 
perform wing vibration was double.

Courtship of males knocked-down for Acp70A in accessory glands was also affected: the per-
centage of these males performing copulation attempts and copulation was, respectively, 30 
and 41% lower when compared to control males. It took them 2 and 1.5 times longer to per-
form wing vibration and copulation attempts when compared to control males. When knock-
down was induced ubiquitously (da > Acp70A-RNAi), the inhibition of courtship was more 
severe and similar to that observed in homozygous sp0 males.

These results show that there is a significant inhibition of courtship behavior in absence of sex 
peptide expression.

3.3. Effect of Acp70A on CHCs

Heterozygous sp0 male CHCs were not significantly different from wild-type ones (Figure 3).  
Conversely, homozygous sp0 males as well as males bearing one sp0 over a deficiency cov-
ering the entire Acp70A gene showed a 25% decrease in the total CHC amount. This result 

Figure 2. Courtship and mating experiments in fly pairs composed of a wild-type (Canton-S) female and a male of a 
different genotype: percentages of males performing courtship (WB), copulation attempts (CA) and copulation (C) and 
time needed to initiate these tasks. Effect of the sp0 mutation and overexpression or RNAi knock-down of Acp70A in 
males (drivers Acp26A-Gal4 and da-Gal4). Each bar represents mean ± SEM of 50 trials. *, ** and *** indicate significant 
differences (P = 0.05, 0.01 and 0.001, respectively). N is indicated below each bar.

Role of Sex Peptide in Drosophila Males
http://dx.doi.org/ 10.5772/intechopen.74416

79
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males tested, only 3 attempted to copulate and 1 succeeded copulation. Time needed to per-
form these tasks was higher as well: homozygous sp0 males needed 5 times more than sp0/+ 
or wild-type males to initiate courtship and the time to attempt copulation was 1.7 and 2 times 
longer in heterozygous and homozygous mutants, compared to control males.

Overexpression of Acp70A in the accessory glands did not modify the proportion of males 
performing the different steps of courtship behavior. On the other hand, the time necessary to 
perform wing vibration was double.

Courtship of males knocked-down for Acp70A in accessory glands was also affected: the per-
centage of these males performing copulation attempts and copulation was, respectively, 30 
and 41% lower when compared to control males. It took them 2 and 1.5 times longer to per-
form wing vibration and copulation attempts when compared to control males. When knock-
down was induced ubiquitously (da > Acp70A-RNAi), the inhibition of courtship was more 
severe and similar to that observed in homozygous sp0 males.

These results show that there is a significant inhibition of courtship behavior in absence of sex 
peptide expression.

3.3. Effect of Acp70A on CHCs

Heterozygous sp0 male CHCs were not significantly different from wild-type ones (Figure 3).  
Conversely, homozygous sp0 males as well as males bearing one sp0 over a deficiency cov-
ering the entire Acp70A gene showed a 25% decrease in the total CHC amount. This result 

Figure 2. Courtship and mating experiments in fly pairs composed of a wild-type (Canton-S) female and a male of a 
different genotype: percentages of males performing courtship (WB), copulation attempts (CA) and copulation (C) and 
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Figure 4. Cuticular hydrocarbon amounts in adult males that were RNAi knocked-down for Acp70A in different tissues: 
ubiquitously (da), in the accessory glands (Acp26A), in fat body (c564), in epidermis (ddc), in nervous system (elav), in 
oenocytes (Prome), in oenocytes and testes (1407) and in testis (1407; svpgal80). Each bar represents mean ± SEM (n = 10). 
** and *** indicate significant differences (P = 0.01 and 0.001, respectively).

confirms that sp0 is a null mutant. Inversely, a ubiquitous overexpression of Acp70A led to a 
small but significant increase in CHCs (+22%).

Acp70A ubiquitous knock-down (da > Acp70A-RNAi) was followed by a twofold increase in 
CHC amount (Figure 4). We thus wondered whether this increase could be due to off-target 
effect. The RNAi line was described as having no off-target sequence (no gene covering a 
19-mers sequence of the RNAi sequence). We performed a Blast analysis with different 16-mers 
from the RNAi sequence and obtained eight putative off-target genes containing a stretch of 
coding sequence identical to at least 15-mers of Acp70A sequence (Figure 5). The RNAi of these 
genes was expressed ubiquitously to measure their effect on male CHCs. For five RNAi tested, 
we obtained no effect on CHCs and for three RNAi (directed against lamp1, rgk1 and tinc), 
there was a lower amount of CHCs (from −14 to 22%, depending on the RNAi) (Figure 6). In 

Figure 3. Cuticular hydrocarbon amounts in adult males either mutant for sp0 (left) or overexpressing Acp70A (right) 
under the Acp26A-gal4 driver. Each bar represents mean ± SEM (n = 10). * indicates significant differences (P = 0.05).
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conclusion, the dramatic increase in CHC amount following ubiquitous Acp70A knock-down 
cannot be explained by an off-target effect due to these genes.

3.4. Characterization of the tissue involved in CHC control

In males, Acp70A is expressed at a very high level in accessory glands and at a moderate level 
in testis and carcass (8631, 100 and 95 arbitrary units, respectively; FlyAtlas).

We then wanted to determine the tissue responsible for this effect by targeting Acp70A-RNAi 
to various tissues. We confirmed the locations of expression of the different Gal4 lines used 
in this study and showed that 1407-Gal4 was additionally expressed in the testes (Figure 7).

No significant effect on CHCs was obtained when Acp70A RNAi was expressed in fat body 
(c564 > Acp70A RNAi), in epidermis (ddc > Acp70A RNAi) and in oenocytes (PromE > Acp70A RNAi). 
On the other hand, Acp70A knock-down in accessory glands led to a moderate (+35%) increase 
in CHC amount. CHC amount was multiplied by a factor of 2 in elav > Acp70A RNAi (nervous 
system) and a factor of 3 in 1407 > Acp70A RNAi (oenocytes + testes) and 1407; svp-Gal80 > Acp70A 
-RNAi (testes). This last result shows an essential role of the testes on CHC production (Figure 4).

3.5. CHC profile of the DTAE-line

The DTA-E line is characterized by the absence of accessory glands and some defects in testes, 
among them, a lack of sperm. DTA-E males were found to produce 1.4-fold more CHCs. We 

Figure 5. Putative off-target genes containing a stretch of coding sequence identical to at least 15-mers of Acp70A sequence.

Figure 6. Cuticular hydrocarbon amounts in adult males knocked-down for putative off-target genes. Each bar represents 
mean ± SEM (n = 10). * and ** indicate significant differences (P = 0.05 and 0.01, respectively).
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wanted to evaluate the effect of the absence of sperm on CHCs. Four elongase genes are essen-
tial to spermatozoid development and the lack of expression in testes leads to sterile males 
without sperm [26–28]. We knocked-down these genes in the testes, using the 1407-Gal4 line. 
We verified the absence of sperm in the RNAi males. None of these genes had any effect on 
male CHC production (Figure 8).

4. Discussion

4.1. Sex behavior

Ubiquitous overexpression of sex peptide had no significant effect on male sex behavior: the 
percentage of males performing the different steps of courtship (wing vibration, copulation 

Figure 8. Cuticular hydrocarbon amounts in adult males that do not produce sperm: either DTA-E or knocked-down for 
CG6821, CG17821, CG31141 and CG3971. Each bar represents mean ± SEM (n = 10). ** indicates significant difference (P = 0.01).

Figure 7. Photomicrographs showing GFP expression in male reproductive apparatus from 1407-Gal4; svp-Gal80. 
Fluorescence could be detected only in the testes. Scale bar: 0.5 mm.
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attempts and copulation) was unchanged and only the time to begin courtship was length-
ened. Conversely, sp0 males showed difficulties to court and the effect was dependent on the 
dose of the mutant allele: heterozygous sp0 males courted wild-type females the same way as 
wild-type males did but only a half of them attempted copulation and one-eighth succeeded 
to mate. The inhibition was more drastic in homozygous sp0 males, as less than one-fifth 
courted the females and only 2% succeeded to mate.

We tested the males that were RNAi knocked-down for sex peptide in the accessory glands. To 
target the expression in the accessory glands, we used the driver Acp26A-Gal4. Acp26A gene is 
almost exclusively expressed in the accessory glands (3589 and 97 units in the accessory glands 
and the testes, respectively; FlyAtlas). Courtship behavior of Acp26A > Acp70A RNAi males 
was affected, but less than that of sp0 males: they courted wild-type females the same way 
as wild-type males did, two-third knocked-down males attempted copulation and less than 
a half copulated. This result raised the question: does sp0 affect tissues other than accessory 
glands? When we ubiquitously expressed sex peptide RNAi, we obtained courtship results 
similar to those with sp0. Taken together, the results suggest a positive control of sex peptide 
on male courtship behavior. They also pose the problem of the reason of the absence of mat-
ing in sp0 and da > Acp70A RNAi males since Q-PCR results clearly show that the expression 
of Acp70A RNAi in accessory glands via Acp26A-Gal4 reduces Acp70A expression to only 1%.

4.2. Cuticular hydrocarbons

In the female, the transfer of ACP70A during mating induces a decrease in cuticular hydrocar-
bon amount. This decrease occurs 3 and 4 days after mating and might be due to the overpro-
duction of juvenile hormone following mating, caused by the action of Acp70A on the corpora 
allata [17]. We therefore wondered whether Acp70A could regulate the production of hydrocar-
bons in the male. The sp0 mutation as well as Acp70A ubiquitous overexpression led to mod-
erate effects on male CHC production: whereas, wild-type and sp0 heterozygous males had 
similar CHC amounts, there was a 25% decrease and a 10–22% increase in homozygous sp0 that 
do not produce ACP70A and da > Acp70A (overproduction of ACP70A) males, respectively. 
This result seems to be in favor of a positive regulation of sex peptide on CHC production.

The results concerning the effect of Acp70A RNAi on cuticular hydrocarbons were unex-
pected: a 35% increase occurred when Acp70A expression was inhibited in the accessory 
glands, using Acp26A-Gal4. Acp26A gene is mainly, but not exclusively, expressed in the 
accessory glands (3589 and 97 units in the accessory glands and the testes, respectively; 
FlyAtlas). Acp26A expression in the testes represents 2.7% of the expression in the acces-
sory glands, similar to Acp70A (1.1%). Moreover, a ubiquitous Acp70A knock-down led to a 
twofold increase in CHC amount; we firstly ascribed this dramatic effect to the presence of 
possible off-targets of the RNAi.

ACP70A is a small peptide (55 amino acids, including the signal sequence). The nucleic 
sequence of Acp70A RNAi covers almost the totality of the coding sequence, and also includes 
the small intron. We found eight putative off-target genes, containing a stretch of coding 
sequence identical to at least 15-mers of Acp70A RNAi sequence. However, none of these 
putative off-target genes could be accountable for the dramatic CHC increase resulting in 
Acp70A RNAi expression.
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attempts and copulation) was unchanged and only the time to begin courtship was length-
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wild-type males did but only a half of them attempted copulation and one-eighth succeeded 
to mate. The inhibition was more drastic in homozygous sp0 males, as less than one-fifth 
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a half copulated. This result raised the question: does sp0 affect tissues other than accessory 
glands? When we ubiquitously expressed sex peptide RNAi, we obtained courtship results 
similar to those with sp0. Taken together, the results suggest a positive control of sex peptide 
on male courtship behavior. They also pose the problem of the reason of the absence of mat-
ing in sp0 and da > Acp70A RNAi males since Q-PCR results clearly show that the expression 
of Acp70A RNAi in accessory glands via Acp26A-Gal4 reduces Acp70A expression to only 1%.

4.2. Cuticular hydrocarbons

In the female, the transfer of ACP70A during mating induces a decrease in cuticular hydrocar-
bon amount. This decrease occurs 3 and 4 days after mating and might be due to the overpro-
duction of juvenile hormone following mating, caused by the action of Acp70A on the corpora 
allata [17]. We therefore wondered whether Acp70A could regulate the production of hydrocar-
bons in the male. The sp0 mutation as well as Acp70A ubiquitous overexpression led to mod-
erate effects on male CHC production: whereas, wild-type and sp0 heterozygous males had 
similar CHC amounts, there was a 25% decrease and a 10–22% increase in homozygous sp0 that 
do not produce ACP70A and da > Acp70A (overproduction of ACP70A) males, respectively. 
This result seems to be in favor of a positive regulation of sex peptide on CHC production.

The results concerning the effect of Acp70A RNAi on cuticular hydrocarbons were unex-
pected: a 35% increase occurred when Acp70A expression was inhibited in the accessory 
glands, using Acp26A-Gal4. Acp26A gene is mainly, but not exclusively, expressed in the 
accessory glands (3589 and 97 units in the accessory glands and the testes, respectively; 
FlyAtlas). Acp26A expression in the testes represents 2.7% of the expression in the acces-
sory glands, similar to Acp70A (1.1%). Moreover, a ubiquitous Acp70A knock-down led to a 
twofold increase in CHC amount; we firstly ascribed this dramatic effect to the presence of 
possible off-targets of the RNAi.

ACP70A is a small peptide (55 amino acids, including the signal sequence). The nucleic 
sequence of Acp70A RNAi covers almost the totality of the coding sequence, and also includes 
the small intron. We found eight putative off-target genes, containing a stretch of coding 
sequence identical to at least 15-mers of Acp70A RNAi sequence. However, none of these 
putative off-target genes could be accountable for the dramatic CHC increase resulting in 
Acp70A RNAi expression.
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4.3. Search of the tissue involved in the control on hydrocarbon production

We knocked-down sex peptide in different tissues and could demonstrate that neither the 
fat body, nor the oenocytes or the epidermis could be responsible for the large rising level of 
CHCs. On the other hand, sex peptide expression in the testes or in the nervous system led to 
a CHC increase similar to ubiquitous overexpression.

Sex peptide Acp70A is mainly expressed in the accessory glands, but some expression is also 
observed in the testes and the carcass (FlyAtlas). Inside the accessory glands, it is exclusively 
produced by the main cells (96% of the accessory glands) [29]. When we used the DTA-E line 
in which accessory gland main cell function was genetically disrupted [18], we obtained as 
well a large-fold increase in CHCs. DTA-E line was obtained after the introduction of diph-
theria toxin subunit A (DTA) into the accessory glands via the promoter of Acp95EF [18]. 
ACP95EF is also a sex peptide produced in the accessory glands and transmitted to the female 
after mating. It has the same place of production as ACP70A; in the accessory glands, it is 
exclusively produced in the main cells [29]. Within the fly, it is mainly expressed in the acces-
sory glands and marginally in the testes (787 and 62 arbitrary units, respectively; FlyAtlas). 
DTA-E males lack ACPs produced from the main cells but have normal secondary cells as 
well as ejaculatory bulb and duct [30]. DTA-E males are sterile and the block of spermatogen-
esis occurs at the primary spermatocyte stage [18]. The occurrence of a faint expression of this 
gene in the testes (FlyAtlas) could explain the lack of sperm. However, the lack of sperm is not 
directly responsible for the large increase in CHC amounts since flies that did not produce 
sperm after RNAi knock-down for different elongases involved in sperm production did not 
increase their CHC production.

The question is: why does DTA-E line show a similar male CHC phenotype to da > Acp70A-
RNAi? In the former line, no off-target can be involved. An explanation could be that a “leak-
age” of the Acp95EF promoter has resulted in a lack of sperm and probably other defects [18]. 
In males that have been RNAi knocked-down ubiquitously, one may suppose the effect of 
unknown “off-target” genes that are essential to testis function. This might suggest a role (yet 
unknown) of the testes in the control of male hydrocarbons.

5. Conclusion

This study demonstrates a role of sex peptide on male courtship behavior. Moreover, the data 
with DTA-E and RNAi knocked-down flies show the importance of the integrity of the testes 
(not the sperm) in the control of CHCs.
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