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Arthropods are the most abundant and diverse group of invertebrate animals in
existence. They have many purposes including pollination, food for both humans and
domestic animals, bioindication, biological pest control, and more. Unfortunately,
like all species of animals and plants existing in the world, arthropods face serious
conservation problems and the risk of extinction.

This book covers topics such as arthropods as food for humans, arthropods as a bio-
indicator species, use of arthropods in the cosmetic and pharmaceutical industries, 
arthropods and their conservation status, diets for raising arthropods, models that
relate arthropods to climate change, enemies that biologically control some insect
pests, and the coloration of flowers and its relationship with pollination by butterfly
species. It is a useful reference for undergraduate and graduate students, academics, 
researchers, and anyone interested in learning more about this important group of
invertebrates and their current conservation status.

It has been a great pleasure serving as editor of this volume. I thank all contributing 
authors for their effort and participation.

Ramón Eduardo Rebolledo Ranz
Universidad de La Frontera Casilla,

Temuco, Chile
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Chapter 1

Arthropods in Cosmetics, 
Pharmaceuticals and Medicine:  
A Review
Cordelia Ebenebe, Simon Okweche, Oghale Okore, 
Valentine Okpoko, Maduabuchi Amobi, Joan Nneamaka Eze, 
Benedeth Ezenyilimba and Michael Okonkwo

Abstract

Apart from food, other important needs in the care of human bodies are 
cosmetics and drugs. For long the latter two are obtained from chemical formula-
tions and phytochemicals (commonly used in Ethnomedicine), use of bioactive 
compounds from insects (i.e. “ento medicine” and “ento cosmetics”) is a recent 
development in research, even though the bioactive compounds were discovered 
long ago. This chapter is a review on a number of substances extracted from 
various insect species that are useful in cosmetics, pharmaceutical industries as 
well as those that form part of prescription for healing in orthodox and traditional 
medicine. The review is based on information from scientific reports, Google, 
e-library, textbooks. A number of substances were found to have been incorporated 
into cosmetic and pharmaceutical products and as part of prescriptions for healing 
in orthodox medicine, many others at elementary stages of investigation, purifica-
tion and development. The findings showed that insects have a lot of bioactive 
substances that need to be harnessed for the good man.

Keywords: arthropods, uses, cosmetics, pharmaceuticals, medicine

1. Introduction

Arthropods, a word coined from two Greek words: “arthron” meaning “joint” 
and “pous”(podos) meaning “foot” (the two together means “jointed legs) com-
prise all animals with jointed legs including insects, spiders, mites, ticks, and 
scorpions. Radis-Baptista and Konno [1] stated that the myriad of animals under 
this phylum are grouped into four subphyla namely Chelicerata, (Arachnids), 
Crustacea, Myriapoda (Centipedes) and Hexapoda (insects). A lot of these arthro-
pods produce some chemical substances and/or venom to protect themselves from 
danger of being killed or being captured, while some produce substances for yet 
to be identified purposes. Radis-Baptista and Konno [1] noted that thousands of 
arthropods species ranging from arachnids (spiders and scorpions), to hymenopter-
ans (ants, bees and wasps) and myriapods (centipedes) are venomous and utilize 
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their venoms for chemical ecological warfare that includes individual and colonial 
defense, predation and paralysis of coexistent species to nourish their brood. The 
arthropods inject their self-produced venom or other substances into their victims 
through bites, stings or spray of aerosol-like chemicals. Scientists have shown 
[2–4] that these arthropods secretions/venoms may include toxins (e.g., inorganic 
or organic compounds, alkaloids, etc.) and other compounds (e.g., histamines, 
enzymes) [5], that may enhance the effectiveness or “spread” of the toxins. These 
arthropod secretions (whether venom or other substances) contain a number 
of chemical substances useful for cosmetics, pharmaceutical and nutraceutical 
products, as well as medicine. This paper is a review of chemical substances and 
venom of some arthropods useful in the cosmetic, pharmaceutical industries as well 
as those utilized in orthodox and traditional medicine.

2. Arthropods and cosmetics

2.1 Cochineal or carmine (Hemiptera: true bugs)

Cochineal or carmine is a red insect dye from female scale insect Dactylopius 
coccus, a cactus-eating insect native to tropical and subtropical regions of South 
America and Mexico. It was earlier used for dying cloth by the Aztecs, but today, it 
is used as a dye in foods, cosmetics, drugs, and dyeing of textiles. The red pigment 
(carmine) is made from crushing female cochineal beetles, and it reportedly takes 
70,000 to 100,000 dead females to produce 1kg of cochineal dye [Business insider 
2011]. The female cochineal beetles gain a red colour through their diet of red ber-
ries, and so produce red carminic acid when threatened. In the cosmetics industry, 
cochineal is used to dye lipstick, blush, and eye shadow. It creates bright, bold and 
deep red colors. Today, the cochineals are harvested mainly in Peru and the Canary 
Islands on plantations of prickly pear cacti which is the preferred host of the bug. 
The natives sun-dry the insects, crush it and dunk in an acidic alcohol solution to 
produce carminic acid, the pigment that eventually becomes carmine or cochineal 
extract, depending on the processing method adopted. A number of works [6], 
have been going on how to increase the yield of carmine from the Dactylopius coccus.

2.2 Lac and shellac from scale insects (Hemiptera)

Lac is a the resinous secretions from a number of species of lac scale insects, 
Laccifer lacca, and most of it is produced in India, Lac is an important ingredient 
of many items, including floor polishes, shoe polishes, insulators, various sealants, 
printing inks, and varnish. In the cosmetic industry, it is used mainly for nail polish 
remover. Juliane [7] described the three processes involved in the production of 
shellac from lac. According to him, cultivation begins when the farmer gets a stick 
containing eggs ready to hatch and ties it to the tree to be infested. Thousands of lac 
insects colonize the branches of the host tree and secrete the resinous substance, 
the coated branches are cut out and harvested as sticklac. The harvested sticklac 
is sieved and subjected to a number of washings to remove impurities of all kinds, 
resulting in a purer form called seedlac. However, seedlac still contains 3-5% of 
impurity, further removal of impurities by heat treatment or solvent extraction 
results in the product called shellac. Shellac is therefore a processed secretion of the 
lac insect.

Raman [8] described shellac as a resin secreted by the female lac bug on trees in 
the forest of India and Thailand, processed and sold as flakes and dissolved in alco-
hol to form liquid shellac. Tachardia lacca or Kerria lacca. In the cosmetic industry, 
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the shellac is used for personal care products in hair sprays, eyeliners and mascara. 
Das [9] stated that shellac is a common ingredient in cosmetics such as mascara, 
lipsticks, nail polish and hairsprays. This is because shellac has the ability to hold 
the ingredients together in a compressed tablet or cake. It also keeps an emulsion 
from getting separated into water-soluble and oil soluble components, so it helps 
the hair hold its style by inhibiting the hair’s ability to absorb moisture (i.e. shellac 
is non hygroscopic in nature). The Cosmetic Ingredient Review (CIR) panel has 
assessed shellac’s safety and concluded that cosmetic-grade-shellac is safe for use in 
personal care and cosmetic product formulations up to 6%. From 1997 to 2002 Ken 
Golz-Berner has patented seven cosmetic products containing Shellac in various 
percentages.

2.3 Insect oil in cosmetic uses

2.3.1 Cosmetic oils from some dipterans

Rebecca Guenard a columnists writing in Olio, an Inform column of Inform 
Magazine that highlights research, issues and technologies of interest in fats and 
oil stated that fats and oil are major components of cosmetics, she further stated 
that linolenic acid heals dryness while triglycerides soften the skin. According to 
her report, skin care cream formulators earlier depended on mink oil as a source 
of these ingredients, but ethical considerations led to a shift to Macadamia nut oil 
with a similar fatty acid profile. However, competition with food use also limited 
Macadamia oil application in cosmetics thus the current interest in insect oil. A 
team of researchers from Thomas Moore University College and University of 
Antwerp both in Belgium assessed the usefulness of oil from three insect species: 
Black soldier fly (BSF) (Hermetia illucens), locust (Locusta migratoria) and the 
house cricket (Acheta domesticus) as an alternative source for the production of fats 
for cosmetics. The research was reported in [10] and they discovered that insect fats 
contained shelf life limiting phospholipids, which they were able to remove with a 
degumming procedure. After a gamut of tests and trials, the fats after extraction 
and refining were used in hand cream formulations and compared with conven-
tionally used mink and plant derived oils. The fatty acid analysis showed that BSF 
contains >60% of lauric acids making it less suitable as a skin care product, whereas 
locust and cricket fats are rich in C16 and C18 fatty acids which makes them more 
suitable. However, the phospholipids and free fatty acids were found to be higher 
compared to commercially refined oils so they need to be removed by appropriate 
refining protocols, odor and colour also need to be removed for better applicability. 
They therefore concluded that with further refining locust and cricket oil would 
lose their colour and odour and become useful as a cosmetic product. Recently, a US 
company launched the world\s first youth generating face oil containing insect oil 
extract by name Point68. The oil was developed as a joint venture between SIBU ® 
and insect industry professional Josh Galt. Point 68 is reported to be a luxury face 
oil formulated to improve skin hydration with cellular healing and rejuvenation.

2.3.2 Honey and beeswax as cosmetic resources (Hymopterans)

Ediriweera and Premarathna [11] gave a long list of cosmetic uses of honey 
and beeswax in the beauty industry as a skin moisturizer, softener and a healer of 
skin tissue.

• Face wash: A small quantity of lemon juice is mixed with 5ml of bee’s honey 
and applied to the face before washing. This is used as a home remedy
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• Facial cleansing scrub: 5g of almond seed powder is mixed with 5ml of bee’s 
honey, scrub softly and then wash [12]

• Facial smoothness improver: A tablespoon of honey is whisked together with 
white of an egg, 1 teaspoon of glycerine and 1/4 cup of flour makes an excel-
lent firming mask. Just smooth on the face, leave on 15 min, and rinse off with 
warm water [12]

• Facial softness improver: One or two tablespoons of honey is mixed with one-
third cup finely ground oatmeal. A teaspoonful of rose water is then added. 
This is used to clean the face thoroughly. This is spread evenly over the face. 
Allow to stay for 10 min to 1.5 hrs. Clean off with a soft washcloth and warm 
water, then rinse with cold water

• Facial moisturizing pack: 2 tablespoons of honey is mixed with 2 teaspoons 
of whole milk. This is applied over the face and allows it to stay for 15mins. It is 
then rinsed off with warm water, and then with cold water.

• Pimples: Honey is applied direct on pimples

• Cracked lips: Honey is applied on cracked lips

• Lotion for dry patches of skin: 5ml of bee’s honey is mixed with 5ml of olive 
oil and 2.5 ml of lemon juice. It is applied on the skin and washes after 15 min.

• Hair lustre: 5ml of bee’s honey is mixed with 4 cups of warm water. It is used 
as a hair rinse.

• Conditioner: 10 ml of olive oil is mixed with 5ml of bee’s honey and applied on 
hair. It is washed after 15 min.

Burlando and Cornara [13] opined that in cosmetics preparations, honey exerts 
emollient, humectant, soothing and hair conditioning effects, while keeping the 
skin juvenile, retarding wrinkle formation, regulating pH and preventing patho-
genic infections. According to them, honey based cosmetics products include lip 
ointment, cleansing milks, hydrating creams, after sun, tonic lotions, shampoos 
and conditioners ranging from 1 to 10% honey inclusion, though some products 
can contain up to 70% honey when mixed with oils, gels and emulsifiers or polymer 
entrapments.

2.3.3  Sericin from silkworm (Lepidoptera): a natural moisturizer in cosmetic 
products

Silkworm moth (Bombyx mori) is a lepidopteran, whose caterpillar is involved 
in production of silk during the process of cocoon formation. Silk is made up two 
proteins: fibroin (70-80%) and sericin (20-30%). Fibroin is the structural and 
fibrous part of the silk, while sericin is the gummy coating that gums the fibres and 
makes them stick to each other. Kunz et al. [14] discussed extensively on the use of 
sericin in cosmetics formulations such as creams and shampoos. Voegeli et al.  
[15] reported that inclusion of sericin in creams lead to hydration, elasticity of the 
skin thus leading to anti- aging and anti-wrinkle effects. Yamada et al. [16] also 
reported sericin in creams help to prevent nails from chapping and brittleness. 
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These applications are especially due to presence of amino acids with hydrophilic 
side groups (80%) such as serine (30-33%) which has large capacity to absorb 
water. Padawar et al. [17] cited in [14] studied in-vivo moisturizing effect of sericin 
on human skin and found its action to decrease the impedance and increase in the 
level of hydroxyproline and hydration of epidermal cells. The increase in hydration 
was attributed to the occlusive effect of sericin which prevented the transepidermal 
water loss, responsible for skin dryness. Sharma [16] stated that industrial pro-
duction of one ton of silk yields 200kg of sericin and that sericin is isolated from 
cocoons of three types of silkworm: Bombyx mori (Mori), Antheraea assamensis 
(Muga) and Philosamia ricin (Eri). According to her Muga sericin embedded cream 
could be used for topical skin care application as a potential therapeutic to protect 
skin against UV radiation –induced inflammation, oxidative damage of epidermal 
keratinocytes, aging, wrinkling, preventing skin roughness, enhancing the skin 
elasticity and moisture [18, 19].

2.4 Arthropods and pharmaceuticals

2.4.1 Antimicrobial peptides (AMP) in wasp, ants and other arthropods

Insects are major sources of antimicrobial peptides/proteins (AMPs) which 
are cationic and comprise less than 100 amino acids [20–22] (Table 1). Their 
AMPs enable them to form resistance against bacterial infections. Antimicrobial 
peptides are short immunity related proteins that can fight bacteria, viruses, fungi 
and parasites [25] (Figure 1). According to them, AMP are secreted from cells 
and tissues that contribute to host innate immunity such as the haemocytes or the 
fat body and could be a valuable alternative antibiotics especially in this era of 
 growing antimicrobial resistance [22, 25].

Dipteran species Maggot factors Activity against

Sarcophaga 
peregrina

Sarcotoxin 1A Gram-negative bacteria

Sarcophaga 
peregrina

Sapecin B , Defensin A Gram-positive bactéria,
MRSA, fungi, cancer 
cells

Drosophila 
melanogaster

Cecropin A, B, C Gram-negative bacteria, 
Gram-positive bactéria, 
fungi

Phormia terranovae Defensin A Gram-positive bacteria

Lucilia sericata Lucifensin Gram-positive bacteria,
MRSA

Calliphora vicina Alloferon 1 Viruses and anti-cancer 
with cytokine activity

Lucilia sericata p-hydroxybenzoic acid p-hydroxyphenylacetic acid 
Octahydro-dipyrrolo [1,2-a;10,20-d] [1,2-a;10,20-d]

Bacteria

Lucilia sericata Seraticin Bacteria, MRSA

Sarcophaga 
peregrina

5-S-GADa Bacteria and anti-cancer

Source: Yi et al, [23, 24].

Table 1. 
Anti-bacterial and anti-cancer factors produced by Dipteran larva.
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Reported on a number of antimicrobial substances found in insects [26]. The 
examples they gave included alloferon, an antimicrobial compound produced by 
blow fly larva, used as an antiviral and antitumor agent in South Korea and Russia 
and a compound sourced from the venom of the wasp Polybia paulista capable of 
killing cancer cells without harming normal cells. Ant venom can inhibit bacteria 
such as Enterococcus faecalis and Listeria monocytogenes. The types of antimicrobial 
peptides isolated from ants vary between ant species (e.g., polusulin I and II 
from the Jack jumper ant and solenopsins from the fire ant). In ancient times and 
today in some parts of Mexico, venom from red harvester ants is used to treat 
arthritis-like diseases (i.e., ants were placed on the affected areas and allowed to 
sting) [27].

Attacins another antimicrobial substance found in reasonable amount in 
Heliothis virescens, B. mori and Hyphantria cune that are active against gram negative 
bacteria such Gram-negative E. coli and Citrobacter freundii as well as the fungus 
Candida albicans [28]. Moricin was first isolated from B.mori larva, and can be 
found in other lepidoptera insects. Moricins have activity against Gram-negative 
and Gram positive bacteria [29], Galleria mellonella also show high activity against 
filamentous fungi and yeast [30].

The antimicrobial substance in wasp venom is mastoparan and it is found to 
be highly effective in decimating microbes, however, the high degree of damage 
to mammalian cells has prevented its use as a therapeutic compound. Other com-
pounds found in wasp venom (e.g., eumenine-mastoparan, aumenitin, protonectin, 
paulistine) are being explored for their antibacterial properties and seem to have a 
minimal effect on mammalian cells.

Apart from insects, antimicrobial substances have also been extracted from 
the venom of other arthropods. A good example is lysosin-I from wolf spider 
(Lycosa singoriensis) venom which can inhibit bacteria such as Shigella dysenteria 
and Staphylococcus aureus. Budnik et al [31] stated that Lycosa singoriensiscontain 
antimicrobial properties (lycocitin 1, 2, 3) that can inhibit the growth of gram 
positive and gram negative bacteria. Another important one is scolopin I, scolopin 
II, scolopendrin I (antibacterial peptide compounds) found in Chinese red-headed 
centipede [2].

Other insects with antimicrobial properties and the major molecules listed in 
[32] including:

Figure 1. 
Structures of an insect defensin, drosomycin, cecropin, and moricin. (A) Protophormia terraenovae defensin 
(B) Drosophila melanogaster drosomycin (C) Papilio xuthus papiliocin (cecropin) (D) Bombyx mori 
moricin. Source: Yi et al, [23].
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2.4.2 Insects with angiotensin converting enzyme (ACE) inhibitors

Angiotensin Converting Enzyme (ACE) is a widely distributed zinc metallopep-
tidase that represents the final enzymatic step in the lysis of angiotensin I to produce 
angiotensin II. Enzyme (ACE) is a central component of the renin-angiotensin 
system (RAS) which controls blood pressure by regulating the volume of fluids in the 
body i.e. it converts the hormone angiotensin I to the active vasoconstrictor angio-
tensin II. According to Riordan [5] ACE I is a monomeric, membrane bound zinc and 
chloride dependent peptidyl dipeptidase that catalyzes the conversion of decapeptide 
angiotensin I to the octapeptide angiotensin II by removing a carboxyl terminal 
dipeptide. Riordan [5] also stated that ACE also known as peptidyl-dipeptidase A 
or Kininase II was first isolated in 1956 and shown to be to be chloride dependent 
metalloenzyme that cleaves dipeptide from the carboxyl terminus of the decapeptide 
angiotensin I to form a potent vasopressor (blood vessel constrictor) angiotensin II.

Herman et al. [39] reported the 2014 evidence based guideline by the Eight 
Joint National Commission recommended ACE inhibitors as one of the four drugs 
for the treatment of high blood pressure. Cito et al. [40] listed such synthetic ACE 
inhibitor drugs used to include captopril, lisinopril and ramipril, for the treat-
ment of cardiovascular diseases and hypertension, but their use is often associated 
with some side effects, such as hypotension, coughing, loss of taste, reduced renal 
function and angioedema [41]. Therefore, natural compounds such as ACE inhibi-
tor peptides derived from food sources such as insects with little or no side effects 
may replace or support antihypertensive drugs. According to Cito et al [40] ACE 
inhibitory activity has been detected in protein hydrolysates from insect species 
belonging to the orders Coleoptera, Diptera, Hymenoptera, Lepidoptera and also 
Orthoptera. Further investigations by the team led to identification of specific 
ACE inhibitory peptide from silkworm Bombyx mori (Lepidoptera: Bombycidae), 
the yellow mealworm Tenebrio molitor (Coleoptera: Tenebrionidae), the cotton 
leafworm Spodoptera littoralis (Lepidoptera: Noctuidae) and also from the weaver 
ant Oecophylla smaragdina (Hymeoptera: Formicidae).

2.4.3 Fibroin and sericin from silkworm and their therapeutic potentials

Silkworm (Bombyx mori) larvae have two proteins necessary for cocoon forma-
tion: fibroin and sericin. Fibroin forms the fibrous weave of the cocoon and sericin 
a coextruded coating that acts as a matrix in the resulting non-woven composite 
cocoon [42]. Kunz [14] showed that the presence of hydrophobic amino acids and 
its antioxidant potential make it possible for sericin to be applied in the food indus-
try and cosmetic industry. Furthermore, bioactive substances found in fibroin and 
sericin, exhibited a therapeutic potential for the reduction of plasma glucose level. 
Ryu et al., [43] reported that silkworm powder has blood glucose lowering effects 
induced by uptake of freeze-dried 3rd day of 5th instar silkworm larval powder 
indicating that consumption of silk worm may assist in controlling glucose level.

Insect Molecule with AMB Property Author

Ixodes persulcatis Persulcatusin [33]

Spodoptera Kitura Cecropin like peptides [34]

Tetramorium bicarinatum Bicarinalin [35]

Callifora vicina Alloferon [36]

Hermetia illucens Trx-Stomoxyn ZH I [37]

Galleria mellinella Apolipophorin III [38]



Arthropods - Are They Beneficial for Mankind?

8

Seo [44] studied the antihyperlipidemic and body fat lowering effects of silk-
worm proteins with different fibroin/sericin compositions in mice fed with a high 
fat diet. They noted that the hypolipidemic effect was partly due to increased fecal 
lipid excretion, inhibition of lipogenesis and regulation of adipokine production. 
Their findings illustrate that silk protein particularly sericin may be beneficial in the 
prevention of high fat diet-induced hyperlipidemia and obesity. Seo et al. [44] also 
reported the anti-adipogenic and antiobesity effects of T. molitor larvae in vitro and 
in vivo. The results showed that the daily intake of yellow mealworm larvae powder 
by obsessed mice attenuated body weight gain by reducing lipid accumulation and 
triglyceride content in adipocytes, thus indicating the potential of insect bioactive 
compounds to induce weight loss.

Martinez-Mora et al. [45] stated that fibroin and sericin in silkworm Bombyx mori 
are used to stimulate wound healing, as they bring about the generation of a basal 
epithelium capable of replacing the epidermis of the wound. Aramwit and Sangcakul 
[46] stated that sericin is a wound healing agent. Ersel et al. [47] also reported the 
positive influence of sericin in the healing of incision wounds and therefore recom-
mended sericin – based formulations in the treatment of incision wounds.

2.4.4 Antioxidants

Antioxidants also called free radicals scavengers are substances that can prevent 
or slow damage to cells caused by free radicals (unstable molecules that the body 
produces in response to environmental and other pressures) that has damaging 
effects on body cells. The sources of antioxidants can be natural or artificial and 
both are potentially beneficial in the prevention of cardiovascular and other dis-
eases associated with free radicals in the body [48]. Felton and Summers [49] pos-
ited that insects possess a suite of antioxidant enzyme and small molecular weight 
antioxidants that may form a concatenated response to an onslaught of dietary and 
endogenously produced oxidants. The antioxidant enzymes of insects are generally 
composed of Catalase (CAT) and Peroxiredoxin (Prx) [50]. Antioxidant enzymes 
such as superoxide dismutase, catalase, glutathione transferase, and glutathione 
reductase have been found in insects while the roles of ascorbate, glutathione, 
tocopherols, and carotenoids has not being well studied in insects but may play very 
important antioxidant roles [49]. Roos and Van Huis [48] argued the postulations 
that antioxidants in food have a positive, because they opined that the activity of 
antioxidants is likely to change during digestive and metabolic processes. EFSA 
[51] stated that antioxidants in food including insects need to be tested in vivo in 
humans before claiming its benefits.

Antioxidants are also used as additives that preserve food from “farm to plate” 
and militate against oxidative deterioration of foods during processing and stor-
age. Due to their high stability and low volatility, the antioxidants help to maintain 
the level of nutrients, the texture, color, taste, freshness, functionality, aroma, 
and appeal to consumers such as the older person, ceteris paribus. The possibility 
of extracting and using antioxidants found in insects for this purpose is yet to be 
reported in literature.

2.4.5 Chitin and chitosan

Chitin according to [52] is a macromolecular compound, biopolymers found in 
insects and crustaceans with high nutritional and health benefits. Islam et al. [53] 
described chitin as a natural mucobiopolymer, hard, white, inelastic and nitrogenous 
compound, composed of randomly distributed N-acetyl-D-glucosamine (N-G1cNAc) 
monomers. Chitin was first isolated from the cell walls of mushroom by French 
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chemist Henri Braconnot in 1811, and he named it “fungine” before Odier (1823) 
renamed it chitin. Tharsnathan and Kittur [54] noted that chitin is the second most 
abundant biopolymer on earth. Within annual biosynthesis of more than 100 billion 
tons. The exoskeleton covering the body of insects, crustacean ns and some annelids 
contains polysaccharide chitin which accounts for 5–20% of their dry weight [55, 56]. 
Chitin is the second biggest available biopolymer on earth, next to cellulose and it is 
a primary component of the exoskeletons of arthropods [48]. Chitin serves as a raw 
material for making suture and wound dressing. Industrially, chitin and its products 
are used as a raw material for the production of hair care and skin products [57, 58]. 
Chitosan, though found in some types of fungi but most are obtained from chitin 
deacetylation. Chitosan shows more versatility than chitin due to its solubility and 
reactive free amino group. Chitosan is used in the food industry because they are non-
toxic for warm blooded animals. It is also used as an emulsifying and gelling agent, 
to stabilize food. Microcrystalline chitin, addresses the problem of toxic substances 
consumption as it is used as flavor, colourants and dietary fibre in baked food [59].

2.4.6 Apitoxin (bee venom) and melittin

Apitoxin or honey bee venom according to [60] is a cytotoxic and hemotoxic 
bitter, colorless liquid containing proteins which may cause local inflammation 
(Table 2). Lee and Bae [4] noted that bee venom constituents include amphipathic 
polycationic peptides of which major ones are melittin and apamin, enzymes 
such as phospholipase A2, and low molecular weight compounds including active 
bioamines such as histamine and catecholamines, while Hoffman [61] opined that 

Insect Component Activity

Honey bee, wasp Melittin peptide Kills bacteria and cancer cells, 
anti-inflammatory

Bumble bee Bombolitins peptide Antimicrobial

Honey bee, wasp Apamin peptide Treat muscular dystrophy and kill 
tumours

Honey bee, 
bumble bee

Mast cell degranulation peptide (MCD) Analogues inhibit allergies

Honey bee, 
bumble bee, wasp

Hyaluronidase enzyme Enhance cancer
chemotherapy

Honey bee Adolapin and other polypeptides Analgesic and
anti-inflammatory

Honey bee 
bumble bee, wasp

Phospholipases A1 Kills cancer cells and inhibits 
malaria

Wasp Phospholipases A1 Sting diagnosis and 
immunotherapy

Wasp, bee Kinins e.g. bradykinin and other neurotoxins Pain control and neurological 
diseases

Beeswax, honey 
& royal jelly

Bio-active, oestrogenic and 
immunosuppressive compounds

Bee venom Anti-malignant, anti-inflammatory, anti-
arthritic peptides, e.g. melittin

Kill cancer cells

Serrapeptase: “The miracle enzyme”

Table 2. 
Bioactive compounds in bees and wasps.
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apitoxin (bee venom) is a complex mixture of several biologically active proteins 
and neurotransmitters such as phospholipases A2 and B, hyaluronidase, serotonin, 
histamine, dopamine, noradrenaline, and adrenaline, some of which can contribute 
to the clinical signs and symptoms of envenomation. Many authors have reported 
effective use of apitoxin in the treatment of a number of diseases including Oršolić 
[62], skin conditions [63] and even Parkinson’s disease [64]. Besides, purified bee 
venom preparation called ApitoxR has been approved by the FDA as a subcutane-
ously injectable product for relieving pain and swelling associated with rheumatoid 
arthritis, tendinitis, bursitis, and multiple sclerosis [65].

Melittin, the major component of apitoxin about 40-50% of its total dry weight 
[66] is a 26 amino acid long amphipathic peptide. The 26 amino acids in melittin 
have an aminoterminal region that is hydrophobic, and a carboxylterminal region 
that is hydrophilic. This feature according to [67] enables melittin to accumulate 
in cell membranes, disrupting their phospholipid backbones and causing cell lysis. 
Melittin not only induces the lysis of a wide range of plasmatic membranes but also 
of intracellular. Oršolić [62] is of the view that the antibacterial effects and poten-
tial anticancer efficacy of this membrane-active peptide may be related to cytolysis 
following the activation of phospholipase A2, the induction of pores or perturba-
tions in plasma and subcellular membranes, and the activation of apoptotic path-
ways such as those mediated by caspases and metalloproteinases membranes such as 
those of mitochondria.

The silkworm (Bombyx mori) is reported to harbor an enterobacterium of 
Serratia species which produces a substance called serrapeptase with tremendous 
pain relieving potential and therefore useful in reducing inflammation and pain 
without the usual side effect of synthetic drugs. According to [68] posited that ser-
rapeptase also called serratiopeptidase is a proteolytic enzyme with many biological 
properties like anti-inflammatory, analgesic, anti-bacterial, fibrinolytic properties, 
thus its wide use in clinical practice for treatment of many diseases. The silkworm 
miracle enzyme is actually produced by a friendly bacterium found within the 
silkworm intestine known as Serratia E15. Serratia E15 protease proteolytic proper-
ties is responsible for dissolving the cocoon for the emergence of the moth i.e. it 
dissolves the casing (cocoon) which houses the pupa, for the pupa to metamorphose 
to adult and therefore facilitate the emergence of the adult. Proteolytic enzymes are 
naturally produced by the human body and other living organisms [69] and include 
peptidases, proteases and proteinases which are essential for many important pro-
cesses in the body. They govern all of the body’s metabolic functions and regulate 
the functioning of the body’s proteins. They also play an important role in protein 
digestion, immune function and other vital functions.

According to the article “Silky Solution to Heart Disease” written by Wellness 
watchersMD, many people in recent times are deficient of proteolytic enzymes 
because of poor diet and unhealthy eating habits and so the body is unable to 
properly digest and assimilate processed foods. The result is that, as the body uses 
up its reserve of these enzymes, it diminishes the amount of the enzymes that are 
available to oversee many metabolic functions for which proteolytic enzymes are 
responsible; resulting in unhealthy consequences such as

• The development of chronic, low-grade inflammation, which scientists and 
physicians now know is one of the primary causes of all degenerative disease.

• The accumulation of waste and debris in the blood and lymphatic system.

• Diminished immune function.
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• Increased risk of blood clots.

• Increased risk of infection due to bacteria, viruses, molds, and fungi.

• Increased risk of developing autoimmune diseases.

Of the above consequences, chronic inflammation is the most common problem. 
Chronic inflammation can cause damage to the bones, joints, cartilage and con-
nective tissue of the body and if left unchecked can lead to gamut of conditions 
from allergies, arthritis, and certain respiratory conditions such as bronchitis and 
sinusitis, skin conditions such as eczema and psoriasis to digestive disorders such 
as colitis and gastritis, and even heart disease, certain types of cancer, and multiple 
sclerosis.

Levy [70] reported that in the 1980s and 1990s, when Japanese and European 
researchers compared several enzymes for potential anti-inflammatory activity, 
they found that serrapeptase (Serratiopeptidase) was the most effective at control-
ling the body’s inflammatory response.

2.4.7 Cantharidin: tumour fighting substance from blister beetle (Coleopteran)

Cantharidin is a vesicant (blistering agent) produced by beetles belonging to the 
order of Coleoptera and the family of Meloidae [71]. It is odorless, colorless fatty 
acid of the terpenoid class secreted by many species of blister beetle, produced by 
male beetles as defense substance and given to female beetles as a copulatory gift 
[72, 73]. Post-copulation behavior of the female beetle involves the protection of the 
eggs against any potential predators by covering it with cantharidin. There are cur-
rently more than 1500 species of cantharidin-producing beetles, commonly known 
as blister beetles or Spanish fly, variable in color, measure up to 2.5 cm in length and 
neither bite or sting [74].

Cantharidin has been available synthetically since the 1950s, topical applications 
of cantharidin have been used predominantly as a treatment for cutaneous warts 
[72, 73]. In 1962 however, marketers of cantharidin failed to produce sufficient effi-
cacy data, resulting in the FDA revision of approval of cantharidin. In 2004, FDA 
accepted cantharidin, the blister-causing oil found in several families of beetles as a 
treatment for warts and other skin problems. Moed [74] stated despite FDA direc-
tive for the removal of cantharidin from market. Some dermatologists continue 
to use either proprietary or non-proprietary formulations. Recent studies in cell 
culture and animal models have demonstrated powerful tumor-fighting properties 
of cantharidin. Wang [75] cited in [74] noted that cantharidin was used historically 
for furuncles, piles, ulcers, venomous worms and tuberculosis scrofulderma, so 
[74] stated that it was used orally for abdominal cases, rabies, abortifacient and 
anticancer agent.

Further studies showed that cantharidin contains something known as a protein 
blocker. Protein blockers are used to fight infections, and appeared to attack only 
the infected cells. Then scientists discovered it also attacked viral cells. Now stud-
ies show that the blister beetle secretions attack hostile cells – including cancer. 
There are studies that indicate blister beetles might be used to “battle tumors and in 
chemotherapy treatments. Studies from many researchers including [76–79] suggest 
that the tumor growth inhibitory properties of cantharidins could be attributed, 
at least in part, to anti-angiogenic activity. Cantharidin and some of its derivatives 
inhibited the proliferation, migration, and invasion of, as well as capillary-like 
structure formation by cultured endothelial cells.
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2.4.8 Solenopsins (Formicidae: Hymenopterans)

The word Solenopsins refers to the venom of stinging ants precisely fire ants 
belonging to the genus Solenopsis. The venom is water-insoluble and non protein-
aceous and contains hemolytic factors that cause the release of histamine and other 
vasoactive amines The genus have over 200 species, in the order Hymenoptera, family 
Formicidae and subfamily Myrmicinae, but Fitzgerald [80] stated that two are of 
major medical importance: Solenopsis richteri (black imported ant) and Solenopsis 
invicta (red imported ant). Solenopsis richteri originated from eastern Argentina 
and Uruguay [80] while Solenopsis invicta is a native of the Mato Grosso region of 
Brazil. The venom from these fire ants is Solenopsi A (trans-2-methyl6-n-undecy-
lpiperidine) a piperdine alkaloid with cytotoxic, hemolytic, necrotic, insecticidal, 
antibacterial, antifungal, anti-HIV, cardiodepressant and neurologic actions [81]. 
Arbiser [82] showed that solenopsin A potently inhibited the growth of SVR cells (a 
transformed murine endothelial cell line) by inhibiting endothelial-specific signaling. 
This suggested that it has anti-angiogenic activity, owing to its selective inhibition of a 
series of kinases involved in angiogenesis, most notably phosphatidylinositol-3-kinase 
(PI3K) and its downstream effector Akt (Protein kinase B (PKB), a serine/threonine-
specific protein kinase that plays a key role in multiple cellular processes such as 
glucose metabolism, apoptosis, cell proliferation, transcription, and cell migration).

Studies from Emory and Case Western published in Scientific Reports showed 
elements in the fire ant venom capable of reducing skin thickening and inflam-
mation and thus a useful treatment for psoriasis condition (a chronic immune 
system –based disease that manifests in abnormal patches on the skin). The toxic 
component of Solenopsis venom is a lipid-like molecule called ceramides. Mencarelli 
[83] stated that ceramides are fatty acid amides of sphingosine, which play a crucial 
role in homeostasis of the skin and other organs. So under certain conditions they 
are converted to Sphingosine-1-phosphate (S1P) which causes inflammation that is 
usually associated with the sting. Thus scientists have created a version of fire ant 
venom’s solenopsin (via genetic engineering) that cannot be converted to S1P and is 
currently used as anti-inflammatory product.

2.4.9 Extract from Chinese black ant (Polyrhachis vicina Roger)

The Chinese black ant (Polyrhachis vicina Roger) according to [84] belongs to the 
Formicidae, Hymeoptera, Insecta in zootaxy and is widely distributed in subtropi-
cal, southeast China, India, Malaysia, Sri Lanka and Bangledesh [84]. The Chinese 
traditional healers were the first to use extract of black mountain ants in preparation 
of medicine which they call “King of herbs” even though it is an extract from black 
Chinese mountain ants. The ants live up high in mountains and are often found 
among ginseng roots. Chinese men use the tonic from the black mountain ant for 
treatment of impotence and fatigue. Today, modern science has proven that the 
extract is a rich source of energy, vitamins and minerals especially those necessary 
for overall sexual health. Polyrhachis is a highly concentrated source of protein 
(42 - 67% by mass), zinc (highest amount of zinc in all known living organisms), 
vitamins B-12, B-1, B-2, D, and E [85]. All of these substances are vital for health and 
sexual performance. The rich content of zinc is one of Polyrhachis exceptional quali-
ties because zinc is a powerful natural antibiotic which kills many pathogens includ-
ing bacteria and viruses and at the same time strengthens the immune system. Tang 
and Dai [84] stated that P. vicina had the potency to potentiate immune response in 
animals. Besides, the anti-inflammatory, heptaprotective, immunoregulatory and 
analgesic activities display by the Chinese black ant is documented by [86].
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Polyrhachis vicina Roger has long been found to be very rich in ecdysterone, 
the growth hormone of insects, which has a strong protein anabolic effect, and so 
contribute to the growth promoting effect of Polyrhachis vicina [87]. Ecdysterone is 
structurally similar to androgens (male hormones such as testosterone), and many 
suggest its use as a safer alternative to anabolic steroids.

Black ant is also reported to contain superoxide dismutase (SOD) [85, 88]. 
Superoxide dismutase is a powerful antioxidant made in the liver to support oxida-
tion for energy production. It also contains substantial amounts of the mineral 
selenium, used by the liver to make SOD, further increasing stress-tolerance and 
stamina. In addition high amounts of vitamin E in black ant increase the stress – 
resistance benefits.

FDA laboratory analysis showed that the black ant contains sildenafil, the active 
ingredient in the FDA approved prescription drug viagra, used to treat erectile 
dysfunction (ED). Viagra works by increasing blood flow into erectile tissue by 
prompting blood vessel dilation. In addition to improving blood circulation to the 
extremities, black mountain ants increase androgen levels (a sexual hormone) 
responsible for regulating sexual desire in the blood. In addition to being a poten-
tial alternative to Viagra, these ants are also being studied for their usefulness in 
combating cancer. The need for enhancement of sexual performance stems down 
from the fact that sexual performance is based on the overall health of the body. 
Thus sexual performance of men is weakened and fatigued by nutrient deficiencies 
especially a lack of protein. Such men will be too tired and quite possibly be suffer-
ing from a lack of testosterone due to nutritional deficiencies affecting the hormone 
levels. Natural supplements such as Polyrhachis ant (Black ant) extract has proven 
to be a real solution because they are not drugs and so can improve sexual perfor-
mance naturally and do not present worrisome side effects unlike synthetic drugs 
like Viagra associated with many side effects.

2.4.10  Polybia MP1 from Brazilian social wasp (Polybia paulista): a killer of 
cancer cells

Michelle Roberts Health editor of online BBC news of September 1, 2015 
reported on the toxin in the sting (i.e. venom of the wasp) of Brazilian social wasp 
(Polybia paulista) that kills cancer cells without harming normal cells. The cancer-
targeting toxin in the wasp called MP1 (Polybia-MP1) [89]. According to a new 
Brazilian research published in the Biophysical Journal, a molecule called MP1 kills 
the cancer cells by “creating holes on their lipid membrane.” These holes make mol-
ecules that cancer thrives on, to leak out. Cancer cells cannot survive without these 
molecules and so they die within seconds. Meanwhile, the normal cells are perfectly 
safe as MP1 is very selective and does not harm them.

Wang et al. [90] stated that Polybia MP1 is a short cationic alpha helical amphi-
philic peptide that has selective toxicity toward cancer cells but no haemolytic 
activity. Its target selectivity according to [90] is based on the binding preference to 
membranes containing anionic phospholipids by electrostatic driving. These prom-
ising findings led to anti-cancer therapies involving MP1 being currently studied. 
According to [91, 92] cancer cell membranes are now known to lose the asymmetric 
transmembrane distribution of phospholipids that is observed in healthy cells. In 
healthy mammalian cells, the anionic aminophospholipid PS (phosphatidylserine) 
is predominant in the inner membrane leaflet and zwitterionic phospholipids are 
predominant in outer membrane leaflet. In such cells, the phospholipid asymmetry 
is maintained by a family of aminophospholipid translocases that catalyze the 
transport of PS from the outer to the inner membrane leaflets [93]. However, in 
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apoptotic and cancer cells, PS is found to also be located in the outer monolayer of 
the plasma membrane in significant proportions [91, 92].

Zhao et al [94] demonstrated that Polybia-MPI displays potent antibacterial 
activity against both gram-positive and gram –negative bacteria. Wang et al. [95, 96] 
further stated that polybia-MPI has potent antifungal and antitumor activity and 
low toxicity to human red blood cells and normal fibroblasts.

2.4.11 Natural antibiotic from cockroach brain

The ability of bugs and other flies to survive unscathed in dirty environments 
with a heavy load of pathogenic microbes has attracted the interest of microbiolo-
gists and other researchers [97]. Fazackarley [98] reported the findings of Simon 
Lee and Naveed Khan, an Associate Professor of Molecular Microbiology presented 
to Society for General Microbiology’s autumn meeting in Nottingham and pub-
lished on the University of Nottingham website, in which the researchers described 
how his group identified nine different molecules in the brain tissues of the cock-
roach (Periplaneta americana (Blattidae) and desert locust (Schistocerca gregaria) 
that were toxic to bacteria. The group found that the tissues of the brain and ner-
vous system of the insects were able to kill more than 90% of Methicillin-resistant 
Staphylococcus aureus (MRSA) and Escherichia coli, without harming human cells. 
Simon Lee stated that these molecules could eventually be developed into curative 
applications for the treatment of E. coli and MRSA infections that are increas-
ingly resistant to current drugs. These new antibiotics could potentially provide 
alternatives to currently available drugs that may be effective but have serious and 
unwanted side effects. Yu et al. [99] and He [100] reported that pharmacological 
research has revealed that P. americana has anti-tumor effects and is able to enhance 
immunity, promote tissue repair, stabilize blood pressure, improve microcircula-
tion, protect the liver, and act as an anti-inflammatory, anti-bacterial, and anti-viral 
agent as well as an analgesic and anti-oxidant. Dai et al. [101] on the other hand 
noted that the active ingredients isolated from P.americana have been developed 
into clinical drugs in China namely “Xiaozheng Yigan tablet”, “Kangfuxin liquid”, 
“Ganlong capsule” and “Xinmailong injection”. XiaozhengYigan tablet is an oral 
tablet with potent anti-tumour effects and anti-bacterial activity [102]. Ou et al. 
[103] cited in [102] noted that the drug reduces liver inflammation, promotes the 
recovery of liver function, and reduces liver fibrosis in patients with hepatitis-B 
virus. Periplaneta americana (Blattidae), is also used for a variety of other condi-
tions including: heartburn, asthma, stomach ache, intestinal colic, earache, alcohol-
ism, epilepsy, vomit, boil, hemorrhage, bronchitis, diarrhea, gonorrhea, panaris, 
cancer, stroke, burns and menstrual cramps.

2.4.12 Other bioactive substances found in insects

Many other bioactive substances found in insects are listed in the Table 3.

2.5 Arthropods in Orthodox medicine

Blood-Feeding Insects and Prevention of clot formation
For long blood sucking insects have always been associated with diseases 

they transmit: Mosquitoes- malaria, Tse tse fly- trypanosomiasis, tick – East 
coast fever. The use of insect in traditional healing by practitioners of Eastern 
medicine in prevention of blood clot formation or thrombosis was not given much 
consideration. However, in recent times, some proteins in the saliva of blood 
sucking insects are found to possess anti-coagulation properties and these are 
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found useful in modern or orthodox medicine. According to [115] arthropods in 
at least 23 different families or orders distributed between insect and arachnida 
feed on vertebrate blood and they are able to do this despite constraints imposed 
by a sophisticated array of hemostatic defenses. Their ability to do this is based on 
the presence of a wide range of antihemostatic molecules in their saliva includ-
ing vasodilators, antiplatelet factors and anticoagulants. Leitch [116] reported 
that the molecule in the mosquito spit can thin blood clots. According to him, 
scientists are learning how to exploit the anti-clotting abilities of molecules in 
mosquito saliva and use them to create treatments for disorders like stroke or deep 
vein thrombosis. Professor Richard Payne an ARC Future Fellow in the Faculty 
of Science noted that this protein secreted in the saliva of mosquito precisely 
anopheles mosquito is called anophelin and is designed to prevent the host organ-
ism’s blood from clotting, so the mosquito can access the host’s blood for meal. 
He posited that anophelin targets and binds the central host blood coagulation 
enzyme thrombin and therefore prevents clotting. Further studies by scientists 
have shown that sulfate modification of the protein significantly improved its 
anticoagulant activity.

Bioactive substance Insect Properties Author

Eumentin Eumenine wasp
(Eumenes rubronotatus)

Antimicrobial [104]

Mastoparans Vespid wasps Antibacterial, 
antiviral, Antitumor,

[105–107]

Termicin and 
spinigerin

Termitidae Pseudocanthotermes 
spiniger Sjostedt,
Nasutitermis corniger Motschulsky,

Antimicrobial 
peptides

[108]

Anticoagulants in the 
saliva of blood sucking 
insects
a.  Simukunin and 

analogues
b. Tablysin-15,
c. Anophelin,
d.  Nitrophorin-2  

(or prolixin S) is a 
20-kDa lipocalin

Many blood sucking insects
Tablysin-15 is produced by the 
horsefly Tabanus
yao Macquart, 1855
Anopheles albimanus C.R.G. 
Wiedemann, (Culicidae
Kissing bug Rhodnius prolixus Stal, 
1859

Prevent formation of 
blood clot

[109–111]

Termicin and 
spinigerin

Pseudocanthotermes spiniger Sjostedt, 
and
Nasutitermis corniger Motschulsky,

Antimicrobial and 
Anti-parasites

[108]

Pierisins 1a, 1b, 2-5 Pieris (Pieridea) including the
cabbage butterfly P. rapae Linnaeus

Antimicrobial and 
Anti-parasites

[112]

Myrmexins Devil tree ant (Pseudomyrmex 
triplarinus Weddell)
In Nigeria it is found on two main 
trees : Local pear (Dacryodes edulis) 
and African star apple (Gambeya 
albidium)

Extract of
the venom from 
Pseudomyrmex spp. 
decreases pain and 
inflammation
in patients with 
rheumatoid arthritis 
and reduces swelling

[113]

Isocarbostyril alkaloids Texas
grasshopper Brachystola magna Girard

Antitumor [114]

Table 3. 
Other bioactive substances found in insects.
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Today, the anti-coagulant activity of many more arthropods have been reported 
in literature [117]. Perez de Leon et al. [118] reported on the anticoagulant activity 
in the salivary glands of the insect vector Culicoides variipennis sonorensis. Research 
fellows at University of Sydney opined that by mimicking the anticlotting proper-
ties of the proteins in a mosquito’s saliva, scientists can develop new drugs to treat 
conditions such as deep vein thrombosis or stroke.

These compounds in the saliva of blood feeding insects are capable of increasing 
the ease of blood feeding by preventing coagulation of platelets around the wound 
and provide protection against the host’s immune response. Most of all, over 1280 
different protein families have been associated with the saliva of blood-feeding 
organisms [119]. Ratcliffe et al. [120, 121] showed that most of them are pharma-
ceutical compounds including: inhibitors of platelet aggregation, ADP, arachidonic 
acid, thrombin, and PAF, anticoagulants, vasodilators, vasoconstrictors, antihista-
mines, sodium channel blockers, complement inhibitors, spore formers, inhibitors 
of angiogenesis, anesthetics, AMPs and microbial pattern recognition molecules. 
Champagne [115] stated that the vasodilators include amines, prostaglandins, pep-
tides and proteins, platelet aggregation inhibitors include nitric oxide, prostaglan-
dins, apyrase molecules that sequester ADP and a range of peptides and proteins, 
while the anticoagulants include a wide range of inhibitors that target thrombin and 
factor Xa, as well as proteins that disrupt the “tenase” prothrombinase and tissue 
factor/FIIa complexes.

2.5.1 Maggot therapy in wound treatment

Maggot therapy according to [122] is the application of live fly larvae to wounds 
in order to aid in wound debridement (cleaning), disinfection and/or healing. 
Maggot infestation of the wound of a living vertebrate host is called myiasis. Sun 
[123] defined maggot therapy as a type of biotherapy involving the introduction of 
live, disinfected maggots into the non-healing skin and soft tissue wound (s) of a 
human or animal for the purpose of cleaning out the necrotic (dead) tissues within 
a wound (debridement) and disinfection.

The effectiveness of maggot therapy is based on the proper control of the 
system. Such proper control of the system involves selecting the appropriate species 
and strain of fly (the species most commonly used is Lucilia (Phaenicia) sericata), 
disinfecting the larvae, using special dressings to maintain the larvae on the wound, 
and integrating quality control measures throughout the process. There are also 
conditions expected in the wound for the maggot to thrive: the wound must be 
moist, exuding with a good flow of oxygen, thus not all wound types are suitable for 
maggot therapy. This means that dry, open wounds of body cavities do not provide 
a good environment for maggots to feed. Dry wounds however can be made suitable 
for maggot therapy by moistening it with saline soaks, for at least 48 hours. Tian  
et al [124] reported that maggot therapy improves healing in chronic ulcers, diabetic 
foot ulcers, and venous leg ulcers. FDA in 2004 cleared maggots from common 
green bottle for use as a medical device in the US protocol for the treatment of 
non-healing necrotic skin and tissue wounds, pressure ulcers, venous stasis ulcers, 
neuropathic foot ulcers and non-healing traumatic or post-surgical wounds.

Even though reports of the usefulness of maggot therapy in wound healing is 
common in literature, patients and doctors still find maggot therapy very absurd. 
Sherman [122] reported that clinicians are often more disgusted with maggot 
dressings than are patients. Petherick et al. [125] study in this regard showed that 
approximately 25% of patients offered larval therapy for treatment of chronic leg 
ulcers preferred alternative treatments rather than maggot. Similarly, [28] found 
only 77% agreeing to leg ulcer treatment with maggots [126]. Health professionals 
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are also skeptical about prescription of maggot therapy, but [127] is of the view the 
negativity is often replaced by acceptance as of the results delivered.

2.5.2 Apitherapy

Apitherapy according to [128] is the practice of using bee products such as 
honey, pollen, propolis, royal jelly and bee venom for disease prevention and 
treatment purposes. Cherbuliez [129] described it as the science and art of using 
honeybee products to maintain health and assist the individual in regaining health 
when sickness or accident interferes. The Apimondia Standing Commission for 
Apitherapy that works for the promotion of the use of bee products for apitherapy 
defined apitherapy as a medical concept, based on scientific foundations cor-
roborating traditional knowledge, including: bee production procedures aimed at 
medical development. According to the archeologist Giorgog Marovfrydis, who was 
also a beekeeper, the first known testimonial on the use of bee products for thera-
peutics dates back to 2100BC which refers to a recipe written in cuneiform script on 
Sumerian clay plate found in Euphrates valley.

There is also biblical and Quranic evidence of God’s directive on the use of honey. 
Exodus 3: 8, Exodus 33:3 Exodus 13:5, Leviticus 20:24, Numbers 13:27, Numbers 
16:14, Deuteronomy 6:3, Deuteronomy 31:20, Joshua 5:6 all showed the descrip-
tion of the Promised Land as a land flowing with milk and honey. Deuteronomy 8:8 
described it as a land which abounds in olive oil and in honey. Besides, the Bible has 
many other references on the divine directive for mankind to eat honey.

Prov. 24:13 “My son, eat thou honey, because it is good and honeycomb which is 
sweet to thy taste” (KJV)

Prov. 25: 27 “It is not good to eat much honey, so for men to seek glory, their own 
glory, causes suffering and is not glory”

Matt 3:4 and Mark 1:6 talked of John the Baptist eating locust and wild honey.
Koran Sura 16 stated that honey the origin and therapeutics properties of honey: “It 

comes from their bellies, a liquid of various colours with healing for mankind”. Apart 
from the medicinal properties of honey, many other products are mentioned in literature: 
pollen, propolis, wax, royal jelly and venom.

2.5.3 Honey

Manisha deb Mandal and Shyamapada [130] reported on the antimicrobial 
properties of honey. The antimicrobial property is due to its enzymatic produc-
tion of hydrogen peroxide, low pH, and high content of sugar (high osmolarity). 
According to [131] the most common bacterium known to be inhibited by honey is 
Streptococcus pyogenes; another bacterium that is reported to be inhibited by honey 
is Helicobacter pylorum (a causative factor in ulcers). Abd-ElAal et al., [132] showed 
that honey has a more pronounced inhibitory effect (85.7%) on gram-negative bac-
teria (Pseudomonas aeruginosa, Enterobacter spp, Klebsiella spp). They also reported 
a 100% inhibition was observed in the case of gram positive methicillin-resistant 
Staphylococcus aureus.

As stated above three factors are responsible for the antimicrobial properties of 
honey: enzymatic activities, low pH and high content of sugar. One of the enzymes 
present in honey is glucose oxidase, produced by the bees’ hypopharyngeal (head) 
glands. Upon dilution, the enzyme is activated and generates gluconic acid and 
hydrogen peroxide. Secondly, the high osmotic potential of honey is due to its high 
sugar concentration: that is osmotic effect, which can lead to the breakdown of 
bacterial membranes, thus inhibiting microbial growth. Honey’s low pH also makes 
it difficult for bacteria to thrive in the medium.
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Medical values of honey include its wound healing capability, oral health, 
treatment of pharyngitis, cough and gastrointestinal disorder, peptic ulcer, gas-
troesophageal reflux disease, gastroenteritis, constipation and diarrhea, liver and 
pancreatic diseases etc.

2.5.4 Bee pollen

Pollen, the male gametophyte of flowering plants is high energy material which 
is collected by insects and stored as food [133]. Bee pollen refers to the flower 
pollen that collects on the legs and bodies of worker bees as they collect pollen for 
the colony. It is rich in sugars, proteins, minerals, vitamins and fatty acids. It also 
includes nectar and bee saliva. The chemical composition of pollen varies depend-
ing on the flowers from which the pollen was collected. Kielisliszek [134] noted that 
bee pollen recently gained traction in the health community because it is loaded 
with nutrients, amino acids, vitamins and other 250 active substances. According 
to [133]), pollen has been used medically in the treatment of prostatitis, bleeding, 
stomach ulcers and some infectious diseases, although medical practitioners are 
yet to reach a compromise regarding these claims. Salles et al [135] stated that the 
Federal Ministry of Health in Germany recognizes bee pollen as medicine. Denisow 
et al [136] also stated that bee pollen is loaded with a wide variety of antioxidants 
including flavonoids, carotenoids, quercetin, kaempferol and glutathione.

2.5.5 Propolis

Propolis also called bee glue is a sticky substance used by worker bees to cement 
cracks in the hive. Almeida and Menezes [137] noted that the word propolis came 
from two Greek words: Pro (meaning “in defense of”) and Polis (meaning “city”). 
Propolis are resinous substances, gummy in nature, collected from plants by the 
bees and used as cement to seal cracks or open spaces in the hive, sterilize the queen 
bee posture site, and to mummify insect invaders [137]. Ramos and Miranda [138] 
also described propolis as a honeybee product with a very complex chemical com-
position, made by gummy and balsamic material collected by bees from sprouts, 
flower-buds, trees and other vegetal-tissue resinous exudates. Although the chemi-
cal composition of propolis has been known for long. Ramos and Miranda [138] 
opined that correlation of propolis chemical composition with its pharmacological 
activities started forty years ago. Volpi [139] reported that twelve different flavo-
noids found in propolis namely pinocembrin(antifungal factor) , acacetin, chrysin, 
rutin, luteolin, kaempferol, apigenin, myricetin, catechin, naringenin, galangin and 
quercetin, two phenolic acids (caffeic and cinnamic acid) and a stilbene deriva-
tive called resveratrol. Besides, propolis also contain important vitamins: vitamin 
B1, B2, B6, C and E, as well as useful minerals Magnesium , Calcium, Potassium, 
Sodium, Copper, Zinc, Manganese, Iron and a few enzymes such as succinic 
dehydrogenase, glucose-6-phosphatase, adenosine triphosphatase and acid phos-
phatase [140].

Health benefits of propolis have been reported by many authors including oral 
health, gynecological care, oncological treatment, dermatological care and treat-
ment for gastrointestinal disorder. Wieckiewwicz and Miernik [141] described 
the possible uses of propolis in treatment of various diseases of the oral cavity. 
Sneviranne et al [142] stated that the mouth environment is rich in bacterial flora, 
thus inhibition of microorganisms in the oral cavity could be its mode of action. 
However, other researchers reported that it works by inhibiting the enzyme glucosyl 
transferase of the bacterium Streptococcus mutans; a bacterium that produces lactic 
acid in the mouth that decays tooth enamel. Pereira [143] also showed that propolis 
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restricts bacterial plaque development and periodontitis-causing pathogens because 
of its antibacterial properties. Today some companies include propolis in mouth-
wash, toothpaste and chewing gums as a remedy to toothache [144].

Again, owing to the fact that bacteria proliferation in the vagina, overgrowth 
of vaginal pathogens such as yeast like fungi, depletion of Lactobacillus spp., and 
elevated vaginal pH are the main causes of vaginal diseases. A study conducted by 
[145] on the application of 5% aqueous propolis solution resulted in an improve-
ment in vaginal well-being. Pasupuleti [146] stated that in addition to providing 
antibiotic and antimycotic actions, propolis provides early symptomatic relief due 
to its anaesthetic properties.

On the issue of oncological treatment, Pasupuleti [147] reported that propolis 
has potential towards human breast cancer treatment due to its antitumor activity 
by inducing apoptosis on human breast cancer cells. Benguedouar et al [146] stated 
that galangin, a common flavonoid found in Algerian propolis, induced apoptosis 
and inhibited melanoma cells in vitro.

Pasupuleti [147] reported the use of propolis in dermatological products. 
According to them, its use in skin care products is based on its anti-allergy, ant-
inflammation, anti-microbial properties and promotive action on collagen synthe-
sis. Amad Oryan et al [148] showed that an important factor in impaired wound 
healing is biofilm formation and that propolis antimicrobial agents can reduce 
biofilm generation, thereby resulting in accelerated healing process. Propolis is also 
reported to reduce activity of free radicals (ROS) in the wound bed favoring the 
repair process. Pasupuleti [147] also reported that its effect on collagen metabolism 
by increasing both type I and type III collagens in tissues.

2.5.6 Royal jelly

Viuda-Martos et al [149] defined royal jelly as a thick and milky secretion 
produced by the hypopharyngeal and mandibular glands of young worker bees 
(Apis mellifera) used to feed the larvae. Literature reports showed that worker bees 
and queen bees start life as identical eggs laid by the parent queen, but whether 
the egg develops into a worker bee or a queen bee depends on the way each of 
them is fed. Queen bee larvae are fed with copious amounts of royal jelly and so 
differ in many respects from adult worker bees. This development has aroused the 
interest of researchers on the composition of royal jelly that has made it capable 
of determining the nature of a bee. Viuda-Martos et al. [149] also noted that royal 
jelly has a high content of bioactive compounds consisting of peptides such as 
royalisin, jelleines, aspimin and royalactina; polyphenols, principally phenolic 
acids, flavonoids and lipids such as10-Hydroxy-2-Decenoic acid. Ramadan and 
Al-Ghamdi [150] listed other bioactive compounds in royal jelly to include fatty 
acids, proteins, adenosine monophosphate (AMP) N1 oxide. Royalactin is the 
main compound in royal jelly that allows the morphological change of a larva 
into the queen bee [151]. It is therefore called a superfood and is the main reason 
for the longevity of the queen bee compared to the other bees. Strant [152] stated 
that royal jelly being a secretion of worker bees is of a more constant composition 
compared to other honey bee products. In her report, she also stated that the most 
interesting property of royal jelly is 10-hydroxy-2-decenoic acid and vitamins in 
the B complex which include thiamine, riboflavin, niacin, pyridoxine, pantothenic 
acid, biotin and folic acid, but little vitamin C, while vitamin A and E are absent or 
nearly so, vitamin D and K are probably also absent. Royal jelly was also reported 
to possess health promoting properties including antioxidants, anti-inflammatory, 
antibacterial, anti-tumour, hypocholesterlemiant, hepatoprotective, vasodilative 
and hypotensive [149].
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The usefulness of royal jelly in wound healing has been reported by many 
authors. A study by researchers at Ain Shams University, Cairo in 2016 attributed 
the wound healing potentials of royal jelly to its ability to eradicate Methicillin 
Resistant Staphylococcus aureus infection [153] but the study did not mention 
involvement of any peptide. However recent research by Slovak Academy of Science 
found the peptide defensin-1-peptide as the factor responsible for wound healing 
ability of royal jelly. Defensin-1-peptide heals wounds by increasing keratinocyte 
migration and keratinocyte is largely responsible for epithelialization of the skin 
after injury [154].

Hethir Rodriguez an herbalist and a nutritionist, the Founder and President of 
Natural Fertility Info.com. reported on three studies to buttress the effect of royal 
jelly in reproductive health. First a study done in Japan and published in 2007 in 
the journal Evid Based Complement Alternat Med. which showed that Royal Jelly has 
the propensity to mimic human estrogen, similar to that of plant phytoestrogens. 
Estrogen is essential for healthy bone formation and gene expression, and is vital 
for a healthy menstrual cycle. The study also showed a potential for increased size 
of uterine cells in the rats studied.

Another study out of Kuyushu University in Japan, aimed to see if Royal Jelly 
could combat BPA growth-promoting effects on human breast cancer MCF-7 cells. 
BPA (bisphenol A) is a harmful chemical used in plastics that is a known xenoestro-
gen. The results of the study showed that Royal Jelly inhibits the stimulated growth 
of BPA on MCF-7 cells. Not only has BPA been linked to breast cancer, it has also 
been linked to poor egg health.

The third study reported is that of additional promising rat study of Iran, 
published in the International Journal of Fertility and Sterility which found that 
Royal Jelly “promotes folliculogensis [the maturing of follicles in an ovary] and 
increases ovarian hormones…” Thirty two female rats were divided into four groups, 
three control groups receiving either 100, 200 or 400 mg/ kg of body weight daily 
for 14 days. Rats in the Royal Jelly consuming control groups had increased levels 
of estradiol and progesterone, increased uterine and ovarian weights, as well as a 
significant increase in mature follicles and corpora lutea (more than one corpus 
luteum). Serum antioxidant levels were increased and nitric oxide levels decreased.

2.5.7 Bee venom

Bee venom is the poison in the bee sting that makes it very painful. It is a colour-
less, acidic liquid which the bees excrete through its stinger into the body of any 
intruder assumed to threaten its life. Barish [155] reported that an average adult 
can withstand 1000 sting whereas 500 stings could kill a child, but for an allergic 
person, one sting can cause death due to anaphylactic reaction (a life threatening 
allergic reaction in which blood pressure falls and airways closes). Africanized 
honey bees, also called killer bees, kill their victim in swarms. Research into the 
chemical composition of bee venom showed that it contains a complex mixture of 
proteins and amino acids, enzymes, sugars and lipids, polypeptides [156]. Melittin, 
a polypeptide compound, made up of 26 amino acids, comprising 50% of the dry 
weight of bee venom, has been shown to be antiviral, antibacterial and anticancer 
[156, 157]. Bee venom also contains the peptides: apamin and adolapin which pos-
sess anti-inflammatory and pain relieving properties.

2.5.8 Medicinal properties of termite

Medicinal properties of termite has been investigated by a number of research-
ers, [158] investigated the antibacterial ability of the termites mostly used by South 
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Indians for treating diseases associated with microorganism and found that 90% of 
alcohol extracts of three species of subterranean termites, namely; Odontotermes 
formosanus Shiraki, Microtermes obes Holmgren and Macrotermes estherae 
(Desneux) were effective against bacterial diseases. Nine termite species were 
recorded to be used for therapeutic purposes. Africa is the continent with the high-
est number of usage, followed by America and Asia respectively. The results showed 
that termites are useful for medicinal and food purposes to humanity. Alves and 
Alves [159] also reported that Microcerotermes exiguus contains antiviral properties 
and as such effective for treating cold, cough, hoarseness, asthma, catarrh, bronchi-
tis, influenza, flu, whooping cough, sore throat, sinusitis and tonsillitis.

3. Conclusion

From the foregoing, the bioactive substances from arthropods are so enormous 
that it can no longer be overlooked or relegated to the background. Arthropods now 
hold the future of orthodox and traditional medicine. To me the discoveries on the 
medicinal, pharmaceutical and nutraceutical values of arthropods are quite indis-
putable, so the next line of action will be the utilization of the named arthropods 
in the production of drugs and other pharmaceutical as well as cosmetic products. 
I therefore recommend that research torchlight will be on large scale production of 
these insects, extraction of the bioactive ingredient and incorporation/ utilization 
in production of drugs especially for challenging diseases like cancer.
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Chapter 2

Pollinators: Their Evolution, 
Ecology, Management, and 
Conservation
Victoria Wojcik

Abstract

Insect pollinators are a rich and diverse group of species that have coevolved 
with plants to create biodiverse and productive landscapes that support ecosystem 
services. Bees, beetles, flies, butterflies, moths, and even ants participating in 
moving pollen within and between flowers, assisting the reproduction of more 
than 80% of all flowering plants. The value of insect pollinators to ecosystems 
and economies is both large and immeasurable. One of three bites of food eaten is 
pollinated, and countless raw materials and natural products are the result of the 
visitation of flowers by insects. Yet, these keystone species face survival challenges 
driven by habitat loss, pests, disease, pesticides, and climate change. Conservation, 
restoration, and management seek to build back resilience into these systems, 
without which our world would be unrecognizable.

Keywords: pollination, coevolution, ecosystem services, Hymenoptera, Lepidoptera, 
Diptera, Coleoptera, agriculture, conservation

1. Introduction

Pollination is the movement of pollen from the anther (male part) to the stigma 
(female part) of a flower. It is the manner in which seed plants, or spermatophytes, 
reproduce. Although this process can occur by wind or water, the dominate form 
in which these sessile organisms move their gametes is by animal vector. Animal 
pollination is a foundational ecosystem service, with an estimated 80% of flowering 
plants requiring or benefitting from pollination [1]. These intricate systems evolved 
over 140 million years ago and are the reason for the rich, diverse landscapes we 
enjoy and benefit from today. A diversity of animals provide pollinator services, but 
the majority of pollinators are insects; the most effective and important of these 
anthophilic insects are bees (Hymenoptera, Apoidea). These vital insects face many 
challenges that threaten their survival, the majority of which are the direct results 
of human impacts on the environment. Management in agricultural systems aims to 
promote bee health in order to preserve crop yields. Conservation in natural areas 
seeks to maintain and ensure that insect pollinator populations continue to support 
our ecosystems and livelihoods.
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2. Evolution of pollination

2.1 Origins and the fossil record

Animal-mediated pollination evolved some 140 million years ago, when plants 
developed floral rewards in the form of nectar and pollen, along with attractive 
floral displays. Flowers evolved to attract animal visitors that would then spread 
pollen, in a targeted way, from one flower to another. The earliest pollinators were 
palynivores, feeding on pollen, and in the process of visiting flowers for food, 
got contaminated with pollen grains, moving them from one flower to the next. 
Beetles are seen emerging in the fossil record in the Jurassic, before the emergence 
of flowers, and are considered to be the first pollinators. Fossil records document 
beetle pollination in the Cretaceous, with the earliest record of pollen on beetles 
see in amber-preserved Cretoparacucujus cycadophilus carrying cycad pollen dated 
at 100 million years old [2]. Present-day beetle pollination systems of magnolias 
resemble these early origins. In the discussion of the earliest pollinators there is fos-
sil evidence from Spain that shows thrips (Thysanoptera) preserved in amber that 
are covered in gains of Cycadopites pollen [3], suggesting a diversity of prehistoric 
insects had associations with flowers.

Bees evolved somewhere between 140 to 70 million years ago from wasps that 
switched their feeding habits from a carnivorous diet of mostly other insects to 
pollen and nectar. The oldest fossil record of bees is a specimen of stingless bee, 
Trigona prisca, found in the United States that is dated to between 96 and 74 million 
years old, from the Upper Cretaceous [4]. Fossil records of Apis bees have been 
found in Western Germany that date to the Lower Miocene (approximately 25 mil-
lion years ago). These are considered to be precursors to the modern day honey bee, 
Apis mellifera, arguably the most important insect pollinator. Flies appear in the 
fossil record about 200 million years ago; moths and butterflies are markedly older, 
appearing as early as 400 million years ago.

2.2 Coevolution

The coevolution of plants and insect pollinators has resulted in mutualisms that 
are an incredible diversification of forms and functions as plants developed ways 
to ensure visitation, fidelity, and pollen transfer to secure their reproduction. From 
the plant’s perspective, attracting a visitor that will coincidentally get covered in 
pollen before visiting another food source was the first step in the development of 
tailored systems that allowed plants to produce fewer pollen grains. Flowers evolved 
as specialized structures to further attract insect visitors. This included elaborate 
shapes, scents, and colours. Scents and colours advertise flowers to pollinators look-
ing for food in new landscapes.

The size and shape of the flower facilitates the transfer of pollen to the pollina-
tor, with adaptations to each group. Complicated morphologies that squeeze, and 
in some chases trap, pollinators work to increase the chance of transferring pollen. 
Orchids are famous for specialized pollination systems, including trap pollination, 
as exhibited by Cypripedium species. Orchid bees attempting to visit Lady’s Slippers 
flowers slip into a chamber where they are trapped temporarily, and presented 
with a single, narrow opening through which to exit. As they squeeze through 
this narrow opening they move past the sticky pollinia (large pollen sacks) that 
are deposited on their backs. Another group of flowers with trap blossoms are the 
Arums. These plants trap pollinating flies within their base where the anthers are 
found until the pollen is mature, opening to release pollen-covered flies and beetles 
that will then go and visit others flowers. Many trap-flowers use deception to attract 
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insect visitors, mimicking reproductive pheromones or the scent of food sources 
(i.e., carrion). Another form of deceptive pollination used by some flowers, such 
as orchids, is Pouyannian mimicry: tricking a male visitor into thinking there is a 
receptive mate. The mirror orchid, Ophyrs speculum, appears in colour and shape 
like the female scoliid wasp (Scoliidae), this tricks the male into attempting to mate, 
referred to as pseudocopultion, which then triggers the release of pollen onto the 
unsuspecting insect.

Concurrently insects evolved individualized morphologies and behaviours to 
increase their fitness and optimize their ability to capitalize on floral resources. 
Insects are likely pollen vectors, often possessing hairs or scales that pollen attaches 
to easily. Bees, the most effective and efficient pollinators, have branched hairs that 
often occur in dense aggregations called scopa that are specialized to carry pollen. 
Unlike other pollinators that visit flowers to feed on nectar and pollen, accidentally 
getting contaminated with pollen, bees actively collect pollen to provision for their 
offspring. Early bees collected pollen in their digestive systems, holding it in their 
crop. Some more primitive bees in the family Colletidae still make use of ingest-
ing pollen as they do not have the pollen-carrying hairs on their body. Most bees, 
however, carry pollen in an external load, which can also be used as an identifying 
characteristic.

3. Pollination systems

Over the last 120 million years, pollinators have diversified an incredible 
amount. Bees, butterflies, moths, flies, beetles, and wasps have evolved to fill spe-
cific niches in the environment. The generalized characteristics of plant-pollinator 
systems are commonly described in pollination syndromes; predictive sets of plant 
morphology and phenology that align with the preferences of pollinators. Insect 
pollinator syndromes include bee and wasp pollination (melittophily); butterfly 
pollination (psychophily); moth pollination (phalaenophily); fly pollination 
(myophily and sapromyophily); beetle pollination (cantharophily); and even ant 
pollination (myrmecophily) (Table 1). Using the theory of pollination syndromes, 
Charles Darwin postulated that the pale and fragrant Christmas Orchid, Angraecum 
sesquipedale, was likely pollinated by a moth with a proboscis equal in length to the 
long nectary possessed by this flower, measuring more than 25 cm in some cases. 
Darwin passed away before he ever validated his prediction, but two decades later a 
sphinx moth, Xanthopan morganii, with in impressive 30 cm proboscis was found to 
in fact be a visitor of the orchid.

3.1 Pollinator syndromes

3.1.1 Canatharophily

Beetle pollination: With more than 380,000 species of beetles globally it 
is assumed that more than 90% of all pollinated plants have associations with 
beetles. Beetles may not be the primary pollinator, but their ubiquitous presence 
makes them important anthophiles. Flowers that are pollinated by beetles, or 
those that present characteristics to attract beetles, are commonly large; pale 
white, cream or green in colour; and have a heavy scent that is sometimes foul, 
mimicking carrion. Beetle bodies are robust and they are often clumsy, cor-
respondingly beetle-pollinated flowers are often flat or disc-shaped. The pollen 
is easily accessible as beetles have minimal ability to handle and manipulate it. 
Beetles have been called destructive pollinators, visiting flowers to feed on floral 
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parts, or the pollen directly. For this reason, many beetle-pollinated plants have 
extra protective structures around their ovaries. Pollen is the dominant reward 
produced by beetle-pollinated flowers.

3.1.2 Melittophily

Bee pollination: Flowers that are visited by bees have perhaps the greatest 
diversity in form. Bees often make use of open, disc-shape flowers, but are also able 
to access more complicated floral forms, even those that require complicated floral 
handling. For example, flowers in the pea family (Fabaceae) have a complex, asym-
metrical morphology, with a keel petal that covers the opening and access to nectar 
and pollen. Both strength and persistence are required to access the floral rewards 
in such blossoms. Bee-pollinated flowers are commonly yellow, blue, or purple 
(Figure 1). They also commonly possess ultraviolet colouration as bees can see this 
part of the light spectrum. Many bee-pollinated flowers have nectar guides, areas 
of colour that highlight the location where they nectaries are located. Nectar guides 
focus pollinator effort and optimize pollination. Bee-pollinated flowers are heav-
ily scented, allowing an additional chemical sensory way for bees to locate them. 
Although melittophily predominantly refers to bees, pollen wasps are attracted to 

Figure 1. 
Small sweat bee (Halictus sp.) visiting a compound, disc-shaped, purple flower (Asteraceae) representative of 
melittophily. [photo credit: Amber Barnes].
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the same set of morphological characteristics. Bees are specifically adapted to be 
the ideal pollinators. While most pollinating insects visit flowers to feed on nectar, 
accidentally getting covered in pollen, bees purposely collect pollen to feed their 
young. Nectar is a food source for adult bees, and this high-energy carbohydrate 
food powers their metabolically expensive flight. For this reason, bee-pollinated 
flowers provide abundant nectar and pollen.

3.1.3 Psychophily

Butterfly pollination: Flowers pollinated by butterflies are commonly disc-
shaped or compound in structure to provide an easy landing pad. Members of the 
family Asteraceae are widely visited by butterflies. Butterfly-pollinated flowers 
are obvious and showy, usually pink, red, or purple, and they are highly scented. 
Unlike bees, butterflies can see the colour red, and correspondingly many of the 
flowers visited by butterflies are red. Butterflies feed on nectar using a proboscis 
and are looking for abundant nectar. Nectaries can be located in tubes or spurs that 
are accessible by this long proboscis. The anthers of butterfly-pollinated flowers are 

Figure 2. 
An Eastern Tiger Swallowtail butterfly (Papilio glaucus) feeding on a pink flower (Asteraceae) with a large 
disc-shaped landing pad representative of psychophily. [photo credit: Amber Barnes].
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usually located in places that would deposit pollen on the heads or undersides of 
butterflies. It is common for butterflies to land on compound flowers and proceed 
to feed at multiple sites (Figure 2). Butterflies are sun-seekers that exhibit basking 
behaviours, enjoying flat flowers in sunny locations. A common group of special-
ized butterfly-pollinated plants are the milkweeds (family Apocynaceae, genus 
Asclepias). The flowers of these plants present the characteristics of psychophily: 
they are colourful, clustered, and tubular. Additionally, monarch butterflies, 
Dannus plexippus, are co-evolved with Asclepias species; the caterpillars are able to 
eat their toxic foliage, which contains cardenolides, resulting in the development a 
chemical defense against predators (Figures 3–6).

3.1.4 Phalaenophily

Moth pollination: Flowers pollinated by moths share some characteristics with 
butterfly-pollinated flowers, including nectaries in deep spurs and attractive scents. 
Most moths are active in the evening, or at dawn and dusk (crepuscular), so their 
flowers are generally less colourful and more perfumed. Moth-pollinated flowers 

Figure 3. 
Monarch (Danus plexippus) egg laid on the underside of a milkweed (Asclepias) leaf. [photo credit: Amber 
Barnes].
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tend to be white or cream coloured. The amount of nectar produced is relatively 
high as many moths hover while they access their food and have a high meta-
bolic demand.

3.1.5 Myophily

Fly pollination: Pollinating flies that feed on nectar are attracted to a similar 
variety of floral types as bees are attracted to. Fly-pollinated flowers tend to display 
a diversity of colours and shapes, although they tend not to be as complex as those 
visited by bees. The scent emitted by these flowers is also usually quite fragrant and 
potent to aid flies in locating the flowers. Flies are nectar feeders, and fly pollinated 
flowers provide ample nectar.

3.1.6 Sapromyophily

Fly pollination by carrion or dung seekers: Less common than myophily, flow-
ers pollinated by flies seeking animal flesh or dung as egg-laying substrates mimic 
these elements. They are heavily scented to mimic foul odours. The flowers can be 
small, colourless, or a dull purple/pink, with a sticky secretion. Trap-blossoms are 

Figure 4. 
Monarch (Danus plexippus) caterpillar feeding on milkweed (Asclepias); this behaviour instills a chemical 
defense in the caterpillar and butterfly. [photo credit: Amber Barnes].
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also common. These flowers do not offer rewards; instead they trick the insect into 
visitation. A wonderful example of sapromyophily is the giant corpse plant, or titan 
arum, Amorphophallus titanum. The gigantic flower produced buy this arum can be 
upwards of 2 meters tall, and produces a strong, foul odour that resembles rotting 
flesh. Flesh flies and carrion beetles are attracted to this plant; as they attempt to 
find a meal or lay eggs they are trapped inside the giant flower until it wilts, releas-
ing them after they have been covered in pollen.

3.1.7 Myrmecophily

Ant pollination: Ants are minor pollinators, and are not attracted to showy 
floral structures. In many cases the flowers of ant pollinated plants are small, often 
occurring in clumps. The flowers can be also located at the base of stems. The plants 
themselves are low-growing and accessible from the ground. Ants feed on nectar 
found inside of the flowers as well as on extra-floral nectaries. Ant-pollinated plants 
occur in arid or alpine environments. Examples of ant-pollinated plants include 
Small’s stonecrop (Diamorpha smallii), alpine nailwort (Paronychia pulvinata), and 
Cascade knotweed (Polygonum cascadense), as well as two alpine orchid species, 
Chamorchis alpine and Dactylorhiza viridis.

Figure 5. 
Monarch (Danus plexippus) chrysalis. [photo credit: Amber Barnes].
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3.2 Adaptations for pollination and flower visitation

3.2.1 Physical adaptations

Each arthropod pollinator group has a specific physical adaptation for accessing 
pollen and nectar. Most insects adapted to pollen collection are covered in hairs or 
scales. Bees are the most highly adapted to collecting and carrying pollen. Their 
bodies are covered in dense, bifurcated hairs that garb onto pollen. Many bees have 
dense aggregations of pollen-carrying hairs, called scopa, on their hind legs or 
the underside of their abdomen. The placement of pollen-carrying hairs can aid 
in general identification of bees. Members of the family Megachilidae (Megachile, 
Osmia, Anthidium, Hoplitis, and Chalicodoma), commonly known as leafcutter 
bees, mason bees, and carder bees, are all identifiable by their ventral abdominal 
scopa. Bees in the family Andrenidae carry pollen on the upper portion of their 
hind legs, while members of the family Halictidae carry pollen down the length 
of their hind legs. Members of the family Apidae also carry pollen on their hind 
legs, but generally in a more compacted pattern; some have further specialized 

Figure 6. 
Adult monarch butterfly (Danus plexippus) feeding on the flowers of common milkweed (Asclepias speciosa). 
[photo credit: Amber Barnes].
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structures called corbicula where they can carry a tightly packed ball (Figure 7); 
this is common in honey bees (Apis mellifera), bumble bees (Bombus spp.), and 
carpenter bees (Xylocopa spp.).

The adaptations of other insect pollinators are specific to accessing nectar 
and pollen for food. Flies do not actively collect pollen, but are effective pollina-
tors because they are covered in hair. Flies feed on nectar and access it through 
the use of a shortened set of sucking mouth parts. Nectar taken in this manner 
has to be shallow and accessible. Butterflies and moths are covered in scales, 
not only on their wings, but also on their face, thorax, abdomen, and even their 
legs. Pollen is transferred to these scales when they feed, and then transferred 
to another flower when they make another visit. Butterflies and moths feed on 
nectar accessed through a proboscis, which in some cases is extremely long in 
order to access nectar in deep nectaries. Beetles feed on pollen, collecting it with 
their mouthparts. Some have additional adaptations such as rows of dense hairs 
on their maxilla or labium, which act as a pollen broom that helps convey pollen 
into their mouth.

Pollen and nectar are the dominant rewards sought by anthophiles, but some 
also collect various oils, resins, and other substances. Bees in the genera Eulema 

Figure 7. 
A bumble bee (Bombus sp.) carrying a large, round load of pollen held on the corbicula. [photo credit: Amber 
Barnes].
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have very dense hairs on their hind legs that hold oils. The males of some species 
of Euglossa have specialized structures on their hind tibia called perfume pouches 
where they collect floral scents that they then use to attract females. Honey bees and 
stingless bees collect plant resins, oils, and other secretions that they then mix with 
their saliva and nectar to make propolis.

3.2.2 Behaviours that optimize pollen collection

Feeding habits vary greatly between insect pollinators, and even within gen-
era, and species of each group. Some species exhibit specialization for one host 
plant species and are considered monolectic. Others forage on multiple species 
within one plant genus, a feeding habit that is termed oligolectic. A broader 
repertoire for multiple species in similar plant genera is called mesolectic. Some 
have a much broader repertoire and visit multiple species within multiple genera 
families and are considered polylectic to various degrees [5]. Honey bees, which 
are considered broadly polylectic or generalist feeders, forage on a wide spec-
trum of food resources within a landscape. One-to-one specialized relationships 
where there is a single pollinator for a single plant, though interesting and high-
light specialized, are rare. Research into pollination networks within ecosystems 
has shown that overlap and redundancy are much more common. Bipartite 
pollinator networks are useful tools to understanding how pollinators and plants 
within an ecosystem interact, building resilience and buffering against change 
(Figure 8) [6–8].

Some pollinators have specific behaviours they use to increase pollen collection. 
In some cases the coevolution of this mutualism has resulted in plants that are so 
specialized they can only be effectively pollinated by certain pollinators. Buzz pol-
lination, or sonication, is one such system. In sonication, a pollinator holds on to a 
flower and vibrates its wings to release pollen. Bumble bees and other large-bodied 

Figure 8. 
A representative bipartite network visualizing the linkages and connections in a plant-pollinator system. 
Linkages between plants and pollinators are indicated with connecting lines, line width represents the relative 
dominance of the linkage in the system. Bands below pollinators represent relative dominance of each taxon in 
the system. Similarly, bands above the flowers represent the relative dominance in terms of usage by pollinators 
in the system. Using these networks allows for keystone species and resilience levels in the pollination systems to 
be determined, and can also identify plants and pollinators that may be more at risk. [figure credit Victoria 
Wojcik].
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insect pollinators are prime examples. Plants in the family Solanacea (nightshades), 
which includes tomatoes, eggplants, and potatoes, have adapted to buzz pollination; 
their anthers are enclosed in a structure and pollen can only be released through 
vibration.

Bees present the most refined versions of behavioural adaptations to optimize 
pollen and nectar collection. Flight is metabolically expensive, yet it is the dominant 
manner in which most insect pollinators find and access their food. Patterns in 
how pollinators work within and between flowers show both energy optimization 
through shortened flight patterns and minimizing efforts against gravity, as well 
as ways to increase the chance of finding nectar. Though they often search for sites 
of forage, bees are central-place foragers, meaning they tend to forage on food 
resources nearer to their nest site. For colonial species like honey bees and bumble 
bees, this means foraging near to their nest. For solitary species this means nesting 
near abundant food resources. Colonial species with an established nest in a dearth 
of resources will relocate.

When bees are foraging in a field, they focus the attention of an individual 
foraging trip on the same species of flower, even if they feed on a diversity of 
sources. Flight patterns are impacted by resource abundance as an adaptation to 
optimizing rewards. When flying through a resource-rich floral field they have 
been documented to make more turns in their flight, stopping more often to feed. 
In fields with less abundant resources, they fly straight more often, searching for 
abundant, localized forage. Bees that feed on a wide range of flowers also focus 
their foraging efforts on the most dominant species in the landscape, a strategy that 
targets rewards and balances energy expenditure. Optimizing forage to what is in 
bloom and providing the most nectar and pollen that day minimizes the flight time 
between nest and flowers and conserves energy. Energy optimization is used for 
resource seeking and floral selection. Bees tend to use complex floral resources that 
have vertical structure from the top down, again conserving energy by minimizing 
the needs to fly against gravity. This is most evident in tropical systems were bees 
are foraging on flowering trees.

The culmination of behavioural adaptations to optimize foraging is social com-
munication and recruitment foraging exhibited by social bees, such as honey bees, 
stingless bees, and bumble bees. Bumble bees exhibit rudimentary communication 
through movement and wing vibrations that appear to signal that the arriving 
forager has visited profitable food resources. Honey bees and stingless bees have 
a complicated dance language, commonly called the waggle dance in honey bees. 
Thorough this dance they communicate the quality and location of food resources. 
Honey bees provide information on distance and direction, while stingless bees also 
provide information about the vertical plane in which food is found as many sting-
less bees forage in forest ecosystems.

4. Globally pollinator diversity

Globally there are estimated to be more than 1,000,000 species of insect pollina-
tors. This includes nearly 800,000 beetles that are not likely to be the main pollina-
tor of most plants, but are the dominant anthophiles.

Speaking to the most effective and functional pollinators, there are currently 
some 20,000 species of bees known globally. This diversity is represented by 
seven families: Andrenidae, the mining bees; Apidae, honey bees, carpenter bee, 
stingless bees, long-horned bees, and orchid bees; Colletidae, the plaster or cel-
lophane bees; Halictidea, the sweat bees; Megachilidea, the leaf-cutter and mason 
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bees; Mellittidae, the oil collecting bees, and Stenotritidae, the fast flying bees. 
Stenotritidae are only found in Australia; the other families are present across 
the globe.

Pollinating wasps include members of the subfamily Masarinae, which bare a 
visual resemblance to vespid wasps. Fig wasps, members of the family Agaonidae, 
are a diverse group of more than 900 species of tiny wasps that have a unique 
specialized pollination system with figs (genus Ficus). Fig flowers have evolved an 
internalized structure that is accessible through a small opening. Female fig wasps 
covered in pollen enter the fig flower to lay their eggs inside, transferring the 
pollen of the fig that they have hatched from. The eggs of the fig wasp mature and 
hatch inside of the fig flower. Male and female offspring mate with each other, 
the males remain in the flower, and the females exit the flower to start the cycle 
over again.

There are some 150,000 species of moths and 17,000 species of butterflies 
globally. Many of the relationships that butterflies have with flowers are more 
specialized, particularly those that include access to nectar in deep nectaries. Both 
butterflies and moths require host plants for their caterpillar development, in many 
cases the same plants that provide nectar to adults also serve as larval host plants 
(Figures 3–6).

Though there are roughly 160,000 fly species globally, a narrow spectrum of 
these species are pollinating anthophiles. The most common group of pollinating 
flies is the family Syrphidae, with nearly 6000 species. Syrphid flies, also known 
as flower flies, often resemble bees and mimic these species. Other pollinating flies 
include midges, such as members of the genus Forcipomyia, which pollinate cacao 
flowers, and mosquitoes, including the snowpol mosquito Aedes communis that 
pollinates the blunt-leaf orchid Platanthera obtusata.

Pollinating insects are present in all terrestrial ecosystems, with the exception 
of Antarctica. Patterns of diversity include both ecosystem types and geographic 
regions that have higher richness than others. Arid landscapes tend to have higher 
pollinator species richness, and though this might seem counter intuitive, these 
ecosystems are characterized by distinct seasonal patterns, often with short 
precipitation windows, and environmental extremes. This multitude of temporal 
niches has driven a diversity of pollinator mutualisms. For some species, such as 
bees, there are distinct biomodal patterns of richness, with far northern and far 
southern latitudes having less richness than mid-latitudes. In the case of bees, 
their niche is often filled by flies closer to the poles. This same pattern of declining 
richness and substitution of flies into bee niches is seen in alpine ecosystems as 
elevation increases. Meadow and prairie ecosystems are generally considered to be 
hot-spots of insect pollinator diversity, owning to the richness of flowers and open 
space. Conversely, temperate forest systems have previously been considered to be 
lower in pollinator richness, but recent evidence suggests that these systems are in 
fact abundant with species.

5. Nesting and other habitat needs

Pollinating insects have a diversity of nesting strategies and habitat needs 
for reproduction. Bees are famous for constructing nests; for social species this 
including building hives and constructing combs and brood chambers for their 
young. Honey bees, stingless bees, and bumble bees all produce wax which they 
use to build nest cells. Solitary bees have a more varied set of nesting strate-
gies. The majority excavate nesting in the soil, creating chambers for brood. 
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Some species make use of preexisting holes, lining them with various materials. 
Leafcutter bees cut and fold leaves to make nest cells. Mason bees collect mud 
to form their nests. Some bees excavate nests in the pith of plant stems, and 
some, like carpenter bees, are able to chew into wood. Solitary bees provision for 
their offspring, laying an egg that hatches, eats a pollen store, pupates, and then 
emerges as an adult.

Butterflies and moths lay eggs on host plants, their young emerge and eat the 
plant materials, eventually pupating, and emerging as adults. Pollinating flies lay 
their eggs in leaf litter or other substrates. Beetles have varied nesting lifestyles, 
including leaf litter and burrowing.

6. Agriculture and food production

Pollinators are responsible for one of every three bites of food we eat [9, 10]. 
This corresponds to an enormous economic contribution that has been estimated 
recently to be upwards of 153 billion US dollars annually [11]. Corn, wheat, and 
rice – the carbohydrate stables of most cultural diets – are wind pollinated, but 
nearly 80% of the crops that are cultivated across the globe require or benefit from 
pollinators [10]. Pollinated foods provide the necessary and essential nutrients 
for the human diet, including foods high in antioxidants, as well as vitamins A, B, 
and C [12].

The major insect pollinators of agricultural crops are bees and flies, with other 
insect pollinators generally considered to play minimal roles in crop production. 
There are many crops, fruits, and spices that are pollinated by moths, wasps, and 
even beetles, especially in more tropical parts of the world. Butterflies, however, are 
not known to pollinate any crops.

Honey bees are famous in agriculture because they can be managed and moved 
between crops to pollinate what is in bloom. As generalist pollinators, honey bees 
will visit most crops, but they are not universally the ideal pollinator for each crop. 
Bumble bees are ideal pollinators for tomatoes, eggplants, and peppers as these 
crops require sonication, or buzz pollination. Squash bees, Peponapis spp., pollinate 
pumpkins, squash, melons, and zucchinis [13]. Orchard and mason bees (Osmia 
spp.) are ideal pollinators of stone fruit (cherries, almonds, etc.), apples, and pears 
[13]. In the case of pears they outperform honey bees who find pear nectar too low 
in sugar for their taste. Leafcutter bees (Megachile spp.) are good pollinators of 
alfalfa and other legumes [13]. Vanilla orchids are pollinated by orchid bees in the 
genera Euglossa and Eulema.

Flies play key pollination roles in many crops, including staples such as cocoa 
(midges in the genera Ceratopogonidae, Forcipomyia, and Euprojoannisia), coffee, 
and tea [13]. Mangos, kolanut, lychee, coconut, nutmeg, acerola, and avocados are 
pollinated by flies. Flies also pollinate many common field crops such as carrots, 
onions, leek, parsnip, and dill [13]. Moths have roles in pollinating crops including 
yucca, neem, papaya, passionfruit, and nutmeg [13]. Wasps are known for pol-
linating figs, but also play roles in pollinating kenaf, lychee, and cotton [13]. Beetles 
pollinate pomegranates, parsnip, and nutmeg [13].

7. Additional ecosystem services supported by insect pollinators

Food production and the reproduction of wild plants are considered critical 
provisional ecosystem services, without which the Earth could not exist in its 
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life-supporting state. It has already been established that insect pollinators are 
critical to food production and plant reproduction [14]. Additionally, insect 
pollinators are keystone in provisional, regulating, and cultural ecosystem 
services.

Hardwood products, fibers, textiles, dyes, scents, plant derived chemicals, and 
pharmaceutical products are the products of flowering plants that require pol-
lination [15, 16]. Insect pollinators also have a role in maintaining reproduction in 
plants that fix and cycle nitrogen, such as legumes [17]. Some of the very behav-
iours and lifestyles of these insects, such as ground nesting, promote soil aeration 
and nutrient cycling. About 60% of bee species nest in the ground, and this behav-
iour provides soil disruption [18]. Vegetation that defines ecosystems, and buffers 
the impacts of severe weather and erosion is again commonly insect-pollinated. 
The California chaparral ecosystem is one example. Plant species responsible for 
soil stabilization along hillsides require pollinators for reproduction [19]. A lack of 
pollinators and the eventual senescence of these species can cause vulnerability to 
landslides during annual wet periods. Similarly, coastal mangrove communities that 
provide protection during storm events need pollinators for reproduction [20, 21]. 
Tropical forest communities, which play significant roles in carbon sequestration, 
are dominated by pollinator-dependent species, with an estimate of nearly 95% 
dependence [1].

Cultural inspiration and spiritual enrichment is provided by ecosystems that 
depend on insect pollinators, as well as the pollinators themselves. Mayan artwork 
depicts the practice of meliponiculture, and this honey was used in sacred ritu-
als and as food. There are multiple references to honey in Eastern and Western 
religious texts and rituals. The cleansing and rebirthing properties of honey are 
mentioned heavily in Jewish text and honey is used in celebration of the New Year. 
In Hinduism honey, madhu, is as one of the five sacred elixirs of immortality. In 
Buddhism honey is given as a gift of honour to monks. Contemporary art and 
culture also features insect pollinators heavily, be it depictions of bees as mascots 
for breakfast cereal or our fascination with the metamorphosis of caterpillars into 
butterflies.

7.1 Managing insect pollination services

7.1.1 Beekeeping

With the significant role that managed honey bees play in global food produc-
tion their health and wellbeing a key concern for beekeepers, farmers, and govern-
ments. Today, honey bees are managed by beekeepers to maintain high quality 
colonies that meet minimum pollination contract requirements or that produce 
marketable amounts of quality honey for commercial markets. A conservative 
estimate of the history of beekeeping dates the practice at 5000–6000 BCE, with 
images on African pottery and Egyptian artifacts depicting the practice. Modern 
day beekeeping, the management of honey bees in hives with mobile combs, began 
in 18th century Europe. In the Americas, the Mayans practiced meliponiculture, 
keeping stingless bees in the genus Melipona for honey that was used in rituals and 
as a sacred food.

7.1.2 Other managed bees

Other managed bees include multiple species of bumble bees, which can be 
reared in boxed colonies and used in greenhouse and field pollination. A handful 
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of solitary bees are also reared for commercial use. The alfalfa leafcutting bee, 
Megachile rotundata, is reared in tube nests and used to pollinate alfalfa. Orchard 
bees such as the blue orchard bee, Osmia lignaria, and the red mason bee Osmia 
bicornis, are managed in North America and Europe, respectively, for orchard pol-
lination. The alkali bee, Nomia melanderi, is a ground nesting sweat bee that prefers 
alkali soils. This species also pollinates alfalfa and is commercially managed either 
in movable binds of soil containing nest cells, or by seeding areas near farms with 
nests as this species recolonizes it’s home range.

7.1.3 Other managed insect pollinators

Many other insect pollinators and other bees are managed by providing nesting 
and feeding opportunities near to crops of interest. The establishment of floral 
resource strips near agricultural increases the occurrence of many species of soli-
tary bees, as well as other insect pollinators such as flies, butterflies, and moths. In 
the case of some fly pollinators, such as those that pollinate cocoa, leaving leaf litter 
in plantations encourages nesting opportunities and is thought to boost populations 
and pollination.

8. Threats and challenges

Insect pollinators face survival challenges that stem from multiple, interacting 
factors. Habitat loss; pests and disease; invasive species; pesticides; and climate 
change all make survival more difficult for these essential species. These factors 
work both independently and in synergy to undermine the survival of insect pol-
linators, and the people and plants that depend on them.

8.1 Habitat decline

The primary threat to insect pollinators is habitat decline, both in terms of the 
available area, and in the richness of plant species available to feed on. Agricultural 
intensification, increased urbanization, and the extractive industry disturbs and 
removes habitat resources. Habitat loss reduces feeding opportunities by both 
reducing the amount and variety of food sources, and also reduces opportunities for 
nesting. When habitat loss increases fragmentation reproductive consequences can 
also occur, include narrowing genetics and reproductive isolation for both pollina-
tors and plants [22].

8.2 Pests and disease

Pests and disease challenge the survival of pollinators, and have increased in 
their impacts as international travel, commerce, and industrialized agriculture 
provide increased opportunities for spread. So much of our agricultural productivity 
is dependent on the honey bee (Apis mellifera) that it is no wonder that our attention 
is drawn to their plight. Honey bees and other bees are subjected to pests and para-
sites, such as Varroa destructor, an external mite that weakens bees by feeding off 
of their hemolymph. Common diseases include Nosema ceranae, a fungal infection 
that impacts digestion and the absorption of nutrients and foul brood (American 
foul brood: Paenibacillus larvae and European foul brood: Melissococcus plutonius), 
which infect larvae causes mortality. A slate of viruses also infects bees, including 
deformed wing virus, which causes body malformations; and sacbrood virus, which 
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causes mortality before pupation. These bee diseases have been identified from 
honey bees, but are known to spread to wild populations of bumble bees and other 
species, presenting a conservation challenge and further stressor in these unman-
aged species.

8.3 Pesticides

Pesticides and other chemical pollutants threaten insect pollinators, in some 
cases causing direct morality, and in others causing significant sublethal impacts 
that reduce pollinator function, cognition, and reproduction. The vast majority 
of targeted pests are insects, and correspondingly beneficial insects within these 
systems suffer. Most pollinator poisoning occurs when pollinator toxic pesticides 
are applied to crops during the blooming period. Poisoning of pollinators can also 
result from drift onto adjoining crops or plants, the contamination of drinking 
water, and the uptake of systemic pesticides that move through the soil by non-
target plant species.

8.4 Invasive species

Invasive species, both plants and other insect pollinators, can alter local 
ecosystems, in some cases causing significant enough change that pollination 
webs are modified and individual mutualisms are impacted. Invasive plant spe-
cies with aggressive, generalist growth patterns can become the dominate species 
in a landscape. This transition in landscape composition can mean rare resources 
of more specialized pollinators dwindle. The basic foraging biology of pollinators 
can also promote the establishment and spread of invasive plants. As generalist 
pollinators preferentially visit the most dominant species in a landscape, this 
can provide a feedback loop that exacerbates the issue. Non-native plant spe-
cies that have not coevolved with the native pollinator fauna may present other 
challenges such as a phenological mismatch, floral morphology that is difficult 
to access, and variability in both pollen protein and amino acids and nectar sugar 
concentration.

Dietary variability can impact growth and reproduction in species that have 
coevolved with certain food profiles. Invasive arthropod pollinators have also been 
noted to cause stress on plant-pollinator systems, including competitive interactions 
with native species that could result in extirpation or extinction, or the transmission 
of new pathogens and diseases. There are multiple examples of non-native bees that 
have established outside of their range; they are commonly tube nesters that have 
been accidentally introduced. One such example is Megachile sculpturalis, commonly 
known as the giant resin bee, this species is aggressive and has been shown to evict 
other Megachile species from their nests, and even has been aggressive towards car-
penter bees (Xylocopa spp.). Purposeful introductions for agriculture have occurred 
as well, including two Asian species, Osmia cornifrons and Pithitis smaragula, which 
were introduced to the United States.

8.5 Climate change

Climate change is a looming threat, impacting both insect pollinators directly, 
and changing the floral ecosystems these species depend on. Changes in richness 
and diversity; range changes and restrictions; changes in flight periods; as well as 
asynchrony between coevolved pollinators and plants are the primary concerns 
as the climate changes. As patterns of precipitation and temperatures change the 
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range of conditions that define an appropriate niche for insect pollinators and 
their plants can change.

Overall patterns of pollinator richness have been predicted to change, which 
includes both increase and decreases in regional richness. For example, predictive 
modelling of butterfly richness in Canada in a climate change scenario showed 
decreases at the most northern and southern latitudes, but increase in richness at 
mid-latitudes [23]. In some cases this will be a range contraction, and in some more 
severe cases extirpations and extinctions as species are pushed to the extremes for 
their biology and phenotypic plasticity. Historical museum records of bumble bee 
occurrence compared to current occurrence data showed a dramatic range restric-
tion in United States [24].

The cues that trigger plant phenology, such as bloom and bud drop, are largely 
dependent on photoperiod, which remains constant as temperatures change. The 
maturation and development of insects is largely driven by temperature, with most 
species requiring a specific number of degree days to pupate and emerge as adults. 
The development of asynchrony between bloom and the emergence of insect 
pollinators is another threat; recent studies from Europe indicate that on average 
there been a two-day dissociation between plants and their pollinators in the past 
30 years [25], with some pairings showing as much as 10 days, as is the case between 
blackcurrant and Osmia rufa. Ten days may appear extreme, but a 2011 study of 
pollinator phenology in the United States found that on average bees are emerg-
ing 10 days earlier in the calendar year when compare to historical records from a 
century ago [26].

9. Conservation actions

Pollinator populations are changing in response to a changing world. The 
previously mentioned list of threats and challenges has resulted in many insect 
pollinators being in decline, with many species listed as threatened or endangered. 
Extinctions in pollinator species have also occurred. When pollinators decline, 
the plants that they depend on, the productivity of ecosystems, and the services 
they provide parallel this trend [27]. Conservation actions that aim to support 
arthropod pollinators include policy frameworks that protect natural areas, 
moving towards sustainable agricultural systems that include increasing non-crop 
forage, active programs to protect and boost populations of listed species, policy 
that works to reduce stressors such as pesticides, and climate positive actions. Key 
efforts seek to raise awareness of the essential roles that the small, often over-
looked and misunderstood, species play in supporting our daily lives.
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Chapter 3

Seasonal Dynamics on Spider 
Population in Pathiramanal Island, 
Kerala, India: A Case Study
Jobi J. Malamel

Abstract

Impact of temperature, rainfall, and humidity varied across different seasons, and 
the spiders responded differently in each season. Spider community reaches its peak 
in growing season (October to January). The growing season is recorded as the period 
with average temperature, rainfall, and relative humidity and which is found to be 
more suitable for spider population to increase, because highest proportion of spiders 
is trapped during this season. Ecological factors diminished the spider fauna from 
February to May (dry season) with high temperature and then gradually decreased 
through June to September (rainy season) because of heavy rainfall. Correlation 
analysis of variables with species richness and number of individuals is tested to 
check the statistical significance between them. Season-wise dendrogram is plotted 
to show the similarity between the seasons. For the estimation of spider diversity in 
three different seasons, indices such as Fisher alpha diversity index, Shannon diversity 
index and Simpson’s diversity index are evaluated.

Keywords: abiotic factors, diversity, ecology, ectotherms, seasonality

1. Introduction

The driving factors in the variation of species diversity and composition are a 
major topic in community ecology. Seasonal and daily changes in environmental 
conditions have a vital role to alter the performance of animals [1]. The environ-
mental conditions have a significant effect on the distribution of animals, and a 
seasonal variation is clearly visible in the abundance of the invertebrates, espe-
cially on ectothermic animals [2, 3]. Ectotherms are strongly influenced by the 
various biotic and abiotic factors of the environment because the environmental 
changes affect their distribution and physiology [4]. Though spiders depend on 
the architectural structure of the habitat in which they live [5], environmental 
variables such as biotic and abiotic factors cause a resounding consequence on the 
population dynamics of the spiders. Spiders respond to both the biotic and abiotic 
factors to facilitate their maximum fitness [6]. Even though spiders are abundant 
almost in all habitats, they usually opt for a habitat with suitable environmental 
parameters in order to smooth their growth, reproduction, and survival [6]. The 
environmental parameters such as temperature, relative humidity and rainfall 
have influence on the construction of web, survival as well as on selecting 
the habitat for spiders [7]. All these indicate that the existence of spiders in a 
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particular habitat is greatly mediated by different environmental variables on the 
ecosystem.

A healthy ecosystem and its smooth functioning is an indicator of the potential-
ity of the biodiversity of that particular ecosystem [8]. Pathiramanal island is a 
beautiful and tiny Island with an area of approximately 1 km2 and seems to be a 
healthy ecosystem with a tower of biodiversity of both plants and animals located 
in the middle of Vembanad estuary (Figure 1). Though small in size, Pathiramanal 
Island is blessed with rich flora and fauna owing to the presence of wide forest 
cover and thick vegetation (Figure 2). The small size of the Island is the reason 
to consider it for this case study as small areas give accurate data compared to the 
larger ones.

Figure 1. 
Map of the study area.



57

Seasonal Dynamics on Spider Population in Pathiramanal Island, Kerala, India: A Case Study
DOI: http://dx.doi.org/10.5772/intechopen.93411

Seasonality is an important factor to consider regarding the species distributions 
in an ecosystem for studies that discuss diversity patterns [9]. In the tropics, seasonal 
fluctuations have made pronounced variations among the diversity and density of 
different organisms [10]. In the case of arthropod populations, they are characterised 
either by changes in species richness and abundance with season or changes not 
linked with any season [9]. Spider populations have displayed both types of patterns 
[11], but most of the studies in tropical habitats have recorded a different tendency for 
each parameter regarding the season for their abundance, composition and commu-
nity structure [12]. Despite its importance, the seasonal variation of spider communi-
ties in studies of tropical diversity has received little attention [13, 14].

Figure 2. 
(A) Pathiramanal Island; (B–G) collection localities of the study area.
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So this study is not to deal with the precise amount and composition rather to 
expose how the diversity and composition of spiders in Pathiramanal Island are 
influenced by different abiotic factors such as temperature, rainfall and rela-
tive humidity. This chapter mainly focuses to check the variation in density and 
diversity of Araneae in accordance with the change in the selected environmental 
parameters. The study is also carried out to show the correlation of population 
dynamics of spiders in three different seasons in the Pathiramanal Island of 
Kerala, India.

2. Materials and methods

Pathiramanal Island is a small tropical Island with an area of approximately 
1 km2 lies between the latitudes 9°37′07.11″ N and longitudes 76°23′04.95″ E. It is 
located in the backwaters of Alappuzha District and many rare varieties of migra-
tory birds from different parts of the country come here to nest, adding to the 
scenic beauty of its location on Lake Vembanad. With respect to its geographical, 
climatic and ecological features, the Island harbours a rich amount of arachnids 
of which spiders have a huge share. The temperature ranges from 28.6 to 33.5°C, 
with an annual mean of 31.0°C. The study was conducted from October 2014 to 
September 2016 and in the present study, 4 hours of sampling involved active 
searching for spiders employing a combination of five collection methods such as 
aerial hand collection, ground hand collection, litter sampling, sweep netting and 
vegetation beating. All the collected specimens during the survey transferred to 
the fixative (70% alcohol) for preservation. The sex and developmental stage of all 
trapped individuals are determined in the laboratory. Species-level identification 
is mainly recognised by looking at the genitalic features of the spiders. The palp 
and epigyne are dissected and cleared in 10% KOH for identifying the species. The 
identification and classification are done also based on the various body parts. A 
detailed taxonomic study is carried out using the data provided by the World Spider 
Catalog [15].

The investigation is done to determine how the abiotic factors influence the 
population dynamics of spiders in Pathiramanal Island. In order to study the 
variation in population density of spiders with different abiotic factors, a random 
collection was made in the habitat using the sampling techniques such as hand 
picking, beating and pitfall traps, and the number of spiders present in the Island 
is recorded. The collection was done once in a month from morning 8.00 am to 
12.30 pm noon throughout the year. Various climatic parameters viz. temperature, 
relative humidity and rainfall are recorded during the period of collection.

The entire year is divided into growing season (GS), dry season (DS) and rainy 
season (RS). The data are subjected to statistical analysis and correlation between 
the spider population and abiotic factors in every three seasons are derived. 
Pearson’s correlation coefficient (Rp) is calculated to study the correlation between 
different abiotic factors, viz. mean temperature (°C), relative humidity (%) and 
rainfall (mms) on the species richness and number of individuals using software 
PAST version 3.19. For the estimation of spider diversity in three different seasons, 
indices such as Fisher alpha diversity index, Shannon diversity index and Simpson’s 
diversity index are evaluated.

2.1 Data analysis

Statistical relevance of the collected data was supported by calculation of the 
following diversity indices:
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Shannon-Weiner diversity index (H) is calculated using the formula,

 ( ) ( )∑  H pi ln pi= − ×  (1)

where ∑ = summation and pi = proportion of total sample represented by 
species i.

Simpson’s diversity Index (D’ = 1 – D) is calculated using the formula:

 D 1 n(n 1)/ N(N 1)= − − −∑  (2)

 −

−
∑n(n 1)

D =1-D=1-
N(N 1)

'  (3)

where D = Simpson’s index, n = the total number of organisms of a particular 
species, and N = the total number of organisms of all species.

Evenness in species distribution is calculated using Simpson’s formula,

 E D Dmax/ ,=  (4)

where

 1 2= ∑D / Pi  (5)

Chao1: an estimate of total species richness is calculated using the formula:

 ( ) ( )1 1 1 1 2 2 1= + − +Chao S F F /( F ,  (6)

where F1 = number of singleton species and F2 = number of doubleton species.

3. Results

The species composition of the spiders inhabiting Pathiramanal Island varied 
seasonally and each season responded to the environmental variables differently. 
During GS, the number of individual spiders collected from the Island was 2405, 
and the observed species richness, Shannon diversity and Simpson’s (1-D) diversity 
were 129, 4.041 and 0.971, respectively. The number of individuals for DS was 1367, 
and the observed species richness, Shannon diversity and Simpson’s (1-D) diversity 
were 98, 3.81 and 0.963, respectively. The number of individuals for RS was 965, 
and the observed species richness, Shannon diversity and Simpson’s (1-D) diversity 
were 77, 3.64 and 0.961, respectively. It is evident from the unstandardized reference 
sample that GS appears to have higher observed species richness, Shannon diversity 
and Simpson’s (1-D) diversity than others. The abundance of spiders also showed 
differences in the three seasons, GS showed highest abundance at 521.66 ± 311.73 
(mean ± SD, n = 3), followed by DS (213.33 ± 141.50) and RS reported the lowest 



Arthropods - Are They Beneficial for Mankind?

60

Figure 4. 
Effect of rainfall on species richness.

(143 ± 78.63) abundance. The spider assemblages during GS showed the maximum 
Shannon diversity and Simpson’s (1-D) diversity, RS appears to have lower Shannon 
diversity than GS and DS, while DS has lower diversity than GS. The overall seasonal 
trends in abundance of spider population in Pathiramanal Island shows a sharp 
decline in the rainy season and dry season, but peak in the growing season. Seasonal 
dynamics of the spider population in different seasons during the study revealed 
that the spider population attained its peak in the growing season (October to 
January). After the growing season, the density of spiders gradually decreased due to 
adverse climate condition of high temperature (Figure 3), while in the rainy season, 
the lowest numbers of spider species are observed (Figure 4). The study revealed 
that species richness varies in accordance with the relative humidity (Figure 5). GS 
is recorded as the period with average temperature, rainfall and relative humidity 
and which is found to be more suitable for spider population to increase because the 

Figure 3. 
Effect of temperature on species richness.



61

Seasonal Dynamics on Spider Population in Pathiramanal Island, Kerala, India: A Case Study
DOI: http://dx.doi.org/10.5772/intechopen.93411

highest proportion of spiders (50.77%) is trapped during this season. Ecological 
factors diminished the spider population (28.85%) from February to May (dry 
season) with high temperature and then gradually decreased (20.37%) through 

Figure 5. 
Effect of relative humidity on species richness.

Figure 6. 
Season-wise dendrogram.
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June to September (rainy season) because of heavy rainfall. Although the correla-
tion between the ecological parameters and species richness is visible from the 
three graphical representations, statistically no significance is shown. Season-wise 
dendrogram shows the spider diversity of rainy season (RS) and dry season (DS) 
are closely related in terms of density of the spiders, while the density of spiders in 
growing season was different (Figure 6).

Araneidae was the dominant family, and this might be due to the collecting 
localities of Pathiramanal Island that take care of shelter, reproductive behaviour 
and foraging of these orb webs. It is also observed that the occurrence of juveniles 
was least during the dry season. Juveniles of Thelcticopis virescens, Carrhotus 
viduus and Heteropoda venatoria occurred almost all seasons, whereas the adults 
had much more limited distribution. There were no species with strictly dry 
season and rainy season, but Argiope pulchella, Anepsion maritatum, Gasteracantha 
geminata, Phintella vittata and Tylorida ventralis occurred abundantly throughout 

Figure 7. 
(A) Argiope pulchella; (B) Anepsion maritatum; (C) Gasteracantha geminata; (D) Phintella vittata; 
(E) Tylorida ventralis; and (F) Loxosceles rufescens.



63

Seasonal Dynamics on Spider Population in Pathiramanal Island, Kerala, India: A Case Study
DOI: http://dx.doi.org/10.5772/intechopen.93411

the year (Figure 7A–E). The presence of the poisonous spider Loxosceles rufescens 
(Figure 7F) in the Island reminds that the tourists should be aware of the spider 
because of their ability to cause skin necrosis or loxoscelism with their necrotiz-
ing venom. It was interesting to note that lycosid spiders made their dominance 
mainly during the rainy season. Kumari et al. observed that rainfall negatively 
affected the spider population.

Correlation analysis of the variables such as mean temperature, rainfall and 
humidity with species richness and a number of individuals revealed statistically 
no significant relationship between them except those between rainfall and species 
richness which has been found to have a weak negative correlation (−0.42, p < 0.05). 
However, as indicated by the Pearson’s correlation coefficient (Rp) (Table 1), species 
richness and number of individuals tend to be positively correlated with mean 
temperature, whereas species richness and a number of individuals are negatively 
correlated with humidity and rainfall.

4. Discussion

The results suggest that abiotic factors and the environment play an important 
role in influencing the seasonality in abundance, richness and variation of spider 
species in Pathiramanal Island. The impact of these factors further varied among 
different habitats within the Island. As a general trend, the species richness was 
high during the growing season and decreased during the dry season, being mini-
mum during the wet season. The abiotic factors such as temperature, humidity and 
rainfall influenced the ambient habitat conditions such abundance and humidity 
of litter, prey arthropod composition and the composition of plant species, thereby 
tending to reflect on the abundance, diversity and seasonality of spiders.

Habitat preference is very crucial for spiders since it plays a profound impact on 
the growth, reproduction and fitness of spiders [16]. Habitat utilisation of spiders 
is always associated with environmental factors such as temperature, wind, rain 
and humidity [7, 17]. Spiders are plentiful in their distribution where their habitat 
conditions are favourable [18, 19]. It is observed that spiders choose their habitats 
in view of the prey availability [20–22], and when the prey availability is less, the 
spiders move to other habitats with sufficient preys [23]. So, site selection is very 
important for spiders, and it is greatly influenced by the biotic and abiotic environ-
mental parameters [24].

Results clearly demonstrate that an optimum temperature and relative humidity 
favoured spider population to increase through (October–January) on the one hand; 
on the other hand, increase in temperature, humidity and rainfall suppressed spider 
population in the other months. This study revealed the relative importance of diverse 
habitat types on diversity and composition of spider assemblages in the Pathiramanal 

Environmental 
variables

Species richness Number of individuals

Pearson’s correlation 
coefficient (Rp)

p-value Pearson’s correlation 
coefficient (Rp)

p-value

Mean temperature  
(in °C)

0.192 0.363 0.137 0.520

Rainfall (in mm) −0.420 0.041 −0.387 0.061

Humidity (in %) −0.380 0.066 −0.300 0.153

Table 1. 
Correlation analysis of the variables.
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Island. The habitat heterogeneity hypothesis states that the more complex the habitat, 
the higher the species diversity and structure. Habitat covariates viz. humidity, tem-
perature and rainfall were found to be important predictors for spider assemblages, 
and the effect of these variables varied across different seasons [25].

Being ectotherms, the temperature is found to have a key role in the habitat 
choice of spiders, as they are considered to be constrained by their thermal envi-
ronment [26]. A recent study [27] reports that the increase in overall temperature 
due to global warming has resounding consequences on spider populations. The 
scientists also observed that spiders are unable to withstand the high temperature 
as well as they need a favourable temperature to cope up with the environment. Li 
and Jackson [28] learned that spiders adapted to warmer climates can withstand 
higher temperatures and reproduce at a faster pace, while spiders living in cooler 
climates develop sooner in response to cooler climates and more slowly at higher 
temperatures. They, therefore, suggested spiders have evolved to adapt to their 
natural environments and temperature can act as a regulator in prohibiting opti-
mal foraging within a habitat. A wider temperature range would support greater 
diversity and abundance [29].

Humidity is another factor regulating the population dynamics of the spiders in 
an environment. Humidity crucially influences the moulting of the spiders because 
several moults happen in the lives of the spiders. It is studied that spiders prefer 
an optimum humidity prior to their moulting, because too much humidity creates 
fungus and too little will cause moult to go wrong [1]. Both of these conditions can 
result in the death of the spider.

Riechert and Tracy [16] discovered that extreme thermal stress in some areas 
prevent the spider from being active and resulted in a lack of prey availability. 
Therefore, the immature species are not fit enough to withstand the temperature 
in the dry season, while the adult specimens are better enough to withstand the dry 
season rather than small spiders.

Lycosid spiders are known as active thermoregulators since they are able to 
increase their body temperature in accordance with the changes in the environ-
ment [30]. Tracey [8] reported that lycosid spiders were very abundant in the high 
rainfall sites since they are well adapted to this type of environmental disturbance. 
Rainfall can alter the foraging activity of animals by precluding the visual or tactile 
perception of prey or predators nearby, or by hindering the mobility of small 
animals [31].

The season-wise dendrogram showed that species composition of spider assem-
blage during the DR and RS were relatively similar compared to that of the GS, both 
showing declining species richness, owing to non-ambient habitat conditions of the 
respective seasons (high temperature and heavy rainfall, respectively).

5. Conclusion

The present study found distinct compositions of spider species in the three 
defined seasons sampled, with seasonal distribution throughout the year. The effect 
of climatic variables, mainly relative humidity, temperature and rainfall, but many 
other factors need to be investigated, including the diversity of hunting strategies 
and habitat selection practiced by the animals, characteristics of the vegetation, 
prey availability and natural enemies. It is concluded that in Pathiramanal Island, 
growing season is very favourable to spider population due to its variable climatic 
factors and prey availability. This is the first long-term study investigating spider 
diversity and its relationship with seasonal variation and habitat distribution in this 
Island. With this work, it is intended to provide evidence of the possible usefulness 
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of seasonal dynamics with spiders in the Island, testing it as a species richness 
predictor. It is to consider the effects of environmental factors to test the use of this 
kind of approach as a tool for conservation efforts.

This is the first intensive sampling implemented to investigate the seasonal 
response of spiders through different seasons in this small Island. The analysis of 
spider assemblages together with seasonal variation is a useful approach for under-
standing mechanisms shaping spider diversity in Island ecosystems. The results 
demonstrated that seasonal patterns of spider assemblages can differ noticeably 
revealing a complex spatiotemporal dynamic in this community. Undoubtedly, 
other habitat elements, not measured in this study, have influenced the seasonal 
responses of the spider community in the Island.

The results of the present study showed how the population density of spider 
varies with seasonal changes which, in future, can be used as a base for selecting 
spider as a bioindicator in a particular ecosystem. It can be used as baseline data 
to collect the spiders from this site in accordance with the change in the environ-
ment. It is also important to note that spider fauna is ubiquitous in nature, and their 
diversity cannot be explained by quantifying the seasonality of the environment. It 
does depend on many other factors or a combination of factors such as altitudinal 
variation, habitat structure, competition, predation, habitat type, environmental 
stability and productivity. Looking into these factors would surely bring in more 
interesting results, which can be relevant for stability and management of spider 
diversity of this region. It is recommended to have extensive surveys of spiders 
in this unique ecosystem which are important for a better understanding of the 
seasonal dynamics of such habitats, which is required to support the sustainable 
management of both the spiders and Island.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Aquaculture industry produces the enormous amount of sea foods (fish, shrimp, 
planktons, etc.) with enriched quantity of proteins, essential amino acids, essential 
fatty acids, and micronutrients and also possesses the medicinal values. This pro-
duction industry is very important to meet out the need of the global population. 
Recently, different culture practices for aquatic culturing organisms were developed 
in practices, where the risk of infection and diseases outbreak also increased which 
leads to the production loss to the aquatic sector. Several conventional methods 
are used to prevent the diseases probiotics, antibiotics, plants, immmunostimu-
lants, proteins, immune proteins enhancement, nanoparticles, etc. At the same 
time, these treatment techniques also have merits and demerits to execute into the 
practical platform. For instance, chemical or antibiotics treatment into the culture 
system leads to the some adverse effects in culturing organisms, environment, and 
also consumer. In this chapter, various diseases caused by the bacterial strains and 
its control strategies in the shrimp farming industry to enhance the aquaculture are 
discussed.

Keywords: aquaculture, pathogens, plants, disease management, immunostimulant

1. Introduction

Shrimp farming plays the major role in aquaculture industry globally; due to its 
proteinaceous nature increased export viability and high profit yield the enhanced 
economy to the country. Penaeid (Rafinesque, 1815) shrimp aquaculture is one of 
the major industries which have rapidly grown during the past three decades in 
tropical and subtropical areas of the world (FAO 2019). Global production of shrimp 
increased from 1,564,563 metric tonnes in 2017 to 2,002,449 metric tonnes in 2019 
(FAO 2019). The black tiger shrimp, Penaeus monodon (Fabricius, 1798), Indian 
white shrimp, Fenneropenaeus indicus (H. Milne Edwards, 1837) and Pacific white 
shrimp Litopenaeus vannamei (Boone, 1931) are important commercial species of 
the Penaeidae family. F. indicus supports commercial fisheries in both marine and 
estuarine environments on the east and west coasts of India. India has been a major 
supplier of shrimp to Japan, Europe, and USA. In India, Indian white shrimp F. indi-
cus, Pacific white shrimp L. vannamei, black tiger shrimp P. monodon, white shrimp 
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P. penicillatus (Olivier, 1791), green tiger shrimp P. semisulcatus (De Hann, 1844) and 
banana shrimp P. merguiensis (De Man, 1888) are farmed along the coastal areas. 
Although the production of cultured shrimp has increased, there have been consider-
able periodic losses due to disease of the farmed shrimp. Global Aquaculture Alliance 
(GAA) survey with respect to agents responsible for diseases has already revealed 
that 50% of losses due to diseases were attributed to viruses and about 22% to bac-
teria [1]. The global loss of shrimp production leads to research against the control 
of diseases required for the stability of aquaculture industry. In Indian aquaculture 
industry produces at the Global Outlook in Aquaculture Leadership (GOAL) confer-
ence, held in October in Chennai, India, the forecast was for Indian production to 
drop in 2019. The GOAL prediction has India flat at around 600,000 tonnes in 2019 
and 2020, down from as much as (Figure 1).

The shrimp immune system, like other invertebrates lacks an adaptive immune 
system and relies solely on its innate immunity against invading pathogens. Innate 
immunity is an ancient protective mechanism that appeared early in the evolution 
of metazoans and is divided into humoral and cellular responses [2], which work in 
jointly coordination for the detection/elimination of all foreign organisms poten-
tially hazardous for the host [3]. The cellular response mediated by haemocytes in 
hemolymph involves nodule formation, phagocytosis, encapsulation of pathogens 
and coagulation [4, 5]. The humoral components include the activation and release 
of molecules stored within haemocytes, such as anticoagulant proteins, agglutinins, 
phenoloxidase enzyme, antimicrobial peptides and protease inhibitors [3].

2. Commercially important shrimps in India

2.1 Fenneropenaeus indicus

The Indian white shrimp, F. indicus formerly known as P. indicus is a marine 
shrimp, prefers mud or sandy-mud bottom and can be found from 2 to 90 m depth. 
It attains up to 228 mm (nearly 9 inches) in length up to 14–20 g in weight and 
can tolerate low water quality, high salinities and high temperatures. It is one of 
the most important Indian commercial species, especially for the inshore fisheries 
and for rice field culture in Kerala and also captured in the East African coast. The 
taxonomic position of the Indian white shrimp F. indicus is.

Figure 1. 
Aquaculture sector contribution towards economy throughout India.
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Phylum: Arthropoda
Subphylum: Crustacea
Class: Malacostraca
Order: Decapoda
Suborder: Dendrobrachiata
Family: Penaeidae
Genus: Fenneropenaeus
Species: indicus

2.2 Litopenaeus vannamei

Phylum: Arthropoda
Subphylum: Crustacea
Class: Malacostraca
Order: Decapoda
Suborder: Dendrobrachiata
Family: Penaeidae
Genus: Litopenaeus
Species: vannamei
In penaeid shrimp farming bacterial diseases are commonly associated with 

natural microbial flora of seawater, which possess enriched organic matter that 
supports the growth and multiplication of bacteria and other microorganisms. The 
most common shrimp pathogenic bacteria belong to the genus Vibrio. Other Gram-
negative bacteria such as Aeromonas spp., Pseudomonas spp., and Flavobacterium 
spp., are also occasionally implicated in shrimp diseases.

3. Bacterial Septicaemia (Vibrio disease)

Acute hepatopancreatic necrosis disease (AHPND) is one of the severe systemic 
diseases caused by bacteria Vibrio parahaemolytics especially in shrimps such P. mon-
odon and P. vannamei. In this disease the infected animals periopods are red color 
in nature owing to its chromatophores, sometimes the severe infections of bacterial 
diseases in shrimps may occur, while gills looks eroded and melanization took place 
to form the black blisters can be seen on the carapace and abdomen. Apart from  
V. parahaemolyticus some other bacterial pathogens such as V. alginolyticus, V. anguil-
larum, V. parahaemolyticus, Vibrio spp. also involved in this disease pathogenesis.

3.1 Luminescent bacterial disease

This bacteria also causes the dangerous problems in aquaculture farms and heavy 
losses due to its infections it leads to the economy downfall and production rate loss 
too. These luminescent bacteria infected shrimps could be look like a fluorescent 
or luminescent producing nature in darkness. V. harveyi are the major pathogens 
creating this problem in hatcheries. The luminescent bacteria could be isolated using 
Zobell’s Marine Agar, followed by morphological and biochemical characteristics.

3.2 Brown spot disease (Shell disease or rust disease)

Infected animals showed the brown and black erosions on the surface of the 
body and whole body appendages, this could be caused through Vibrio spp., 
Aeromonas spp., and Flavobacterium spp., with chitinolytic activity. Diagnosis could 
be achieved by simple observations such as gross signs and confirmed by isolation 
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of the bacteria from the site of infection on Zobell’s Marine Agar and identification 
of the pathogen.

3.3 Necrosis of appendages

The tips of walking legs, swimmerets and uropods of affected shrimp undergo 
necrosis and become brownish and black. The setae, antennae and appendages may 
be broken and melanised. The epibiotic bacteria such as Vibrio spp., Pseudomonas 
spp., Aeromonas spp. and Flavobacterium spp., produced the gross signs in infected 
shrimps.

3.3.1 Vibriosis in shrimp larvae

The affected larvae show necrosis of appendages, expanded chromatophores, 
empty gut, absence of fecal strands and poor feeding. Cumulative mortalities may 
be very high reaching up to 80% within few days. V. alginolyticus, V. parahaemolyti-
cus, and V. anguillarum caused this disease.

3.4 Filamentous bacterial disease

The affected shrimp larvae show fouling of gills, setae, appendages and body 
surface. Molting of affected shrimps is impaired and may die due to hypoxia. 
Filamentous bacteria, such as Leucothrix mucor are the causative agent for this 
disease. Diagnosis of filamentous bacterial disease could be achieved based on gross 
signs and symptoms and by microscopically demonstrating filamentous bacterial 
fouling of body surface and appendages of shrimp larvae.

4. Control measure of shrimp disease

Most common pathogenic bacteria of penaeid shrimp include Vibrio sp., 
Aeromonas sp., Photobacterium sp., Citinoclastic sp., Leucothrix sp. and Thiothrix 
sp. The loss of a stable microbial balance through disinfection leads an environ-
ment wide open for the proliferation of any opportunistic bacteria [6]. Therefore, 
disease control strategies ought to be a priority in the aquaculture practices. 
Several antibiotics are used in the aquaculture practices for treatment and to 
control diseases. The prolonged application of antimicrobial agents at sublethal 
concentrations may provoke the adaptation of microorganisms to antimicrobial 
agents [7].

5. Antibiotics

Antibiotics are potential molecules for the initial treatments, though it has its 
own demerits such as continues usages of antibiotics in the environment like farms, 
aquatic systems might be causes the pollution and also leads to the development 
of multiple drugs resistant strains in the environment [8]. For instance, adequate 
usage of chloramphenicol in shrimp farming sector in Myanmar, India, Pakistan, 
and Vietnam, paves the way to abuse of drugs resulting heavy loss in farming sector 
[9]. Considering the high promising results obtained in the in vitro screening of 
commercial antibiotics, the post-infection therapy using antibiotics remain the 
method of choice for many farmers [10]. Use of microbes for beneficial purposes is 
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increasingly recognized as a valuable input for sustainable aquaculture. Nowadays, 
several environmental-friendly prophylactic and preventive methods like probiot-
ics, immunostimulants, antimicrobial peptides and quorum sensing interference 
are developed to control aquatic organism diseases. Therefore, novel antimicrobi-
als with increased potency and least residual accumulation in shrimp tissue are 
required in lieu of conventional antibiotics for the management of bacterial epizo-
otics. To keep the shrimp farming as a sustainable venture, new health management 
strategies must be used instead of the traditional methods like the abuse of antibiot-
ics and chemotherapeutics.

5.1 Herbs as antibiotics

Herbs act as antibiotic for controlling or reduce the infection of pathogen in aqua-
culture sector and also increase the survival rate of organisms, during outbreak of 
disease managements. In Fenneropenaeus indicus, the anti-vibrio disease controlled by 
garlic extract [11]. Hot water extracts of brown seaweeds Sargassum sp. act as antibi-
otic against white spot syndrome virus in shrimp P. monodon [12]. Azadirachta indica 
plant extract act as antibiotics for treating Citrobacter freundii bacterial infection in 
Oreochromis mossambicus. Castro [13] observed, methanoic extract of Brazil herbs act 
as disinfectant against fish pathogens such as Streptococcus agalactiae, Flavobacterium 
columnare and Aeromonas hydrophila. In Catla catla disease resistance developed by 
fish immersed in extract of three herbs namely Allium sativum, Azadirachta indica 
and Curcuma longa [14]. The majority of herbs act as anti-pathogenic agent, acts as 
antibiotic due to strengthen the immune system of organisms prevent from disease or 
forming disease resistance variety in aquaculture sector.

6. Vaccination

Vaccination is the practice of administering weakened or dead pathogenic 
bacteria, in order to confer long lasting protection through immunological memory 
[15]. Adaptive secondary memory immune response of vertebrates depends on 
immunoglobulins (Igs), T-cell receptors (TCRS), major histocompatibility complex 
(MHC) and memory T cells. Memory cells and adaptive immunity differentiates 
the vertebrate and invertebrates immunity. Hence the several strategies are used to 
improve the adaptive immune system of invertebrates. Vaccination strategy must be 
designed with the key considerations of minimizing immunomodulatory stresses 
and stimulates the host defenses by triggering specific immune responses against 
infectious diseases.

7. Immunostimulants

Immunostimulants are chemical or natural source compounds that activate the 
immune system of aquatic animals and make them more resistant to infections by 
viruses, bacteria, fungi, and parasites. Stimulation of the non–specific immune 
system can improve the animal’s response to challenges from pathogenic bacteria. 
Immunostimulants used to control vibriosis in shrimp increased the survival rate 
[16, 17]. The potential of immunostimulants is to reduce the effects of bacterial 
diseases and to improve larval growth. Nowadays commercial immunostimulants 
are produced in the aquaculture sector to reduce the microbial diseases, through 
potential activity, immunostimulating performance are not in satisfied level. 
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Immuno stimulation might be too drastic and harm or even kill the host. Because 
there is no memory component involved, the response is likely to be short in 
duration, and hence immunostimulants have to be administered repeatedly. In 
addition, long term administration of such agents seems to decrease the immune 
stimulatory effect and does not always promote disease resistance [18]. Several 
bioactive compounds are isolated through various marine animals’ body compo-
nents (Figure 2).

8. Probiotics

During the past two decades, the use of probiotics as an alternative to antibi-
otics has shown to be promising in aquaculture, particularly in fish and shellfish 
larviculture hatcheries [19]. Probiotics could be used for the inhibitory studies 
because of its versatile nature such as inhibitory compounds production, compe-
tition for nutrients, competition for adhesion sites in the gastrointestinal tract, 
enhancement of the immune response, production of essential nutrients such as 
vitamins, fatty acids, and enzymatic contribution to digestion [20, 21]. Bacteria 
that are able to improve the water quality by removing toxic inorganic nitrogen 
or by mineralizing organic matter are also considered as probiotics. Bacterial 
strains dominantly present in culture water at high densities are also assumed 
to have the ability to compete efficiently for nutrients with possibly deleterious 
strains [20]. The development of drug resistant bacteria and the reduced effi-
ciency of antibiotic resistant for human and animal diseases, have led to  
suggestions of the use of nonpathogenic bacteria as probiotic agents to control 
diseases (Figure 3).

Figure 2. 
Marine animal possessing the distinctive level of biomolecules.
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9. Bacteriophages

Recently, bacteriophages (phages) are proposed as candidate therapeutics for 
aquaculture [22]. They could reduce pathogenic bacteria safely, effectively, and 
ecofriendly, as they are the natural enemies of bacteria. A major advantage of phage 
therapy is that non–target microbiota is not affected because the phages usually 
have a narrow host range [18]. However, phages can transfer virulence factors 
rapidly and selective pressure on the Vibrio population might select for strains that 
are non–sensitive to the phage. Biofilm formation and control A biofilm is an assem-
blage of microbial cells that is irreversibly associated with a surface and enclosed 
in a matrix of primarily polysaccharide material. A biofilm is defined as a bacterial 
population in which the cells adhere to each other and to surfaces or interfaces 
with architectural complexity [23]. Bacteria are known to colonize the surfaces 
immediately after the formation of a film of organic molecules. A bacteria cell is 
grouped together and forms the microbial aggregation on the surface of various 
materials such as pipes and tanks and form biofilms [24]. All bacterial strains does 
not have the capacity to produce biofilm layers, particular group of bacterial strains 
has the potential activity to produce the biofilm layers. In aquaculture system the 
biofilms are produced by the important bacterial pathogen Vibrio sp., which causes 
large-scale mortalities in shrimp and prawn hatcheries [24]. Biofilm formation may 
be an important mechanism for host immune modulation and virulence factor for 
down regulation [25]. Bacterial proliferation in the intestines is thought to induce 
quorum sensing, which down regulates extracellular matrix production and adhe-
sions required for biofilm formation [26]. The primary quorum sensing system in 
bacteria that appears to control important adhesins for in vitro biofilm formation 
is AI-3, an alternative class of quorum sensing molecule distinct from previously 

Figure 3. 
Various strategies for the shrimp bacterial disease.
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reported AHLs and AI-2 [27]. AI-3 also controls other virulence factors such as the 
locus of enterocyte effacement (LEE) pathogenicity, which encodes for type III 
secretion system (T3SS) and toxins secreted by T3SS. AI-3 receptor quorum sensing 
also binds to epinephrine and norepinephrine [28]. Very few biofilm models of 
animal infections have been established, and even fewer have tested virulence of 
quorum sensing mutants in such models. Many research focuses towards the bacte-
rial biofilm inhibition and eradication strategies, the potential antimicrobial agent 
production is very crucial to treat these biofilm problems in aquaculture industry. 
Some of the studies already proved the cleavage of bacterial extrapolysachharide 
layers and successfully inhibit the bacterial biofilms; however these compounds are 
not work well in all bacterial biofilms. Hence, the researches towards the develop-
ment the biofilm inhibition through various approaches are enhanced. The use of 
enzyme-based detergents as biocleaners, also known as “green chemicals,” can serve 
as a viable option to overcome the biofilm problems [29].

10. N-acyl homoserine lactonase

The first AHL-degrading enzyme was identified from Bacillus sp. expression 
of its gene in Erwinia carotovora, pathogenicity in plants has been reported [30]. 
Many AHL enzymes identified in bacteria, fungi, and mammals [31]. Paraoxonases 
(PONs) from mammalian sera also have lactonase-like activities in addition to their 
involvement in the hydrolysis of organophosphates [32]. AHL-degrading enzyme, 
with both short and long chain AHLs as substrates and little activity with other 
chemicals was documented earlier [33]. Screening of bacteria capable of produc-
ing enzymes, which inactivate the signal compound, blocking the quorum sensing 
systems of their competitors, has potential for disease control in aquaculture 
[18]. Diverse aquatic bacteria employ signal molecules to regulate the production 
of virulence factors [34]. Disruption of these signal molecules can significantly 
decrease virulence factor production in bacteria without interfering with their 
growth and it may be a particularly useful method in aquaculture [19, 35, 36]. One 
of the approaches proposed for quorum sensing disruption is the isolation of bac-
teria that degrade signal molecules involved in quorum sensing. Bacteria capable 
of utilizing N–acyl homoserine lactone (AHL) molecules as sole source of carbon 
and nitrogen can be used as potential quenchers of quorum sensing regulated 
functions in pathogenic bacteria. Bacteria capable of degrading AHL–type signal 
molecules have been reported extensively in the literature [37]. Hence, it is of inter-
est to investigate whether these types of bacteria could be used as a new General 
Introduction: a report on N-acyl homoserine lactonase from quorum quenching 
Bacillus licheniformis and its control of Vibrio parahaemolyticus colonization in 
Fenneropenaeus indicus type of probiotic, a live microbial adjunct that is beneficial 
to the host [18]. Enrichment cultures of AHL degrading bacteria controlled the 
overall microbial activity in aquaculture. The addition of AHL presumably stimu-
lates the virulence of opportunistic pathogenic bacteria. Assuming that in more 
intensive aquaculture systems, the often observed high mortality is related to the 
presence of quorum sensing molecules and quorum sensing induced virulence 
factors, the addition of an N-acyl homoserine lactonase could be beneficial [38]. 
The ability to degrade AHLs is widely distributed in the bacterial kingdom, isolated 
from soil by enrichment culture, is able to utilize AHL compounds as sole carbon, 
nitrogen and energy source. Bacterial species in natural environments that can 
metabolize AHLs and disrupt quorum sensing regulation in nearby bacteria was 
indicated [39]. Bacterial species that interfere with quorum sensing regulation in 
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another species were reported [40]. The AHL inactivation activity in Bacillus cereus 
isolate was due to its synthesis and secretion of a lactonase capable of opening the 
homoserine lactone ring of AHLs, thereby reducing the effectiveness of the signal 
molecules [41]. Some bacteria, especially Bacillus sp. may use AHL-lactonases 
in quorum-quenching to boost competitive strength in soil. Metallo-β-lactamase 
superfamily (MBL) family-type enzymes have been characterized from a variety of 
soil-associated Bacillus spp. and other bacteria [42, 43]. Metallo-lactamases consist 
of conserved motif HXHXDH and a zinc binding motif, and dinuclear zinc bind-
ing center bridged by an aspartate and an oxygen species [44, 45]. AHL lactonase 
AiiB from Agrobacterium tumefaciens also posses the similar active sites [46]. AHL 
lactonase expression in the pathogens Erwinia amylovora, Pseudomonas aeruginosa 
PAO1 and Burkholderia cepacia reduced their virulence by degrading AHLs [47]. 
In addition, AHL lactonases have also been expressed in Escherichia coli and Pichia 
pastoris [48]. Green fluorescent protein The introduction of green fluorescent 
protein (GFP) as an endogenous fluorescent tag provides a mean of rendering 
the bacteria visible and also tracing their activity in living host cells [49]. Green 
fluorescent protein is a small protein (27 KDa) found in the jellyfish, Aequorea 
victoria. It has the property of fluorescing when excited by ultraviolet light [50]. 
This gene codes for a fluorescent protein, when excited with UV light (470 nm), 
emits a wavelength of 502 nm. The GFP fluoresce is independent of cofactors, 
substrates or any additional gene products, sensitive, stable, specific, non-toxic 
and does not interfere with cell growth and function. GFP-marked fish pathogens 
have been constructed to study the invasion pathway in fish models [51]. The fate 
of Vibrio parahaemolyticus once filtered by oysters and its capacity to proliferate in 
different post-harvest conditions was defined, using a strain of V. parahaemolyticus 
with a plasmid that contains the GFP gene [52]. Recently, GFP was used to study 
colonization and pathogenesis of Vibrio parahaemolyticus in different tissues and 
hemolymph of F. indicus [53].

11. The prophenoloxidase activating system (proPO system)

The proPO system is an efficient part of the innate immune response and con-
sists of several proteins, which are involved in pattern recognition proteins, prote-
ases, protease inhibitors, antioxidants proteins and melanisation as represented in 
Figure 4.

In addition, it also associated with the cytotoxic reactions, cell adhesion 
encapsulation, and phagocytosis, which is present in many invertebrate groups, 
such as ascidians, mollusks, echinoderms, millipedes, bivalves, brachiopods and 
insects [54, 55]. In invertebrates the humoral mediated immune system is trig-
gered through several hemolymph proteins amongst the prophenoloxidase plays 
the vital role against the invading pathogens. At the same time, this immune 
pathway is stimulated through microbial pathogens such as bacteria, fungi and 
virus. The stimuli are derived from the outer membrane components of microbes, 
those molecules are termed as pathogen-associated molecular pattern (PAMP) 
which are lipopolysaccharide (LPS) and peptidoglycans (PG) from bacteria and 
β-glucans from fungi. This proPO cadcade consist of pattern-recognition proteins 
(PRPs) including LPS and β-1,3-glucan-binding protein (LGBP), β-1,3 glucan 
binding protein (βGBP), and peptidoglycan binding protein (PGBP), several 
serine protease and zymogens, proPO as well as proteinase inhibitors, which 
are important regulatory factors to avoid activation of the system where it is not 
appropriate [56].
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12. Protein mediated nanoparticles

Alternative approaches to treat bacterial infections are urgently needed in 
aquaculture worldwide. Nanobiotechnology and nanotechnology products have a 
wide usage potential in aquaculture and seafood industries. For instance, produc-
tion of more effective fish feed for aquaculture species by the application of nano-
technology is possible. New materials obtained by the nanosciences can be used 
in the different aspects of fisheries and aquaculture. Nanotechnology may have 
the potential to provide aquaculture that is safe from disease and pollution. Use 
of quorum quenching enzymes as antimicrobial agents is nature-inspired and has 
recently attracted much attention as an antibiotic-free approach to treat bacterial 
infections. The use of antimicrobial enzymes covalently attached to nanoparticles is 
of special interest because of enhanced stability of protein-nanoparticle conjugates 
and the possibility of targeted delivery.

13. Antimicrobial peptides

AMPs are effectors of the innate immune system and function as a first line of 
defense to fight against invading microorganisms [57] are represented in Figure 5. 
Therefore, AMPs are critical for shrimp to fight against the pathogenic invasion. AMPs 
are typically small in size, are naturally derived or synthetic and are active against 
a wide range of microorganisms, such as bacteria, virus, yeast, parasite and fungi, 

Figure 4. 
Schematic outline of the principle components in the prophenoloxidase (proPO)-activating system in 
arthropods.
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and they may also exhibit an anti-tumor activity [57, 58]. Generally, it has less than 
150–200 amino acid residues, and it has an amphipathic structure with cationic or 
anionic properties. Several families of shrimp AMPs, such as penaeidins, lysozymes, 
crustins, ALFs and stylicins, have been identified and characterized [59, 60]. They 
are produced by and stored in the hemocytes; these are key cells in the crustacean 
immune system [61]. Various methods are discussed in the introduction section to 
eradicate the bacterial inhibition and bacteria causing disease management. However, 
in this chapter, we used the antimicrobial peptides to inhibit the bacterial causing 
biofilms and using probiotic bacteria, we attempted to reduce the bacterial disease.

13.1 Crustins

Crustins are generally defined as multi-domain cationic antibacterial polypep-
tides (7–14 kDa) containing a whey acidic protein (WAP) domain at the C-terminus 
(Figure 5) [62]. The first identified crustin member is an 11.5 kDa protein purified 
from the granular haemocytes of the shore crab, Carcinus maenas that exhibits spe-
cific activity towards Gram-positive marine or salt-tolerant bacteria [63, 64]. Over 
50 crustins and crustin-like sequences have been identified in numerous crustacean 
species, including crayfish, shrimp, freshwater prawn, crab, lobster, and also in non-
decapod crustaceans, such as amphipods, (through EST-based approaches) [65].

14. Materials and methods

14.1 Collection and maintenance of bacterial strains

Fenneropenaeus indicus, Penaeus monodon, Litopenaeus vannamei, and Penaeus 
semisulcatus were collected from different sea shore area in and around Tamil 
Nadu. Live P. semisulcatus was acclimatized in lab for two week before the experi-
mentation. All the tanks received continuous aeration, and 50% of the water was 
exchanged daily to maintain quality. Pathogenic strains and probiotics bacteria 
were isolated from the whole intestinal tract and hepatopancreas of wild caught  
P. semisulcatus larvae.

Figure 5. 
Antimicrobial peptides intrusion mechanism inside the bacterial cell wall.



Arthropods - Are They Beneficial for Mankind?

80

14.2 Replica plating method

The shrimp intestinal tract, hepatopancreas content was aseptically removed from a 
live healthy prawn were homogenized and serially diluted with sterilized normal saline 
solution. Suspensions (0.1 ml) were spread on different media like nutrient agar (with 
1% w/v NaCl) and thiosulfate/citrate/bile/salt (TCBS), Zobell Marine agar (ZMA), 
bacillus medium (HiMedia, India), and incubated under an aerobic atmosphere over-
night at 37°C for 24 h. After incubation, predominant bacterial colonies were selected 
based on their morphological characters including color, shape, size colonies from all 
media were replica plated on the Muller Hinton agar medium (Hi Media, India) with 
target bacterial strains and incubated at room temperature for 24 h. After incubation 
viable colonies showing the zone of clearance against the target Vibrio strains were 
streaked on the nutrient medium to check purity of the isolate. All the purified strain 
was maintained in Zobell Marine Broth (HiMedia) at −20°C with 15% glycerol.

14.3 Antagonism assay

To evaluate the potential antagonistic activity of the isolated probionts by well 
diffusion assay on solid medium and eight Vibrio spp. was used for our study. 
Vibrio spp. was precultured in broth for 24 h and incubated at 28°C. Lawns were 
prepared by spreading 50 μl of each target strain (Vibrio spp.). Wells were cut in 
LA plates with a sterile 5-mm cork borer and filled with 50 μl (108 CFU) of the 
72 h old each and probiotics cell free extract were carefully pipetted into each well. 
Two probiotics were tested per plate in triplicate. The diameter of the inhibition 
zones around the wells were recorded in millimeters after incubating the plates for 
24 h at 25°C.

14.4 Characterization of strains

Isolated strains were subjected to standard morphological, biochemical assay 
followed by bacterial genomic DNA was extracted using the method [66]. Bacterial 
strains were cultivated in 10 mL of Luria-Bertani broth (LB) at 29°C in agitation for 
18 h. culture was centrifuged for 5000 rpm for 5 min suspended pellet with Sucrose 
TE buffer 10 mmol−1 lysozyme was added and incubated for 30 min. After incuba-
tion, add 100 μl of 0.5 M EDTA (pH 8) and 60 μl of 10% SDS added with 250 μl 
of equilibrated Phenol and 250 μl of Chloroform and mixed gently mixture was 
centrifuged. An equal volume of chloroform and isoamyl alcohol mixture (24:1) 
was added with shaking the mixture. Collect the aqueous phase in a sterile tube 
and precipitate it with 2 volumes of 100% ethanol and 3 M Sodium Acetate. Store 
at −20°C for 30 min. Followed by this addition, the sample was centrifuged with 
at 12000 rpm and the isolated DNA was precipitated with 70% ethanol. DNA was 
suspended with 30 μl of TE Buffer pH (8.0) and DNA was extracted for 16S rRNA 
sequence determination & RAPD analysis.

14.5 rRNA gene amplification

The region of the 16S ribosomal gene (rRNA) of the DNA extracted from 
each bacterial strain was amplified by the polymerase chain reaction (PCR). The 
reagent mixture was prepared with the universal 16S rRNA Fp 5′-AGA GTT TGA 
TCC TGG CTC AG-3′ and 16S rRNA Rp 5′-ACG GCT ACC TTG TTA CGA CTT-3′ 
[67], samples were amplified by PCR in Std buffer 2.5 μl, dNTPs 0.5 μl, forward 
and reverse primers each 1.0 μl and Taq 0.2 μl and template DNA 1.0 μl condition 



81

Bacterial Disease Control Methods in Shrimp (Penaeus, 1798) Farming Sector in Asian Countries
DOI: http://dx.doi.org/10.5772/intechopen.93680

consist of 40 cycles of 95°C (5 min), 55°C (1 min), and 72°C for (2 min) and with 
final 72°C for 10 min for elongation process were performed with four bacteria 
strains, yielding positive amplification for all DNA tested, as determined by visual-
ization on agarose gel electrophoresis. The amplification products were purified by 
using Real genomics kit, by following the specifications of the manufacturer.

14.6 Co-culture method

The co-culture method was performed to observe the antagonistic potential and 
reproductive effect of the isolated bacteria, when grown with the Vibrio spp. in a 
same medium. Culture broth of the prospective probiont and the target organism 
were inoculated into LB broth to check the probiotic activity of our isolated culture. 
Two Probiotic strains (DMP4 & DMB3) were used. Eight selected Vibrio spp., (v1, 
v2, v3, v4, v5, v6, v7, v8) visibly different from each other in size, shape and color 
of the colony morphology were used for co-culture method. The initial cell density 
of selected Vibrio strains was approximately 103 CFU ml−1, whereas the initial 
concentration of probiotic cell free extract was 105, 106, 107, and 108 CFU ml−1. All 
inoculums were prepared with LB broth each Vibrio inoculum and each probiotic 
inoculum was mixed together, and then incubated for 24 h days at 25°C and reading 
was taken in every 2 h intervals.

14.7 Artemia hatchability test

Probiotic activity of chosen strains were further tested with Artemia hatch-
ability test, 160 mg of dried cysts were hatched in 80 ml of sterile sea water under 
the conditions of strong aeration and constant illumination, at 28°C Vibrio sp. 
was grown in leuria broth incorporated with NaCl enrichment (3%) and up to 
108 CFU ml−1 was obtained within 24 h. The concentration of Vibrio sp. was dis-
pensed in 103 CFU ml−1 in hatching unit. Six experimental group along with one 
control without any pathogen or probiotic bacteria was subjected for hatchability 
test. Five experimental groups namely Vibrio sp. + Pseudomonas sp. (vp), Vibrio sp. +  
Bacillus sp. (vb).positive control group Bacillus sp. (vb) (dahb) and Pseudomonas 
sp.(vp) (dahp) were taken for the experiment pathogenic Vibrio sp. was inoculated 
at conc. 103 CFU ml−1 and Probiotics bacteria dahp and dahb were inoculated in 
108 CFU ml−1 to the corresponding experimental set up along with prehydrated cyst 
the hatchability was assessed for 24 h [68]. After 24 h exposure, the free nauplii 
were counted under microscope. Five replicates were calculated for the control 
and each treatment measures. The hatching percentage (%h) was calculated with 
following formula:

 = ×
+ +

N%H 100
N C U

  (1)

where N = Nauplii, C = Unhatched cysts, and U = Umbrella stage.

14.8 Challenge studies in Artemia nauplii

Five experimental groups namely Vibrio sp. + Pseudomonas sp. (Vp), Vibrio 
sp. + Bacillus sp. (Vb).positive control group Bacillus sp. (b) and Pseudomonas 
sp. (p) were taken for the experiment Vibrio sp. was inoculated at conc. 103 
CFU ml−1 and Probiotics bacteria Pseudomonas sp. and Bacillus sp. (p&b) 
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were inoculated in 108 CFU ml−1 The survival rate was determined in every 2 h 
intervals of exposure for 12 h. The percentage of survival was calculated by 
the formula

 ( ) at
at

=
Number of live nauplii every 2 h interval

Survival rate %
Number of nauplii the time of inoculation

  (2)

The active nauplii were considered as live and counted under microscope.

15. Discussion

Various approaches are applied to eradicate the bacterial and other microbial 
diseases in aquaculture, however this chapter deals with the biofilm inhibitory 
mechanism through two different ways probiotic isolation from aquaculture farms 
or the specific animals such as shrimp or crab form the body part. For this many 
microbiology techniques are used to isolate the bacteria and identify, then inhibit 
the Vibrio causing biofilm in these probiotic strains. Another approach of treat-
ing bacterial biofilms via antimicrobial peptides that also derived from marine 
sources could be used here. Such kinds of peptides easily penetrates into the layer of 
bacterial cell membranes and quickly disrupt and dissolve the polysaccharide layer, 
which leads to the inhibition of biofilms in the surface of the layer.

16.  The potential use of antimicrobial peptides for disease control in 
aquaculture

Antimicrobial peptides provide a good therapeutic alternative for the treatment 
of diseases in aquaculture. Several antimicrobial peptides from various sources are 
already in clinical and commercial use [69]. However, it is quite promising that the 
shrimp AMPs could be potential candidates as an alternative to antibiotics in shrimp 
farming. Besides their antimicrobial function, AMPs are also known to act as media-
tors of inflammation influencing diverse processes such as cell proliferation, wound 
healing, cytokine release and immune induction [70].

The significance of aquaculture in the context of global food production 
sector, the management of aquatic resources and the socio-economic develop-
ment of coastal rural areas is now fully appreciated world-wide. In the last 
decade, a series of papers describing shrimp immunity were published and a 
batch of related data accumulated, which are very useful for understanding 
the interaction between shrimp and pathogens to enrich the immune theory of 
invertebrates. Recently, several review papers summarize the achievements in 
shrimp immunity including expressed sequenced tag and database construction 
[71], microarray analysis of shrimp immune response [72], shrimp molecular 
responses to viral pathogen [73] and the cationic antimicrobial peptides in 
penaeid shrimp [60]. Obviously understanding the shrimp immunology is neces-
sary to develop an effective strategy for disease control. Indian white shrimp 
Fenneropenaeus indicus is an important crustacean for aquaculture and has 
brought significant revenue to rural economy. The epidemics, however, caused a 
dramatic mortality and resulted in a severe economic loss. Therefore, the under-
standing of the immune ability of shrimp and their defense mechanisms has 
become a primary concern in shrimp aquaculture.
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17. Conclusions

Recent advances gives the notions to incorporate the different techniques and 
utilized in the aquaculture practical system as a combined mode to enhance the 
potential activity of the strategies towards the microbial pathogens, this would be 
efficient method when compare to conventional techniques alone. In addition this 
way of microbial eradication will helps to improve the aquaculture production as 
well as cost effective.
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Chapter 5

Ants as Indicators of Terrestrial 
Ecosystem Rehabilitation 
Processes
Hendrik Sithole and Nolubabalo Tantsi

Abstract

Habitat transformation is one of the main drivers of the ecosystem  degradation on 
earth that is ameliorated by restoring some of the degraded ecosystems by regaining 
their natural ecological functions with all their biotic and abiotic components. The 
biotic and abiotic components of the ecosystem under restoration can be used to assess 
the response of the ecosystem to the restoration. Ideal variable to use as the indicator 
should be able respond positively to the diminishing elements that we causing the 
degradation and interact positively to some of the biotic and abiotic components 
expected to prevail when the ecosystem is fully restored. One of such variable is ants. 
We here provide the information about the eligibility of using ants as indicators of ter-
restrial ecosystems undergoing restoration and sampling and basic analytical methods 
to apply when implanting ants at assessing ecosystem undergoing restoration.

Keywords: habitat degradation, restoration, indicator, ant sampling techniques,  
ant species estimation, ant species richness, ant abundance

1. Introduction

The ecological integrities of many ecosystems are presently at risk of degradation 
due to habitat transformation caused by several drivers including climate change [1], 
introductions of invasive species [2, 3], desertification, mining and heavy grazing 
[4, 5]. Such disturbances decrease species diversity and cause subsequent declines in 
ecological function and resilience in the affected ecosystems [6, 7]. Therefore, these 
anthropogenic disturbances or degradations should be mitigated and ecological 
processes restored to reduce impacts on the biological integrity of ecosystems.

The ecosystem degradation referred here is the anthropogenic disturbance 
or unnatural change in an ecosystem that are mainly caused by humans [8–11]. 
Ecosystem degradations have affected about 25% of the earth’s land [9, 11], that 
include almost 33% of the land within Protected Areas [12, 13]. Considering that 
the long-term objective of the Protected Areas is to conserve nature and its associ-
ated ecosystem services and cultural values [14], such degradations within and 
beyond the Protected Areas threaten the achievement of this objective. The ecosys-
tem degradation further delays the achievement of some of the Aichi Biodiversity 
Targets that aim to reduce and reverse the biodiversity loss on earth [15].

Ecosystem degradations can be ameliorated by implementing ecological restora-
tions which are approaches/processes that stop and reverse the degradation to regain 
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the ecological functionality of the affected ecosystems – for the benefit of both nature 
and humans [8, 10, 16–18]. Ecosystem restoration is becoming central to conserving 
biodiversity and stabilizing the climate, and has started to feature prominently in 
global and national policy frameworks [18, 19]. It has also been recognised that ecosys-
tem restoration will assist to achieve the 15th goal of the UNs Sustainable Development 
Goals that intends to protect, preserve and sustainably use the terrestrial ecosystems 
[20, 21], and further assists in achieving three of the Aichi Biodiversity Target in 
Protected areas [10] which aim to restore about 350 million hectares of degraded land 
globally by 2030 [22]. Furthermore the years 2021 to 2030 have been declared as decade 
for ecosystem restoration by the United Nations General Assembly [23].

The success rate of the ecological restoration is influenced by various factors that 
include the intensity and the type of the degrading agents in the system, the condi-
tions of supporting variables such as temperature and nutrients, and the distance of 
the degraded system from sources that will augment its biodiversity and ecosystem 
services. Ecosystems that recover slow often have experienced intense degradations, 
or have low supporting variables, or are remote from places that can augment them 
with biodiversity or ecosystem services [9, 23]. These turn to cause the restoration 
of such ecosystems to be partially restored relative to their natural states [8, 18].

Basic measures that should be taken to restore the degraded ecosystems include 
the reduction or removal of pressures causing the degradation [9, 18], and then 
allow the natural recovery of the system (also known as passive restoration), or 
take further interventions (also known as active restoration) such as reintroducing/
augmenting the affected species [9, 10, 24]. The restoration should include research 
and monitoring activities that will provide the baseline and long-term information 
about the progress of the restoration in achieving its goals [10, 18]. These include 
baseline data and information about variables related to biodiversity, trophic 
structures and biophysical features of the degraded area (relative to undisturbed 
ecosystems) that will indicate/describe the ecological integrity of the degraded area 
and the progress of the restoration [10, 18]. If the pre-degradation data/information 
is available, it can be used as the reference information to determine the extent of 
the degradation and the progress of restoration [18].

2. Indicators of ecosystem restoration

The ultimate aim of restoring the ecosystem is to regain its natural ecological 
functions where the roles of all biotic and abiotic components exist and interact 
naturally – without human assistance [8]. The presence of ecological variables that 
are facilitating these ecological functions in the recovering systems are considered 
enough to demonstrate that the ecosystem is being restored, or undergoing restora-
tion [24, 25]. Their presence in an ecosystem firstly demonstrate that the factors 
that were degrading the system are no longer present, or are at the levels that are no 
longer impeding the ecological functions of the system. Secondly they demonstrate 
the potential of the ecological functions to occur in that ecosystem [26] for example 
the presence of pollination agents. In contrast, the absence of such indicators 
implies that the system is still not hospitable for such functions (e.g. the humus-
feeding termites that were not present at the rehabilitated sites because the trees 
which are their primary food have not yet grown [27]), or the degrading factors 
are still impeding the processes of such functions to occur (e.g. deposited nitrogen 
hindering butterflies to colonise areas that high concentrations of it [28]).

These variables are selected to diagnose the condition or the status of the ecosystem 
studied. They normally comprise organisms of the ecosystem under study (mostly 
vegetation and animals), characteristics of the landscapes (such as the patchiness 
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of the vegetation) and properties of the physical factors of the ecosystem (such as 
soil) [25]. These indicators can be directly measured (e.g. by analysing the organisms 
constituting the diversity in that ecosystem or measuring the size of the bare-ground) 
or indirectly measured where the agents associated with the concerned ecological 
function are measured (e.g. the concentration of some chemical elements of the soil 
are used to measure the quality of such soil during rehabilitation) [8, 24, 29].

3. Ants as indicators of restoration

The significant increase in the number of environmental disturbances has given 
rise to a need for further research to quantify the ecological effects of  environmental 
change. Due to complexity of most ecological systems, individual species or func-
tionally similar species groups are often used as bio-indicators of environmental 
processes [30]. Surveys of such indicator species help guide land managers and 
decision makers to identify environmental disturbances and subsequently to take 
actions in time to reduce damages, mitigate consequences and restore ecosystems.

One group of organisms that have been recognised as good indicators of terres-
trial ecosystems are ants. Ants started been used as indicators of ecological systems 
in Australia in the mid 1970’s assessing impacts of mining [31] and are currently 
used internationally assessing different degradations in many ecosystems. They were 
used in a five year study on a spillage pollution at the riparian of Guadiamar River, 
Spain, to determine their response on the areas undergoing restoration [32]. The 
study discovered that ants clearly respond to the restoration with species richness 
significantly increasing throughout this five year period, and a progressive varia-
tion in the species composition of ant communities at different riparian habitats. 
Another study included ants in investigating the rehabilitated sites from coal mining 
in Colombia and discovered two ant species (viz. Ectatomma ruidum and Pheidole 
fallax) could be contributing in seed dispersal and re-establishment of vegetation 
in these areas [33]. Another study on sites with different ages of rehabilitation from 
coal mining found that the nest density of ant Pheidole fallax ranged increases with 
the rehabilitation age of the sites [34]. A study on clear cut logging of timer trees in 
USA found that ant species assemblages respond to alteration of habitats where the 
populations of the invasive ant Solenopsis invicta and Pheidole species increased while 
the populations of the native ant species are significantly fell [35]. Another study 
done by Andersen and Sparling [36] found that ant species richness from site under-
going rehabilitation in Kakadu Australia, was positively correlating with the below-
ground soil microbial biomass which further demonstrates that the aboveground ant 
activities at restoration habitats can even indicate the conditions of the organisms 
associated with decomposition processes that are underground of these habitats.

The interactions of ants with both abiotic and biotic factors of their ecosystems 
make ant one of the most suitable components of the ecosystem to include when 
studying the impact of the degradation to the ecosystem and response of that eco-
system when undergoing/undergone restoration. One of the variables that ant can 
be used for as indicators, is their nests. Ants build their nests on and in variety of 
components within their ecosystems ranging from the soil to a specific plant species 
[37] which make their nest alone quite accessible to use as indicators. Some species 
such as Atta bisphaerica build their nests in the soil [38, 39], while others build theirs 
on or inside the plants, notably the trees like Colobopsis nipponicus [40, 41]. Other 
ant species like Polyrhachis species of Malaysia, build theirs on variety of objects 
ranging from soil to constructing them with dead vegetative and soil particles [42]. 
The presence or absence of the ant nests, in their habitats, could indicate the condi-
tions of their habitats. For example Dίaz [43] found no nests of ants Messor capitatus, 
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M. barbarous, M. bouvieri and M. structor built in the soil of the ploughed fields and 
attributed this mainly to the frequent tilling that impedes the ants to build their 
nests especially for winter survivorship. On other hand Sorvari and Hakkarainen 
[44] found high nest abandonments by ant Formica aquilonia at forest habitats 
with clear-cut logging relative to the intact habitats that they attributed to changed 
abiotic conditions, resource limitation, and the disturbance of the ant reproduction 
in clear-cut sites. These demonstrate that nests of ants can assist in indicating the 
conditions of the ecosystem in their habitats.

Ant species at their nest at Mokala National Park, South Africa.
The symbioses some ants have with other organisms also make them suitable 

as indicators of restoration. The relationship some ant species have with other 
organisms include hosting these organisms in their nests in exchange of some 
benefit from these organisms. Ant species such as Pheidole pallidula hosts beetle 
Paussus favieri in its nest in exchange of consuming the secretion from the beetle 
[45]. On other hand ant Azteca pittier defends the Spanish elm (Cordia alliodora) 
against browsers in exchange of getting nesting place and honeydew from the 
tree [46]. Some ant species even assist other organisms to supress the organisms 
deemed undesirable to these ants. For instance, ants genera from Trachymyrmex 
and Acromyrmex transport filamentous bacteria (actinomycetes) that suppress 
fungus Escovopsis weberi (the parasite of the fungi the ants cultivate) [47]. Others 
influence the reproduction behaviour of other organisms. For example, butterfly 
Jalmenus evagoras prefer laying her eggs on plants that have Iridomyrmex ant [48]. 
These demonstrate that apart from indicating the habitat conditions for their 
own, ants could indirectly indicate the conditions of other organisms they have 
symbiosis with. Although Hazra [49] found that ant Pseudomyrmex ferrugineus 
did not occupy Vachellia cornigera, for their mutualism relationship to occur, at 
the restored tropical forest of Mexico, the occupation of P. ferrugineus at tallest V. 
cornigera could be indicating that the interaction between these would commence 
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Author, Year & 
Publication

Title Summary of the study & 
findings

Ant Role 
Studies or 
Discovered

Del Toro, I., Ribbons, 
R.R. & Pelini, S.L. 
2012. Myrmecological 
News 12 pp. 133–146.

The little things 
that run the world 
revisited: a review of 
ant-mediated ecosystem 
services and disservices 
(Hymenoptera: 
Formicidae)

• Summarizes the information 
about ecosystem services 
provided by ants.

• Present negative roles of ants 
on human and environment.

Ecosystem 
services

Lester, P.J., Baring, 
C.W., Longson, C.G. & 
Hartley, S. 2003. New 
Zealand Entomologist 
26: pp. 79–89.

Argentine and other 
ants (Hymenoptera: 
Formicidae) in New 
Zealand horticultural 
ecosystems: 
distribution, 
hemipteran hosts, and 
review

• Fifteen hemipteran species 
of horticultural crops in New 
Zealand are tended by invasive 
ant Linepithema humile and 
other six ant species.

Symbiosis

Canner, J.E., Dunn, 
R.R., Giladi, I. & 
Gross, K. 2012. Acta 
Oecologica 40 pp. 
31–39

Redispersal of seeds by 
a keystone ant augments 
the spread of common 
wildflowers

• Ant Aphaenogaster rudis re-
dispersed >90% of the seeds it 
took into its nest.

Seed 
dispersal

Chan, K.H., & 
Guénard, B. 2020. 
Urban Ecosyst 23 pp. 
1–12

Ecological and socio-
economic impacts 
of the red import 
fire ant, Solenopsis 
invicta (Hymenoptera: 
Formicidae), on urban 
agricultural ecosystems

• Invasive ant Solenopsis invicta 
decreased ant species richness 
and evenness in Hong Kong 
and impacted about 80% of 
agricultural production.

Invasive ant 
impacts

Clarke, K.M., Fisher, 
B.L. & LeBuhn, G. 
2008. Urban Ecosyst 
11 pp. 317–334

The influence of urban 
park characteristics 
on ant (Hymenoptera, 
Formicidae) 
communities

• Urban forests of San Francisco 
reduced ant richness and 
abundance.

• Invasive ant Linepithema 
humile had little or no impact to 
native ants of San Francisco.

Habitat 
change & 
invasive ant 
impacts

Fiedler, K. 2006. 
Myrmecologische 
Nachrichten 9 pp. 
77–87.

Ant-associates of 
Palaearctic lycaenid 
butterfly larvae 
(Hymenoptera: 
Formicidae; 
Lepidoptera: 
Lycaenidae) – a review

• The number of Palaearctic 
lycaenid butterfly species 
correlates significantly with 
species richness of that ant 
genus attending it

Symbiosis

Andersen, A. 2008. 
Journal of Biogeography 
24 pp. 399–539.

Functional groups and 
patterns of organization 
in North American 
ant communities: 
a comparison with 
Australia

• Eight functional groups of ant 
communities of North America

Interactions 
of ants 
at food 
resources

Roth, D.S., Perfecto, 
I. & Rathcke, B. 1994. 
Ecological Applications 
4 pp. 423–436.

The Effects of 
Management Systems 
on Ground-Foraging 
Ant Diversity in Costa 
Rica

Ant diversity at forest and 
abandoned cacao sites of Costa 
Rica was significantly more 
than from productive cacao and 
banana plantations

Impact 
of land 
use to ant 
Diversity.

Frouz, J, Holec,M. 
& Kalčík, J. 2003. 
Pedobiologia 47 pp. 
205–212.

The effect of Lasius 
niger (Hymenoptera, 
Formicidae) ant nest on 
selected soil chemical 
properties

Most chemical elements and 
other parameters of the soil from 
the nests of ant Lasius niger were 
significantly higher than the 
surrounding soil.

Soil 
property 
Influence
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when trees have grown big enough to accommodate the ant as the restoration 
age progresses. Relatively not much ant studies – on restoration – have been done 
investigate the conditions of ant species and the symbioses with other organisms. 
This further increase the untapped roles ants could be playing as indicators of 
restored ecosystems. (See Table 1 for additional information about the roles of 
ants in ecosystems).

The relatively easy way to identify ants to genus, then to morphospecies level, 
further makes ants suitable to be added to the lists of indicators of restoration. The 
training one needs is to correctly identify the specimen using the external morphol-
ogy of the specimen and properly following the identification keys provided by 
different ant taxonomic books and internet [50–54]. Which relatively does not take 
much time especially to someone with entomological background.

Identification of ant specimen also do not need relatively expansive equip-
ment. A dissecting/stereo microscope with eye pieces with 10x magnification level 
and zooming ranges of 1x to 6.3x is enough to observe morphological features of 
the specimen when identifying them. Such microscopes satisfactory and clearly 
show ant body parts (such as antennal segments, wait segments, gaster segment 
etc.) that are commonly used to identify the specimen. They even easily allow one 
to increase or reduce the magnifications to accommodate the different parts of a 
specimen under observation, or change magnifications to accommodate speci-
men with different sizes. Following the identification keys and using a correct 
microscope are sufficient for one to correctly identify most specimen to genus or 
morphospecies levels [55].

The use of ant workers, instead of the males or the queens, as representatives when 
identifying their species, further makes ants more convenient to be used as indicators 
of restoration. Unlike their queens, that are rarely outside of the nests and very few 
relative to the workers, nor their male counterparts that are available temporarily, ant 
workers are most abundant and frequently outside the nests for easy sampling [37].

The flexibility of using different biodiversity indices from ant data also make 
ants suitable for indicating the restoration condition of the ecosystem. Biodiversity 
indices such as species richness and abundance are often used. Palladini et al. [56] 
used them to report the response of ant diversity to timber harvesting where they 
found that the high species richness and abundance of ants in sites with new harvest, 
relative to the sites with older harvests, indicate that ant community in those new 
harvested sites will take about hundred years after the disturbance to resemble the 
ones in mature forests. Carvalho & Vasconcelos [57] also used the species richness 

Author, Year & 
Publication

Title Summary of the study & 
findings

Ant Role 
Studies or 
Discovered

Dostál, P., Březnová, 
M., Kozlíčková, V., 
Herben, T. & Kovář,P. 
2005. Pedobiologia 
49 pp. 127–337.

Ant-induced soil 
modification and its 
effect on plant below-
ground biomass

Ant Lasius flavus changes 
physical properties and distribute 
nutrients vertically from plant to 
access in their nests.

Soil 
property 
Influence

Gonthier, D.J., Ennis, 
K.K., Philpott, S.M., 
Vandermeer, J. & 
Perfecto, I. 2013. 
BioControl 58 pp. 
815–820.

Ants defend coffee from 
berry borer colonization

Diverse ant species limit coffee 
pest beetle Hypothenemus hampei 
from colonizing coffee berries.

Agricultural 
biocontrol

Table 1. 
List of some of publications related to the role of ants in the ecosystems.
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index to analyse the conditions of ants from fragmented forest relative to the con-
tinuous ones. The arranging ant data in functional groups of the sampled ants is also 
used to assess the ant communities from areas undergoing restoration. KING et al. 
[58] used it to assess the condition ant communities from the degraded forest sites 
where they found ant with opportunist functional group common at the disturbed 
sites relative to the reference sites, and almost all the tropical climate specialists and 
specialist predators were absent from the disturbed sites. Functional group was 
also used by Stephens and Wagner [59] to report that different functional groups 
dominate sites with different disturbances differently with the dominating groups at 
‘their’ site suppressing or excluding other groups that less suited to the disturbance 
in that side. Ottonetti et al. [60] used both species richness and functional group 
plus diversity index to assess the response of ants to the rehabilitation done in their 
habitats where they found that richness and diversity index were not yet significantly 
different among the habitats but the functional groups were starting to change.

4. Sampling epigeal ants

There are four common methods used to sample the epigeal ants videlicet: hand 
collection, pitfall trapping, baiting and passive extraction1. Hand collection is one of 
the earliest methods used to collect ants where the specimen seen are directly picked 
up, from their nests or at the areas they are frequenting. Usually a pair of forceps or/
and aspirators are used to pick up these specimen [54, 62–66] (see Figure 1).

Hand collection is efficient as it its data can produce ant species richness and 
more exclusive species [67]. It is often implemented in transects (of an appropriate 
lengths) in the study areas where ants seen are often collected at interval places of 
such transects [63, 65, 68, 69], for certain durations [69–71]. Sometimes hand collec-
tion is applied to the specific target area within the study site such as collecting speci-
men at the nest entrance or a specific microhabitat of interest [64, 67, 72, 73]. Cuautle 
et al. [54] used hand collection to sample the specimen of ants that were interacting 
with plant species at their sites to achieve the objective of their study investigates ant 
species that are consuming resources from the plants. Hand collection is often applied 
diurnally (usually from 7 h00 to 16 h00) when the collector can see ants and the 
weather conditions of the area are permitting and it assists in providing the informa-
tion about ant species that are active at the specific time [54, 63, 64, 67].

Another common sampling technique for ground dwelling ants is pitfall trap-
ping [74]. Pitfall trapping passively collects ants by capturing them after the ants 
fell into it when they are frequenting their habitats. Usually handle-less containers 
of different volumes are used as a pitfall traps [68, 69, 75–78] (see Figure 2). A 
set of pitfall traps are often spatially set at distance from each other [76, 79] for a 
certain durations ranging from 24 hours to two weeks [70, 80, 81].

It important to determine the efforts needed to set pitfall traps (such as the 
number of traps and the duration of trapping) that will produce the maximum ant 
information from the site/habitat/ecosystem at minimum resources before setting 
them. Gomes et al. [82]) found that only two days instead of 14 of pitfall trapping 
is needed to monitor ants of Ducke Reserve, Brazil which saved much needed time 
and funds. Andersen et al. [83] developed a further simplified pitfall trapping 
method that produced all the key findings of the intensive survey but with less than 
10% of the intensive survey effort and made ant sampling achievable to anyone 
with limited ant training, time or resources.

1 Extraction is more suitable for sampling areas with litter [61] and is hardly used by the authors.
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Pitfall traps are buried in a ground, with their rims at level to the ground surface 
(see Figure 3) where a half to two-thirds of their capacity is often filled with a 
solution of water- propylene glycol (car antifreeze/coolant) to impound, kill and 
preserve the ants [83, 84]. Sometimes a soapy water is also used [68, 69]. Pitfall 
traps catch ants continuously on their own for a relative long time, at different 
times, without human presence. It therefore provide a wider information about ant 
diversity of the habitat as a whole and is one of the effective sampling methods to 
estimate ant species richness in a concerned study site [85].

Another most common technique to sample ants is baiting. Similar to hand col-
lection, baiting is also often implemented in transects (of an appropriate lengths) 
in the study areas where ants seen. Baiting stations are often placed at interval 
places of such transects where foods such as tuna, sardines, biscuits, water-sugar or 
water-honey solutions are placed on material such as petri dishes, vials or pieces of 
paper [86–89] (see Figure 4). Bating is left operating for certain durations [90–92]. 
Sometimes baiting can be placed at a specific target area depending of the objec-
tive of the study. For instance Tonhasca [93] placed baiting on the trail of ant Atta 
sexdens rubropilosa as they were investigating the behaviour of Neodohrniphora 
declinata, a parasitic fly of the ant, roosts along ants’ foraging trails. Baiting is often 

Figure 1. 
Examples of a pair of forcepts (pictures above) and an aspirator (pictures above) and their collection 
demonstrations that were used to collect ants from Mokala National Park, South Africa.



97

Ants as Indicators of Terrestrial Ecosystem Rehabilitation Processes
DOI: http://dx.doi.org/10.5772/intechopen.96722

applied diurnally (usually from 8 h20 to 18 h00) when the collector can see ants and 
their interactions [94] and it can be done when weather conditions of the area are 
permitting [95].

Baiting enable a researcher to record the interactions amongst ant species/colo-
nies and provide the mechanisms the different species employ to access resources 
such as food [96, 97]. Peral et al. [98] used it to investigate if the dominating ant 
species could be restrictively influencing the traits of the subordinate ones in 

Figure 3. 
A pitfall trap set in the ground to catch ants from a site that was heavily degraded by livestock grazing in 
Tankwa Karoo National Park, South Africa.

Figure 2. 
Containers that are commonly used as pitfall traps to sample ground dwelling ants in South Africa.
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habitat where they discovered that the presence of dominant ant species limited the 
abundance and occurrence of subordinates. It can also be used to investigate the 
interactions amongst individuals of the same ant species from different colonies. 
Garnas et al. [99] also used baiting to study the magnitude of intercolony aggression 
amongst the invasive Myrmica rubra ant colonies in Maine, USA, where they discov-
ered that M. rubra foragers that originate from the same colony, that has however 
fragmented, still have the high levels of intraspecific tolerance and has intercolony 
aggression to foragers from neighbouring colonies. Baiting also assists in studying 
or identifying the mechanisms some ant species employ to be competitive/domi-
nant to other species. Holway [100] used it to learn that the invasive Linepithema 
humile in California, uses the faster resource discovery and faster member recruit-
ments than the native species as one of the mechanisms it dominate the ecosystem.

Baiting also assist in studying the activities of different ant species at different 
climatic conditions, and the influence such abiotic factors have to them [101–103]. 
For instance, Cerdá et al. [104] used it to learn that the foraging activities of the 
sub-dominant ant species of the open grassland habitat of the southeastern Spain is 
influenced more by the temperature of their habitat than the competition with their 
dominant counterparts.

For all these sampling methods, a pair of forceps and an aspirator (Figure 1), 
are used to transfer the specimen into containers such as vials that mostly contain a 
75%, or more, alcohol solution to preserve the specimen [105, 106]. A magnifying 
glass (Figure 5), can also be used in the field to enlarge the ant specimen, and to 
make the observations of their interactions clearer.

In most cases the specimen are transported to the laboratories where they are 
identified to the genus and morphospecies levels following the appropriate taxo-
nomic books and internet websites [107].

The efficiency of these methods in producing the highest biodiversity informa-
tion of ants can sometimes differ. It is therefore prudent to assess the most efficient 
one for the habitats/ecosystem one is going to sample. Although some sampling 
methods are more efficient in getting more species, applying the combination of 
different methods is often the most effective way of sampling ants. King and Porter 
[108] reported that the combination of baiting, pitfall trapping, extraction and 
hand collecting was more efficient in sampling more ant species than using only one 
method as these methods complement each other on species that were not collected 

Figure 4. 
Example of baits (viz. tuna on left and sugar on right) on a white paper sheet (aiding to easy see ants), with 
some ant species consuming them, that were used to sample ants from Mountain Zebra National, South Africa.
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by other methods. Antoniazzi et al. [67] also reported that although hand collection 
sampled more ant species in the Mexican rainforest than baiting, the combination 
of these methods yielded more ant species than just one method. These methods 
can be implemented simultaneously in the habitat undergoing restoration to 
accommodate wider variables - and get bigger picture - related to ant conditions. 
Pitfall trapping, which is a passive sampling method, will catches ants continuously 
on its own for a relative long time, at different times – diurnal to nocturnal and 
provide ant specimen for diversity information even when human is not around. It 
can however can be complemented by baiting and hand collection that will record 
the interactions amongst ant species/colonies in the habitat and provide the mecha-
nisms the different species employ to access resources such as food [96, 97].

The efficiency of sampling methods can also be assessed by using estimators 
(such as incidence-based coverage estimator (ICE), Jackknife estimator (Jack2) 
etc.). Lopes and Vasconcelos [68] and de Souza et al. [85] used estimators to evalu-
ate the efficiency of the three methods (viz. sardine baiting, pitfall trapping and 
extractor) at the savanna and forest habitats of Brazil.

5. Analysing the sampled ant data

There are many calculations that can be used to analyse and compare the 
collected ant data. One of the first analyses to do is to determine if the species 
of the sampled habitat/site have been adequately sampled, or determine the 
sampling efforts needed to represent the adequate ant species of the habitat/site/
ecosystem. This is often achieved by calculating the estimated species that should 
be at the habitats/ecosystems relative to the ones sampled from the data collect, 
and then determines if the number of the sampled species is sufficient relative to 
the expected ones [63, 67, 68, 71, 78, 109–111]. For instance, Urrutia-Escobar and 
Armbrecht [112] used the averages of the three estimator (ICE, Chao2) and Jack1) 
to determine that they have sampled about 85% of the expected ant species of their 
study sites while Cerdá et al. [113] used Chao1 estimator to decide that the number 

Figure 5. 
Example of a magnifying glass, and its collection demonstration that were used to sample ant specimen from 
Mokala National Park, South Africa.
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of ant species they have sampled was similar to the expected ones for the habitat. 
ICE, Jack2 and Michaelis–Menten richness estimator (MMMean) was used by 
Calcaterra et al. [77] to find that ant species they sampled were below the expected 
of the habitats they studied.

The expected ant species and the amount of sampling time required for a site/
habitat/ecosystem can be calculated by using species accumulation curves as they 
can identify the size of the sampling site and the sampling period needed to get the 
maximum ant species in a habitat/ecosystem. Wang et al. [61] used them to assess 
that to capture the maximum ant species, using pitfall traps at George Washington 
and Monongahela National Forests of USA, one needs to sample eight plots for eight 
weeks (see Figure 6).

One of the basic and common indices that are used to analyse the diversity of 
ants in sampled habitats/sites is species richness. The ant species richness is the total 
number of ant species that has been sampled from the study sites [114]. Finding the 
species richness can be done by just counting these species from the sampled data 
of the concerned site/habitat/ecosystem or period. Species richness can be used to 
assess the conditions of the habitats under study like King et al. [58] and Graham 
et al. [84] did to evaluate the impact of habitat disturbances and found low species 
richness on sites of the disturbed areas relative to their undisturbed counterparts. 
Porter and Savignano [115] used it to find that the invasive Solenopsis invicta ant has 
drastically reduced the native ant community of Texas, USA.

Another basic index that is used to analyse the diversity of ants at a particular 
habitat/ecosystem/site is abundance. Abundance is the total number of ant individuals 
that have been sampled [116], and can be found by just counting the number of the 
ant individuals sampled. Just like any comparative analysis indices, abundance can be 
used to evaluate and compare the ecological conditions amongst sites/habitats/eco-
systems or of interest. Morrison [117] used it to assess the short and long term impact 
of the ant Solenopsis invicta invasion to the native ant species of Texas, USA, and 
discovered that its impact is more severe at the beginning of the invasion and subsides 
as time goes on. Rivas-Arancibia et al. [118] also used the abundance from ant data 
collected from in Puebla, Mexico to learn that the most abundant ant species, at both 
the disturbed and undisturbed sites, are more active in mornings than in the evenings.

Abundance can also be used to determine the ant species that are numerically 
dominating the habitats. Sarty et al. [119] and Parr [120] both used it to investigate 

Figure 6. 
An example of species accumulative curves that shows ant species from a site undergoing restoration relative to 
the control one.
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the dominating ant species at different habitats of Tokelau, New Zealand and Kruger 
National Park, South Africa, respectively. The information about the abundance also 
assists to investigate the association of different ant species to different habitats in 
at different ecosystems. Calcaterra et al. [77] used it to learn that the cosmopolitan 
invasive ant, Solenopsis invicta, dominates both the natural and the modified habitats in 
its native range of Corrientes, Argentina. Calcaterra et al. [121] also used it to study the 
competitive mechanisms of the other cosmopolitan invasive ant Linepithema humile, in 
its native range, and learned that it recruits its members quickly to the food resources.

The abundance can also be used to identify ant species that could be the indica-
tors of the conditions of their habitats. Herrera-Rangel et al. [81] learned that ant 
Gnamptogenys bisulca could be an indicator species of a healthy forests (that have 
thick leaf litter profiles and high relative humidity values) of Central Mountain 
Range, in Colombia more abundant in such habitats.

The calculations of both species richness and abundance of ants can be done 
by many programmes available of different platforms. Abundance is one of the 
basic components of other analyses that also investigate the biodiversity of ants of 
a particular habitat or ecosystem such as Indicator Value Analysis index (IndVal) 
that identifies indicator species of the habitat/ecosystem under study [122, 123]. 
With the inclusion of the abundance in IndVal, Sanabria et al. [124] identified 14 
ant species that can indicate the ecosystem service condition of the soils from five 
different land uses.

6. Basic gradual progress to use ant data for rehabilitation processes

1. Choose sampling sites.

a. Choose a rehabilitated site. This is a place/s where the rehabilitation is taking 
place from degradation (see Figure 7).

Figure 7. 
An example of places where rehabilitation site (forefront of the red line in the picture) and the reference 
site (behind the red line in the picture) were set to sample ants to assess the ant diversity conditions of the 
rehabilitated site relative to their natural conditions [125].
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i. Choose a reference site (in cases where available) (see Figure 7). This is a 
place/s that has not experienced the concerned degradation. Ant diversity 
from the rehabilitation site/s will be compared to the ant diversity from 
the reference site to determine how different ant diversity of rehabilita-
tion site from their natural diversity.

b. If possible, replicate sampling sites.

2. Select an appropriate ant sampling method and durations related to your 
 objectives (see section four).

3. If possible do a pilot sampling for each side to determine sampling efforts that 
will be needed in each site [61].

4. Execute the sampling methods accordingly.

5. Ensure that step 1 to 4 are carefully considered as they are the most expen-
sive (in both monetary- and manpower-wise) to rectify in case they were 
 miscalculated.

6. Prepare specimen for identification – under the microscope.

a. For pitfall trapping remove ant specimen from none-ant at each trap.

i. Use basic characteristics of ants to distinguish them from none-ants of 
each trap (viz. a pair of antenna (consisting funiculus and a scape) that is 
usually jack-knifed and a petiole/wait (consisting of either a single or two 
segments) (see Figure 8).

b. Group the specimen according to the similarity of their morphology such as 
their sizes and colours.

7. Identify specimen to the taxonomical rank appropriate to your objectives.

8. Determine if the species of the sampled site have been adequately sampled by 
using appropriate species accumulation curves.

9. Determine the diversity of each side and interpret the results.

Figure 8. 
A close view of antennal and waist parts of ants use distinguish ants from non-ant insects.
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7. Ant biodiversity indices that can be used indicators of restoration

Biodiversity indices can show species that are associated with or indicate the con-
ditions of their habitats/sites – therefore be the indicators of those habitats/sites. For 
example abundance reduction of ants can indicate the condition of their habitats as it 
did on land transformed into urbanisation in in Indiana, U.S.A [126]. Ant abundance 
also indicates the condition of the degraded habitats relative to the un-degraded ones 
like it was significantly lower on habitats turned into oil plantation relative to the 
intact forest in Sabah, Malaysia [127]. Ant species also can indicate the conditions 
of their habitats like Pachycondyla impressa indicated the influence of shading to its 
habitat as it was found on shaded coffee plantation that accommodated its natural 
habitat requirements of the forest floor, than at unshaded ones [112].

The other ant indicator of the habitats/sites can be the ant community composi-
tion as it can also indicate the conditions of the habitats/sites. For instance, the ant 
community compositions of habitats undergoing forest restoration in Colombia 
were still having different ant community compositions to the pristine forests [81].

The presence of ant species can also be used as indicator of the state of the habi-
tats. The presence of some species such as Crematogaster cerasi and Prenolepis impairs, 
can indicate that status of the degradation at the site/habitat/ecosystem undergoing 
restoration as such species disappeared at the presence of degradation like they did 
after the residential development in Indiana, U.S.A [126]. Some such as tramp ant 
species (which are alien and invasive species) can also indicate the conditions of 
habitats/sites that have been degraded as they did at habitats that have been turned 
into rubber and oil plam plantations relative to forest in Sumatra, Indonesia [128].

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Biomonitoring Ecosystem: 
Modelling Relationship with 
Arthropods
Jinu Medhi, Jintu Dutta and Mohan Chandra Kalita

Abstract

Arthropods community structure and composition provides multiscale 
 information about an environment health. Their reproduction and growth model 
are effective to assess the impact on ecosystem in response to stress such as anthro-
pogenic activities (climate change) or natural (drought). Terrestrial and aquatic 
insects are potential bio-indicators. Terrestrial insects are an excellent model to 
assess the quality of terrestrial ecosystem. These insect species are assayed to detect 
metallic pollution and forest abundance. Soil and litter arthropods are used for 
examining soil quality. Honey bee mortality rates and the residues such as heavy 
metals, fungicides and herbicides presence in honey are good indicator of environ-
mental pollution. The specificity of food and habitat selection by wasp population 
make it suitable for assessing habitat quality. Similarly butterflies habitat itself 
signifies a healthy ecosystem because of their sensitivity to even slightest change. 
Different arthropods act as keystone species and these keystone interactions 
also reveal many facets of an ecosystem quality. Similarly fly population such as 
Drosophila subobscura and their shift in the genetic composition indicate the global 
climate warming. The arthropods are explored as screening platform to understand 
the ecosystem resilience to disturbances. These underscores arthropods potential 
for evaluation of environmental impact and global climate change.

Keywords: arthropods, ecosystem, climate change, environmental pollution, 
biodiversity conservation

1. Introduction

The main objective of this chapter is to monitor and explore the ecosystem 
and biodiversity by understanding the surrounding environment and public 
health surveillance. By monitoring the ecosystem and biodiversity, one can assess 
the proven significance of ecological indicators over terrestrial and geographical 
scales to discover emerging changes in the structure, function, and composition of 
ecological system with respect to natural and man-made influences. The extent to 
which the ecological indicators are used in monitoring the whole ecosystem and the 
selection procedure followed identifying the symbiotic indicators. There have been 
numerous articles, books, journals, videos, and manuscripts that relate to the field 
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of monitoring ecosystem and biodiversity. Although former researchers, education-
ists, and many others have contributed to this area of study with different perspec-
tives, there are still numerous common sections untouched which seem to link most 
of the articles collectively.

Moreover, it has been observed that several monitoring programs have been 
conducted to complete the ecological indicator selection process of which arthropod 
ecological indicators stand stringent. The whole arthropod community structure 
contributes to the well-being of environment health. Arthropods reproductive 
system, growth, and development aids the ecologists in assessing the impact of 
man-made activities which stand responsible for climate change, drought and 
other environment- effecting disasters. Different types of arthropods are explored 
which helps to evaluate environmental impact and design strategies for a success-
ful healthy ecosystem and biodiversity. Thus, the current chapter highlights on 
key aspects of healthy ecosystem which include arthropods, relationship between 
arthropods and ecosystem, concept of biomonitoring, anthropogenic factors effect-
ing ecosystem, and analyzing biodiversity.

Arthropods are invertebrate animals with an exoskeleton, a segmented body and 
jointed legs. High functional, biological diversity and sensitiveness to environment, 
of arthropods make them suitable to be considered for utility as ecological indica-
tors of sustainable ecosystem. The potential bioindicators groups of arthropoda 
include Acari, Collembola, Coleoptera, Hymenoptera and Araneae.

2. Biodiversity

In this whole universe, diversity exists at all levels of biological organization 
irrespective of the species ranging from macromolecules to ecosystems. The term 
biodiversity refers to the degree of biological variations within the ecosystem. In 
other words, biodiversity is the combination or blend of all biological organizations. 
As a whole, biodiversity refers to various forms of life existing on earth. The dif-
ferent forms of life on earth can be categorized into animals, plants, genes, micro-
organisms and the ecosystem itself. Biological resources such as species, genes, 
ecosystems and organisms and ecological processes of the above said resources can 
be manifested as biodiversity [1]. Therefore, Biodiversity is analyzed and under-
stood at 3 major levels namely: Genetic diversity, Species Diversity, and Ecosystem 
Diversity.

Genetic diversity provides the genetic information of all plants, animals, species, 
and microorganisms with respect to the population of species. It simply deals with 
variety of genes within the specie and population. Species diversity is nothing 
but diversity at specific levels. It includes variety of species such as species rich-
ness, which refers to total number of species identified in the target area; species 
abundance, which refers to the relative number among the species; and taxonomic 
diversity, which takes into account the genetic relationship between various species. 
Ecosystem diversity refers to variety of habitats, ecosystems, ecological communi-
ties, and ecological processes in the environment.

2.1 Importance of biodiversity

Every single form of life on earth seems to be rare and has its own value regard-
less of the species under which that living organism is considered. Just like human 
beings all other forms of life has its own place and value. This is the right of every 
organism in the ecosystem. Every organism which is the part of this ecosystem has 
an innate right to exist in the universe regardless of its value, respect and honor. 
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However, human beings seem to be the integral part of the natural world and hence 
the world value the human life more than all other living species. The environment 
preserves human heritage as humans are considered essential to the world. For 
this reason, the well-being of the coming human generations is wholly invested in 
the hands of existing generation. Sustaining the diversity becomes the key social 
responsibility of the anthropogony. Therefore, only by conserving the resources and 
organisms the future generation’s existence can be determined. Hence, these values 
become ethical or moral values for preserving biodiversity.

The nature in which human beings live, grow and develop turns out to be a great 
enjoyment to the whole humanity. Natural environment in which human beings live 
plays an essential role in shaping and structuring the culture, stimulate the senses of 
human beings and eventually enrich our social culture. Hence, biodiversity is vested 
in human culture which is popularly preserved, valued, and protected. For instance, 
colossal amounts of money is paid by organizations in order to preserve, conserve 
and yield wild life as it becomes the vital part of human nature. The environment is 
protected, appreciated, and enjoyed only when the wild species are kept preserved. 
In fact, wild species enhance mankind’s way of living by providing enjoyment 
through different types of activities such as bird watching, trekking, spotting activi-
ties, watching wildlife and so forth. The above said activities attribute aesthetic 
value to biodiversity.

Besides, biodiversity comes with utilitarian values that contribute to the very 
existence and material well-being of living organisms. Apart from emotions and 
feelings of human race, there are several other materialist things which provide 
ultimate satisfaction to a human life. This includes conservation of materials from 
biodiversity such as agricultural materials, source of food, clothing, medicinal 
values, industry materials, educational values, scientific understanding and mate-
rialistic yearnings. Thus, a rich biodiversity is essential for healthy ecosystem and 
stands imperative for the survival of human race.

2.2 Ecology and biodiversity

Ecology and Biodiversity are two interrelated terms that seeks to maintain, 
preserve, and sustain the integrity of the ecological system thorough different ways 
such as maintaining carbon dioxide (CO2) and oxygen balance (O2), regulating 
biochemical cycles, decomposing waste materials, regulating natural world climate, 
identifying indicators that change the environment, and provide protection services 
to the ecosystem. Maintaining carbon dioxide and oxygen levels in the atmosphere 
can be made possible only through biodiversity. Carbon dioxide accumulation in 
the atmosphere results in greenhouse effect which eventually leads to ozone layer 
depletion. Ozone layer depletion makes the earth warmer and liable to natural 
disasters.

Preserving biochemical cycles is another important way to maintain biodiver-
sity levels in this ecosystem. Regulating biochemical cycles is equally important 
in maintaining ecological values of biodiversity. Decomposing waste materials 
thorough absorption and breakdown of pollutants will lead to food webs and food 
chains to other forms of biodiversity. Production of waste would be zero as the 
waste id decomposed and transformed as food to other forms of biodiversity. Thus, 
pollutants are broken down and absorbed naturally. The other ecological values 
of biodiversity include controlling and determining the natural world climate 
irrespective of their regions by means of influencing factors such as precipitation, 
temperature, and air turbulence; act as indicators of environmental change, for 
instance, global warming changes in ecosystem and affects crops; and protect 
humans from harmful weather conditions.
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2.3 Threats to biodiversity

Generally, threat is defined as a natural or human-made process or event respon-
sible for causing adverse effects on the sustainable use of biodiversity components 
at large. The biological diversity and wealth of our ecosystem has been rapidly 
decreasing due to the clearly pointed anthropogenic activities. Several studies have 
discussed the disappearance of large number of species along with the possible 
threats to the species as well as ecosystems. In the recent times, highest number of 
threats to ecosystems has been recorded. The reason for the failure of ecosystem is 
identified as human mismanagement of biological resources often stimulated by 
misguided policies which results in loss of biodiversity. Loss of biodiversity can fur-
ther lead to decline in ecosystem process, decline in plant production, and lowered 
resistance to environmental pollutant such as physical, chemical and biological. The 
quicker rates of species extinctions that the world is facing now are largely due to 
human activities. Given below are the major threats to biodiversity:

2.3.1 Habitat destruction

Increased voracious demand for resources results to use of land species which 
eventually acts as cause to loss of genetic diversity, changes in ecosystem such as 
disease outcrops, population increase or decrease, habitat fragmentation, and 
reduction in the number of species of ecosystem. The above mentioned reasons 
lead to heavy biodiversity loses. Habitat destruction, therefore, becomes a threat to 
biodiversity.

2.3.2 Overexploitation of biological resources

When individuals of particular species which can be sustained for a longer 
period of time with its reproductive capacity are decomposed at higher rate, popu-
lation is said to be harvest or exploited at higher rate. For instance, human-induced 
activities such as fishing, hunting, food gathering, trade and so forth are responsible 
for overexploitation of higher sustainable biological resources. Over exploitation 
leads to extinction of biological resources and thereby reduces the number of spe-
cies in the ecosystem. Exploitation of resources with the consent of law is termed as 
cropping. While exploitation of species even after providing protection is termed as 
poaching. Thus, overexploitation of resources or biological resources will turn out 
to be a major threat to biodiversity.

2.3.3 Pollution

Any kind of pollution, be it physical, chemical, biological or thermal is a hazard 
to biodiversity. Majority of the species living in their habitats are prone to harmful 
industrial activities, pollution, and excessive use of chemicals. This kind of pollu-
tion eventually harms the ecosystem.

2.3.4 Biological invasions

Biological Invasion can be intentional or accidental. Changes within the ecosys-
tem are mainly due to the biological invasion of new species. The newly introduced 
classes are organisms that arise from habitats in which they were not found. These 
new introduced species from new habitats are generally termed to as biological 
pollutants. The ecological impacts of biological invasion include disorder of food 
webs, out competition, hybridization, disorder of ecosystem, disease transmission, 
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plant pathogenic influences, and extinction of species in peculiar situations. The 
new species may be introduced intentionally for different types of reasons such as 
ornamental concerns; agriculture; hunting and spotting activities; biotechnology 
for scientific research; and trade.

2.3.5 Climatic changes

Climate change is one of the greatest concern especially when global carbon 
dioxide increases in the atmosphere resulting to global warming. Economic stability 
of an ecosystem is tolerated when most species originate within a narrow physi-
ological limit. Hence, changes may be gradual or abrupt and hence result in species 
extinction.

2.3.6 Population

With increasing human population, vigorous demand for raw materials also 
increases which results in changes in biodiversity. Hence, controlling human popu-
lation will be the only solution to conserve biodiversity for the coming generations.

2.4 Biodiversity conversation

Biodiversity Conversation embodies maintenance, preservation, conservation, 
and enhancement of crucial biological diversity components. Conservation is 
referred to as the sustainable use of biological resources with the aim of protect-
ing them for the coming generation and at the same time protect them exploita-
tion. Preservation is keeping the materials in a safe manner without altering it. 
Biodiversity Conservation and Sustainable Development are interlinked to meet 
the needs of current generation without undermining the thought of preserving for 
the coming generations to meet their basic needs. In other words, it establishes a 
balance between the ecosystem and living organisms which ensures biodiversity.

The narrow practical arguments for biodiversity conservation are several. For 
instance, human being spring multiple benefits from nature such as pulses, cere-
als, firewood, fruits, construction material, fiber, industrial products such as dyes, 
lubricants, tannins, perfumes, and resins; and medical products. More than twenty 
five of the drugs sold in the market are derived from plants and twenty five thou-
sand species of plants are used to prepare traditional medicines that are used by 
human beings around the world. Hence, all the species in the ecosystem depend on 
each other.

The broad practical argument claims that biodiversity plays a major role in eco-
system services. Through photosynthesis, Amazon forest produces twenty percent 
of the whole oxygen in the earth’s atmosphere. While the ethical argument for 
conserving biodiversity to plant, animal and microorganisms living in this planet. 
Philosophically or spiritually, every species has an intrinsic value. Hence their 
well-being should be taken care and pass on biological inheritance to the coming 
generations.

2.5 Concept of biomonitoring

The concept of monitoring can be defined as the process of observing and 
measuring the state of key indicators such as physical, chemical and biological 
with respect to the element of environment or the medium. Physical monitoring 
is usually carried out considering the physical parameters such as temperature, 
climate, and other variables. Chemical monitoring monitors the chemical variables 
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responsible for environmental pollution. However, these two types of monitor-
ing failed to come up with the long-term effects of pollution on the environ-
ment. Assessing the ecosystem by taking into account the physical and chemical 
monitoring seems to be unreliable. Hence, the concept of biomonitoring has been 
introduced to assess the long-term effects of identified pollutants on ecosystem 
and produce reliable results. Biomonitoring or Biological monitoring is introducing 
biological variables to assess the structural, functional and compositional aspects 
of an ecosystem. These biological variables play an important role in controlling 
environmental alterations.

Biomonitoring is a systematic use of symbiotic organisms to assess the quality of 
environment. It enables to check for the additive effects of pollutants and moni-
tors the overall health condition of ecosystem [2]. Hence, biomonitoring acts as a 
supplement to physical and chemical monitoring techniques that are commonly 
applied. Biomonitoring is defined as an act of observing, noticing, and assessing the 
changes within the ecosystem, structure of ecosystem, composition of biodiversity, 
and functions of ecosystem and biodiversity including different types of natural 
habitats, keystone species and population [2]. The advantages of biomonitoring are 
rich than those of physical and chemical monitoring which include: (1) it reflects 
the overall environmental integrity comprising of physical, chemical and biological 
monitoring; (2) it imparts an integrated and holistic measure of ecological condi-
tion by uniting stresses over a period of time; and (3) it provides a better under-
standing of healthy environment to the public surveillance than others.

Biomonitoring can be achieved by bringing about a change in the structural, 
functional and compositional aspects of biodiversity and ecosystem that are 
affected due to the adverse anthropogenic activities. Different parts of the world 
are conducting programs with the aim of spreading awareness on pollutants to 
the public. Several approaches, methods and strategies are identified to monitor 
the ecological pollutant out of which four of them have been marked approval. 
First approach is to monitor the effects of pollution depending on the absence or 
presence of taxa, changes in its composition or any other drastic changes. In other 
words, the first step is to monitor the adverse effects of pollutant within the com-
munity. After this, concentration of pollutants in indicators should be measured. 
Later, effects of identified pollutants on organisms should be assessed and classify 
them to abiotic and biotic indicators. Lastly, identify different strains of species 
which develop resistance in response to a pollutant.

Several micro-organisms are used as bioindicators to assess the impact of 
pollutants on the whole ecological system. Some of the bioindicators include 
protozoa, fishes, algae, macroinvertebrates and microinvertebrates [3]. According 
to Nesemann [4], arthropods is one of the macroinvertebrates that seems to be 
dominating seabed groups found in the seafloor [4]. Of all the other macroinver-
tebrates, arthropods are found to be more dominant bioindicator with respect to 
ecological pollution tolerant, followed by molluscs and annelids.

According to Holt and Scott [5], bioindicators are the species, communities and 
processes that are used to assess the environmental quality and record the changes 
happening in the ecosystem over a period of time [5]. Generally, environmental 
changes are often interconnected and interlinked with man-made disturbances 
such as pollution, droughts, climatic changes, and so forth. These bioindicators 
expanded their arena to all types of environments such as aquatic and terrestrial. 
Past studies claimed that bioindicators successfully indicates the condition of the 
environment along with the rate of tolerance to environmental variability. It is also 
observed that species or indicators with low or narrow tolerance act sensitive to the 
changes occurring in the ecosystem. In contrast, indicators or species with high or 
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broad tolerance act less sensitive to the changes occurring in the environment which 
disturb the community.

To conclude, biomonitoring and bioindicators are more or less the same and 
hence can be interchangeable within the science community with slight difference. 
While bioindicators assesses the impact of environmental pollutants qualitatively, 
biomonitors determine the responses of pollutants quantitatively. Therefore, the 
main functions of bioindicators or biomonitoring include: (a) monitor or assess the 
environment; (b) monitor or assess ecological process; and (c) monitor or assess 
biodiversity. Thus, biomonitoring lies at the core of ecosystem and has become the 
essential and effective tool to study environmental exposure to chemicals, pollut-
ants, and other hazardous materials. Biomonitoring studies measures the responses 
and recoveries of water communities from the ecological disturbances, environ-
mental pollution, and evaluate the relationship between physical, chemical and 
biological components.

3. Arthropods as ecological indicators

The important components of the ecosystem that occupy vital positions in 
food webs, changing population, and communities are called as Arthropods. 
Arthropods play multiple roles in this ecosystem such as going about as herbivores, 
decomposers, predators, parasites, seed dispersers, and pollinators [6]. The peculiar 
characteristics of arthropods such as small body size, high diversity, increased 
reproductive capacity, easy sampling, and less sensitive to environmental changes 
make them suitable for environmental biomonitoring. For these reasons, arthro-
pods are used as biological indicators to monitor and assess the impact of pollutants 
on the ecosystem.

Usually, arthropods are used as bioindicators for the following reasons: (a) the 
most frequently polyphagous predators that play a crucial role in biological control; 
(b) groups are made easily with danger traps; (c) allow elevated statistical analysis. 
According Da Rocha [7], environmental indicators such as physical, chemical, 
human, and biological shows changes in the ecosystem. These indicators should be 
analyzed in the complex dynamics of the environment.

Biological indicators give insight of biological systems. These indicators provide 
significant information for prioritizing conservation areas and come up with better 
ecosystem management plans. Arthropods possess explicit spatial and temporal 
scales that distinguishes high patch sizes, patch dynamics, quick turnover, geo-
graphic distributions, larger population size when compared with birds and ver-
tebrates. Thus, arthropods could be used reliably to infer ecosystem function and 
habitat condition.

Arthropods occupy the widest diversity of microhabitats and niches, and play 
more ecological roles, than any other group of animals. They have diverse body 
sizes, agilities, and growth rates. Arthropods have been recognized as efficient 
indicators of ecosystem function and recommended for use in conservation plan-
ning and many researchers have assessed habitat quality and measured habitat 
differences using arthropods [7]. Important biondicator groups include Coleoptera 
(Carabidae, Curculionidae, Staphylinidae), Collembolla (Springtails), Diplura, 
and Hymenoptera (Formicidae). Parallelomorphus laevigatus is good indicator 
of toxic elements. Arthropod groups have been used to track global health of 
ecosystem in many contexts. Major arthropods and their taxonomic classifica-
tion are represented in the Figure 1. Ecological indicators such as arthropods 
help to identify the impacts of natural and anthropogenic disturbances on biota. 
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Among the arthropods, it is indicated that insects becomes useful as they represent 
half of the species and allows to assess different habitats in a refined manner.

3.1 Arthropod characteristics as good indicator

The attributes that make Arthropod biomonitoring acceptable because of the 
following attributes (1) cost-effective (2) their easy, reliable identification (3) 
respond differently to disturbance regimes [8]. Arthropods are commonly sampled 
from different habitats Spiller et al. [9]. Soil Arthropods are biological indicators of 
farm and plantation ecosystem processes because their existence regulate nutri-
ent dynamics, soil quality, and are useful to reveal ecosystem condition [10, 11]. 
Some arthropod bioindicator groups live, feed and reproduce in the soil. They are 
highly sensitive to soil quality alterations [12, 13]. Moreover the high functional and 

Figure 1. 
Major arthropods and their taxonomic classification.
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biological diversity of arthropods provide evidence for their utility as ecological 
indicators of sustainable forest [14].

3.2 Arthropod characteristics as bad indicator

Studies reported the disadvantages of Diptera species (flies) such as great 
taxonomic difficulty, especially in their larval stage is an important barrier to its 
use as environmental bioindicators [15]. Challenges such as sampling methods and 
the proper identification of soil and litter arthropod diversity up to species level 
demands further research to overcome the disadvantages for utility of soil arthro-
pods while assessing soil quality. An investigation to the most suitable methods for 
sampling soil and litter arthropods will be beneficial to strive arthropod potential 
for biomonitoring [16].

3.3 Cicadas

Cicadas are large hemipteran insects characterized by unique life-history traits. 
Their interesting attributes are follows (1) extraordinarily long life cycles (2) a 
subterranean/terrestrial habitat transition (3) xylem sap-feeding (4) melodious 
sound production.

Cicada fauna is known for community responses to climate change. Different 
studies taken up this model to understand its ecophysiological consequences to 
climate change. The cicadas are promising candidates for use as bioindicator species 
to monitor ecological impacts of climate change. Recently cicada nymphs have 
been studied in response to emerging novel environmental stress such as construc-
tion and demolition (C&D) waste. Studies carried out in uncontaminated and 
contaminated habitats by C&D waste where the cumulative effects on fitness and 
community structure of cicada nymphs such as biodiversity, community structure, 
population dynamics and morphology were investigated. A significant negative 
response was reported in Cryptotympana atrata and Platypleura kaempferi including 
higher ratio of malformed nymphs [17]. Findings also identified soil compaction 
due to urbanization as a key reason to cicada diversity loss. The response of cicada 
nymphs to C&D waste have significant implications for the habitat destruction. 
Cicada nymphs may be suitable bioindicators for underground-habitat-quality 
monitoring. However further research is required to reveal the association between 
the magnitude of C&D waste contamination with the fitness and population 
dynamics of cicada nymphs.

3.4 Aphids

Aphids are known for their feeding style and close association with host plants. 
Due to various environmental stresses, developmental instability in morphological 
characters such as fluctuating asymmetry can occur in aphids. Heavy metal accu-
mulation, pesticide application, other pollutants and anthropogenic disturbances 
posses (Figure 1).

3.5 Beetles

Beetles form a large group of organisms which differ taxonomically and ecologi-
cally. The attribute that makes beetles distinguishable from insects are presence of 
hardened fore wings which provides protection to membranous hind wings. They 
feed on animal waste, rotten wood, animal carcasses and make soil suitable for 
vegetation. Beetles are very sensitive to environmental modifications and can be 
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cost effectively sampled by employing different methods and these criteria makes 
beetles an excellent model for monitoring terrestrial ecosystem [18].

Beetles are used to detect environmental contaminants including biomonitoring 
of metal in the field studies. Biomonitoring programs include measurements of 
metal in these invertebrates. Carabus lefebvrei, is considered suitable for evalu-
ation of As and Hg in the environment because of high bioaccumulation factor. 
Similarly a positive correlation is reported between body mass and Pb in Notiophilus 
biguttatus, and Notiophilus rufipes and Calathus melanocephalus. Sex specific varia-
tion in the content of Zn has been reported in carabids including Poecilus cupreus, 
Pterostichus melanarius, Pterostichus niger, Pseudophonus rufipes, Carabus nemoralis 
and C. granulatus.

Carabid beetles diversity is suitable for studying ecological impacts of anthro-
pogenic activities. They are extremely sensitive to increasing human disturbances. 
Their abundance in grasslands and boreal forest was studied in relevance to habitat 
disturbance gradient. Staphylinid beetles biotopes have been considered for various 
land management practices.

According to Spector [19], dung beetles are found in different types of land-
forms such as forests, grasslands, deserts and grasslands [19]. In addition to, dung 
beetles feed on fungi, fruits, decomposing leaves. Taking these characteristics into 
account, dung beetles are considered as an ideal indicator to monitor biodiversity. 
Out of all bioindicators, dung beetles are utilized for clear-cutting, fragmentation, 
forest modification, fragmentation, and logging in the tropical regions [20]. Several 
aquatic insects groups or arthropods are identified as aquatic environment bioindi-
cators. Hydrophilid beetles such as Cercyon unipunctatus are important indicators of 
aquatic pollution.

Beetles from order Coleoptera and Family Carabidae are important predators. 
They participate in biological control, biological monitoring of pollution from oil, 
sulfur, herbicides, CO2, insecticides and radioactive phosphorus [7]. Predatory 
aquatic beetles are good indicator of trace elements. These are good candidates to 
monitor the trend of metal accumulation in aquatic invertebrates thereby making it 
suitable for distinguishing an impacted or non-impacted environments [21].

Dragonflies or Odonata species act sensitive to changes occurring within their 
habitat especially flooded areas, lakes and drainage areas. Several other species of 
the families such as Coleoptera, Heteroptera, Gyrinidae, Dytiscidae, Notonectidae, 
Plecoptera and Ephemeroptera have high adaptive capacity, dominating capacity, 
reflect ecological and geographical changes, and their biodiversity conservation. 
Thus, the tolerance of aquatic organisms to metals are found to be less, however, 
tolerates toxic agents responsible for environmental stress.

3.6 Termites

The termites are detritivores and feed on dead and decaying organic matter. 
Hence they are efficient nutrient recyclers which colonize dead and decaying 
organic matter. Termite mounds are considered as ‘hotspots of fertility’ or ‘nutrient 
patches’. These increases plant and animal diversity in the ecosystem. The popula-
tion dynamics and species richness in termites can be used as an environmental bio 
indicator to detect habitat disturbance.

Termites possess several characteristics that make them appropriate to use 
as bioindicators of habitat quality. The richness, abundance and composition of 
termite communities analyzed in vegetations with different levels of anthropogenic 
disturbances [22]. The ecological behavior of termites is affected by land use change 
and disturbance level. According to the land use types and disturbance level, a vari-
ation in termite species’ richness and evenness, relative abundance, and biomass of 
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termite were reported. Hence a major factor for declining termite diversity is found 
to be habitat disturbance [23]. The conformity between environmental variables 
and ecological data can effectively model termite communities as potential tools for 
ecological monitoring.

India’s Coffee forests are considered as self-sustaining ecosystem and inter 
linked with various biotic partners including termites’ community. Termite mounds 
act as important bioindicator that reveals ecology of the region. Their distribution 
and abundance may provide vital clues with respect to nutrient recycling and soil 
dynamics inside the coffee ecosystem.

3.7 Flies

The ecology of Drosophila species Drosophilid (Diptera) and their assemblage 
has the potential as bioindicator in open environments. Family Syrphidae is widely 
known for its well-known taxonomy and the larvae require different environmen-
tal condition and these characteristics makes these flies a potential bioindicator. 
Similarly Sarcophagidae flies are considered as good bioindicator of environmental 
pollution by heavy metal, fibre asbestos and waste chemicals.

3.8 Damselflies

Damselflies (Zygoptera) are insects belonging to the order Odonata and their 
nypmhs spend most of their lives as aquatic nymphs. Damselfly larvae are sensitive 
to water depth, water movement, and pH. Fluctuating asymmetry in damselflies 
has been used widely to investigate the effects of environmental pollution. They are 
considered moderately sensitive to pollution. Damselflies together with other mac-
roinvertebrates considered as common bioindicators of stream and wetland health.

3.9 Ants

Ants are eusocial insects from Formicidae family and their communities headed 
by queen or queens. Worker ants are wingless females which carry out activi-
ties such as foraging, take care of queens offspring, they live in structured nest 
underground.

Studies suggest, ants are extensively used as effective bioindicators that hold 
responsible for ecosystem management and biodiversity restoration [24]. Ants seem 
to have high sensitivity to environmental disturbances such as grazing, forest fires, 
forest conversion, forest thinning, forest fragmentation, species invasion, and other 
forms of disturbance [25].

They are considered as important part of soil macro fauna because of their 
ability to restore soil quality. These bioindicators are required to monitor adverse 
changes in soil quality and can provide warning. Ants-soil quality model can be 
explored to identify sustainability of soil resource [26].

The biogeography of ants community structure has been used for validation. 
Ants are used to check habitat disturbance. Their composition have been used to 
identify ecological change in different habitats around the world including rainfor-
ests of Australia, Brazilian Savanna, Shivalik Mountains of Himalayas [27, 28]. They 
have been used as representatives of ecological trend in the mining site [29].

3.10 Dragonflies (Anisoptera)

Land used intensification can be studied by evaluating Odonata species rich-
ness, body size and individual species’ response. An Odonates body size variable 



Arthropods - Are They Beneficial for Mankind?

124

found to better variable than richness to tract integrity of original vegetation [30]. 
Methylmercury (MeHg) levels in dragonfly larvae and water were measured. In 
aquatic systems dissolved MeHg concentrations levels in dragonfly larvae are useful 
indicators [31]. Their sensitivity to habitat quality and the amphibious life cycle 
make Dragonflies (Anisoptera) an efficient environmental tool to track micro 
changes within the confines of coffee ecosystem. Similarly these Dragonflies are 
best suited for evaluating water quality and any environmental changes in a coffee 
ecosystem.

3.11 Mayflies

Mayflies are found in a wide variety of habitats and are very sensitive to pollution. 
They are considered as valuable indicator of water pollution [32]. Ephemeroptera 
larvae are recognized as bioindicators and used in many monitoring programmes for 
their sensitivity to oxygen depletion in running waters [33, 34]. They are considered 
as keystone species. Different mayfly genera such as Tricorythopsis (Leptohyphidae) 
and Camelobaetidius (Baetidae), are considered as potential bioindicators of dif-
ferent anthropogenic activities [35]. Along with caddisflies and stoneflies, mayflies 
are one of the three most commonly used indices to understand aquatic ecosystem 
health [32]. The quantitative biological information for conserving and managing 
freshwater ecosystems.

3.12 Grasshoppers

Grasshoppers are a dominant group of herbivorous insects and their diversity, 
sensitivity to disturbances and ease of sampling make them quality bioindicators 
for land management. Grasshopper assemblage dynamics is considered reflective to 
human land use.

They are sensitive to disturbances and their ease of sampling makes it a good 
model for land management studies. The accumulation of metal such as accumula-
tion patterns for Cd, Ni, Cr, Zn, and Cu as result of industrial effluents, agricultural 
runoff, vehicular smoke, domestic and sewage wastes, and use of fertilizers studied 
in acridid grasshopper (Oxya hyla hyla) [36]. Studies also suggest Serpusia opacula 
as useful indicator for anthropogenic activities [37].

3.13 Millipedes

Millipedes are involved in breakdown of organic matter and because of their 
sensitivity to habitat change considered as important bioindicator taxa. Biodiversity 
conservation efforts should consider these invertebrates. The content of some ele-
ments such as Ca, P, K, Mg, Na, Fe, Cu and B in adult bodies of Glomeris hexasticha 
millipedes reflect the intensity of environmental pollution.

3.14 Butterflies

Butterflies with a lifespan ranging from 15 to 30 days, are considered to be most 
potential bioindicator group because (1) easily identifiable by DNA barcoding (2) 
require little labour to collect (3) maintain symbiosis with definite host plant. They 
respond extremely quickly to environmental changes and acts as early warning 
system of biodiversity reduction. A decline in butterflies can suggest the richness of 
other British species, in particular birds such as blue tits, jays and sparrows.

According to Halder [38], butterflies are used as bioindicators of robust eco-
systems as they have firm connections with habitat variants such as meadows, hilly 
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regions, and edges of woodlands, flower-filled fields, sunny conditions, and plenty 
of herbaceous plants [38]. Monitoring butterfly abundance indicates the presence 
of seminatural conditions. These seminatural conditions such as, flower abun-
dance, understory herb cover, and vegetation diversity promotes butterfly diversity 
in an ecosystem [38–40]. Kitahara [40] claimed that richness of butterfly species is 
associated with nectar plant species richness, vascular plant species richness, and 
herbaceous plant species richness [40]. The results of the study claimed that even 
in conifer plantations, butterfly conversation should be maintained in forestry 
practices [38, 40].

Butterfly often live in close association with specific larval host plants and carry 
out different pollinating activities. This attributes makes butterflies a strong indica-
tors of the presence of particular plant taxa. The composition of different butterfly 
communities in a specific habitat suggest environment quality and its ability to 
support a diverse arthropod community [41]. The rare butterfly Tomares nesima-
chus (Lycaenidae) serve as umbrella species and their abundance is dependent on 
different ecological factors [42]. Its population dynamics is suggested to be good 
indicator of ecosystem functioning.

In addition to, moths are the bioindicators widely used during vegetation 
recovery as a result of environmental disturbance. Moth families such as Arctiinae, 
Catocalinae, Heliothinae, Noctuinae, Hermeniidae, and Phycitinae respond 
positively to the environmental disturbances, while others such as Ennominae, 
Geometrinae, Epipaschiinae, Lymantriidae, and Anthelidae respond negatively. For 
the above reasons, moths are considered as effective bioindicators. These different 
responses to environmental changes make them suitable bioindicators.

4. Conclusion

From the study it can be claimed that appropriate use of biological indicators 
is fundamental for biomonitoring or environmental monitoring. The primary 
features of bioindicators include species richness and diversity, indicators can be 
handled easily, showcase high faithfulness towards ecology, more sensitive and 
fragile to ecological changes. It is observed that some of the environment species 
in the ecosystem tend to respond in better ways to the changes in the environment. 
Odonata species are observed to be highly sensitive to environmental changes 
occuring in the water. While some other species such as Plecoptera, Heteroptera, 
Coleoptera, and Ephemeroptera are highly adaptive in nature. With respect to land 
insects, Coleoptera Order has several bioindicators. Different types of bees are used 
to monitor trace metals in pesticides, herbicide effects, ecological conditions, and 
radioactivity. Therefore, this study concludes that arthropods are environmental 
bioindicators which monitors, assesses and maintains a healthy biodiversity conser-
vation with a healthy ecosystem.
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Chapter 7

Vertical Arthropod Dynamics
across Organic Matter Fractions in
Relation to Microclimate and Plant
Phenology
María F. Barberena-Arias and Elvira Cuevas

Abstract

Plant diversity is a key factor influencing belowground dynamics including
microclimate and decomposer arthropod communities. This study addresses the
effect of individual plant species on belowground arthropods by focusing on sea-
sonal variations in precipitation, temperature and arthropods along the vertical
organic matter profile. In the Guanica Dry Forest, Puerto Rico, microclimate was
described and 5 plant species and 10 trees/species were selected. Under each tree,
for one year, temperature was measured and samples collected along the organic
matter fractions. Collected arthropods were standardized to ind/m2, identified to
Order/Family and assigned to morphotypes. The annual temperature pattern was
similar for all species and OM fractions. Arthropod abundance was similar among
plant species and higher in humus than in litter fractions. Richness and species
composition were different among plant species and OM fractions. All plant species
and OM fractions showed low arthropod abundance and richness, and similar
arthropod species composition in the dry season, while in the wet season abundance
and richness were higher and species composition varied across plant species and
OM fractions. These data suggest that arthropods form specific assemblages under
plant species and stages of decomposition that, during the dry season, represent a
subgroup adapted to extreme environmental conditions.

Keywords: Berlese funnels, decomposition, extreme conditions, plant structure,
seasonal dynamics

1. Introdution

Individual trees modify the below microclimate, resources and associated biodi-
versity [1]. Examples of trees modifying the below microclimate include trees serve
as wind shelters [2], canopies intercept rainfall [3] and solar radiation [2, 4–6]
resulting in calm drier and warmer below microclimate in comparison to nearby
open areas. Through leaf fall, trees influence belowground microclimate and litter
quantity and quality, for example dark litter warms more than light-colored litter
[7], deciduous species show a pulse in litter production [8] and litter C: N and C:P
ratios directly influence soil N and P [9] and N transformation rates [10]. In
addition, physicochemical changes that happen during litter decomposition [11] are
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paralleled in the vertical stratification of the organic matter (OM) [12]. As a
consequence, trees produce spatial variation in microenvironments and a patchy
distribution of litter that is vertically stratified into progressive decomposition
stages [13].

The distribution of trees results in a patchy distribution of litter and associated
organisms [14–16]. For example, microarthropods were more abundant in aspen
than in pine [17] earthworms were abundant under Qualea and completely absent
under Dicorynia guianensis [15] and Heliconia caribaea [18]. On the other hand, OM
in early decomposition was dominated by cellulolitic bacteria, omnipotent fungi
and collembolans while later on, by proteolytic bacteria, no-lygnolitic fungi,
diplopoda and isopoda [19]. Cryptostigmata and collembolans dominated late
decomposition [20], while others report Cryptostigmata diversity to be indepen-
dent of the decomposition stage [21] but mites and collembolans species composi-
tion changed simultaneously with a decrease in collembolan abundance as
decomposition proceeded [22]. In Guanica, enzymatic activity and microbe diver-
sity were consistently different between Tabebuia, an evergreen facultative decid-
uous species, and Ficus and Pisonia, two deciduous species [23]. In this forest,
arthropod species composition was different among tree species, and this difference
was better explained by detritivores that covaried with the physicochemical char-
acteristics of mature green leaves [24].

With the overwhelming impact of human activities on biodiversity [25, 26], an
enormous amount of studies (e.g. [25, 27–30] are only few examples) have
addressed the relationship between diversity and ecosystem processes at the stand
and local scales, but few happen at the individual tree species scale [23, 24, 31].
Therefore, we evaluated how aboveground diversity, specifically individual tree
species, modify microclimate and litter, and the relation to the dynamics and
diversity of belowground arthropods in the vertical organic matter profile. For this,
we selected isolated individual trees, such as those found in the Guanica dwarf
forest, that provide the ideal setting to study tree species in complete isolation [24].

2. Methodology

2.1 Study site

The study was conducted in the Guánica dry forest, a Biosphere Reserve
established in 80’s (for the specific location, please see Figure 1 in [31]) that has
been disturbed by humans (urbanization, selective logging and charcoal pits)
[32, 33] and hurricanes such as Hurricane Maria in 2017, but at the time of the
study, the eyes of less severe hurricanes, such as Hortense (1995) and Georges
(1998), had crossed the forest [34]. Average temperature is 25.1°C and precipitation
is 860 mm (range 288–1348 mm) but the monthly distribution of the rain is highly
erratic [35]. In average, there are 6 dry months (3–8 mo.) that occur as one major
dry period from December to April and a minor one from June to August [36]. The
forest presents several vegetation associations [37–39], the coastal vegetation is an
open forest that occurs on limestone hills with rock depressions that accumulate
highly fertile organic matter [33] where trees grow dwarf and isolated from neigh-
bor trees by exposed rock [39]. Here five representative tree species were selected:
Coccoloba uvifera (evergreen) and Conocarpus erectus (evergreen) both present near
the cliff shore, and Tabebuia heterophylla (facultative deciduous), Pisonia albida
(obligate deciduous) and Ficus citrifolia (deciduous) which are present from the
coast to the upper ridges in the forest. Ten trees belonging to each species were
selected for a total of 50 trees which represent the sampling units. Under each tree,
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organic matter samples were collected and divided into fractions showing progres-
sive stages of decomposition that were loose litter (recently fallen leaves), old litter
(fragmented leaves) and humus. During the study (from September 2004 to
November 2005), the structure of each tree was measured once while microclimate
was measured and arthropods were collected under each tree for one year
encompassing wet and dry periods, the wet period received unusual high precipita-
tion. The data for each fraction was kept separately.

2.2 Mesoclimate

Mesoclimate was characterized by using data obtained from the NRCS [40] and
RAWS sites [41]. The first site is a SCAN (Soil Climate Analysis Network) weather
station that is located in an open area in the forest and up 165 m from the coastal
plateau while the second site is a RAWS (Remote Automated Weather Stations)
weather station located near the coast but the data for the study period is too
fragmentary. Temperature and precipitation were taken from the SCAN site, except
for October 2005, that is missing and was then was calculated by difference
between the previous and next month. This datum was corroborated with the
RAWS site. This information is presented in Figure 1.

2.3 Microclimate

Microclimate data was obtained from data loggers. For each of the study species,
three (out of five) trees were selected to ensure trees were interspersed within the
study area and therefore represented the local variation. Data loggers were placed
under each tree as follows: one HOBO temperature/humidity data logger was placed
at 25 cm above ground, and will be referred as understory temperature throughout
the chapter, one TidBit temperature data logger was placed in the old litter fraction
(�2.5 cm depth) and one TidBit temperature data logger was placed in the humus
fraction (�4.5 cm depth). Data loggers collected temperature data every hour from
September 2004 to November 2005. Although the HOBO data logger collected
temperature and humidity, only temperature is presented because the humidity
sensor shorted out as it was exposed to a salty environment and produced unreliable
data.

Figure 1.
Diagram showing the relation between average monthly temperature (dashed line) and total monthly
precipitation (solid line) in the Guánica forest during the study period. When the solid line is below the dashed
one, this indicates water deficit (dry period), when the solid line is above the dashed one this indicates water
availability (wet period), and when precipitation surpasses 100 mm, this indicates water surplus. Please note
that months begin in September 2004.
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2.4 Tree species characterization

Each tree was characterized by measuring tree height, canopy area, organic
matter dry mass and depth. Tree height was measured as the distance between the
ground and the highest canopy point in vertical orientation, and canopy length and
width were measured in horizontal orientation. Canopy area was calculated from
length and width. Organic matter dry mass and fraction depth were measured
separately for each tree and fraction in November 2004, February, April, June,
September and November 2005.

2.5 Arthropods

Arthropod collections were performed under each tree on November 2004,
February, April, June, and September 2005. During each sampling, one 10 cm x
10 cm sample/tree/species was collected, and the sample was separated into three
fractions: loose litter, old litter and humus. Each fraction was kept separately and
placed in a Berlese funnel for one week for arthropod extraction using light [42].
This sampling design gave 5 species x 10 trees x 3 fractions x 5 samplings = 750
samples. Collected arthropods were taxonomically identified to the lowest category
possible, either class, subclass, order or suborder, and classified as adult or imma-
ture, and assigned to a morphospecies. Collembolans were not assigned to
morphotypes since variation in the morphology can only be seen in mounted slides
and by a specialist. The abundance of each morphospecies was recorded and stan-
dardized to number of individuals per square meter. Morphospecies composition
was used as a surrogate for species composition.

2.6 Statistical analyses

Anovas were used to evaluate differences in tree structure and organic matter
among plant species. Also, a two-way Anova was used to establish the effect of plant
species and fraction on the modulation of temperature. Modulation was estimated
as the maximum, minimum and daily range in temperature. To assess the effect of
tree structure on temperature modulation we used spearman rank correlations. To
assess the effect of time (sampling dates), plant species and fraction on the abun-
dance and richness of arthropods three-way AOV were used. The abundance of
arthropod morphotypes was used in a Multi-Response Permutation Procedure
(MRPP) to evaluate the effect of time, plant species and fraction on the species
composition of adult arthropods. MRPP is a non-parametric test that calculates a
distance matrix of average observed distance within predefined groups and com-
pares it to an average distance expected by chance. Within group distance is used to
calculate A, a homogeneity parameter of within group variability that ranges
between zero and one. In community ecology, values close to zero are common and
suggest a heterogenous community that can still be different from other communi-
ties [24, 43–45].

3. Results and discussion

3.1 Mesoclimate

During the study, temperature decreased from September to February, and then
it increased again (Figure 1) and total precipitation was 1575 mm, and was distrib-
uted as follows: 480 mm from September to October 2004 producing wet
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conditions at the end of 2004, 120 mm between November 2004 and April 2005
producing dry conditions at the beginning of 2005, and 975 mm between May and
October 2005 producing wet conditions in the second half of 2005 that were
interrupted by a short water deficit in June 2005 (Figure 1). In general, during the
study, the pattern was similar to the one historically established for the Guanica
forest [36, 46] with some variations. Historically, the dry season runs from January
to July interrupted by a small pulse in precipitation in May, and then follows a wet
season from August to December with water surplus during September. This study
encompassed two wet periods and one dry period, there was water surplus in
September and October 2004, followed by dry months up to April 2005 indicating 6
consecutive months of water deficit. Then, there were wet conditions after April
2005 with three pulses of water surplus in May, July and October 2005. This
indicates that during the study, precipitation was atypical because dry conditions
lasted 6 consecutive months while Lugo et al. [36] found that, for this forest, dry
conditions usually last 3–4 consecutive months. In addition, historically the wet
season usually presents one pulse of water surplus but during wet 2005 there were
three pulses in precipitation. These data confirm that precipitation in Guánica is
highly erratic [35] and show that the 2004–2005 months encompassed in this study
represent extreme dry conditions followed by extreme wet conditions.

3.2 Microclimate

3.2.1 Variation among tree species

There was a significant effect of plant species and fraction on maximum, mini-
mum and temperature range (Table 1, Figure 2). Understory maxima temperatures
ranged between 35.9°C and 34.9°C and followed the pattern
Conocarpus > Pisonia > Tabebuia, Ficus, Coccoloba while minima followed the pat-
tern Tabebuia ≥ Coccoloba, Ficus, Pisonia ≥ Conocarpus. Therefore, in the under-
story, temperature daily range was largest in Conocarpus intermediate in Pisonia and
smallest in Ficus,Tabebuia, Coccoloba. In the litter, maxima temperatures ranged
between 37.8°C and 30.2°C, and followed the pattern Conocarpus > Ficus,
Pisonia > Pisonia,Tabebuia > Coccoloba. Minima temperatures were
Pisonia ≥ Ficus ≥ Conocarpus ≥ Tabebuia ≥ Coccoloba, therefore temperature daily
range in the litter was largest in Conocarpus, intermediate in Ficus followed by
Pisonia and Tabebuia, and smallest in Coccoloba. In the humus, maxima ranged
between 31.7°C and 28.2°C and the pattern was Conocarpus, Ficus > Pisonia,
Tabebuia > Coccoloba and in the humus between. Minima were
Conocarpus > Pisonia > Tabebuia > Ficus and Coccoloba. Therefore, humus

Factor DF Maxima Minima Range

F p F p F p

Species 4 576 <0.001 26 <0.001 447 <0.001

Fraction 2 2767 <0.001 3138 <0.001 5624 <0.001

Species x fraction 8 149 <0.001 27 <0.001 142 <0.001

Error 18,995

Total 19,009

Table 1.
Effect of plant species and fraction (location: understory, litter, humus) on the magnitude of temperature
fluctuations during the study period. Anovas were run using daily maximum, minimum and temperature
range. There were 435 days (from September 8, 2004 to November 16, 2005).
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temperature daily range showed the pattern Ficus > Conocarpus > Tabebuia >
Pisonia > Coccoloba.

Throughfall and stem flow are affected by tree size and differentially moisten
soil under canopies [47] while surrounding rock similarly warms the OM under-
neath trees [48]. In this study temperature range was largest in the litter suggesting
that the buffer capacity of humidity was absent in litter (upper OM) and present in
humus (deeper OM). On the other hand, among the five species, Coccoloba has the
largest leaves and Conocarpus the smallest ones, and canopy openness is intermedi-
ate in Tabebuia, Ficus and Pisonia [49] suggesting that tree characteristics play a role
in modulating temperature fluctuations.

3.2.2 Variations among seasons

As expected, we found that the pattern of temperature fluctuations under all
species (Figure 2) was similar to the pattern of mesoclimate temperature

Figure 2.
Mean monthly temperature (�s.e.) in the understory, litter and humus below the five tree species. (understory:
�25 cm understory, Litter: inside the old litter fraction �2.5 cm depth, Humus: inside the humus fraction
�4.5 cm depth). Symbols represent mean values and whiskers represent standard error.
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fluctuations (Figure 1) (Kolmogorov Smirnov, p = 1.00), e.g. lower temperatures in
January and February in comparison to the remaining months. Also, understory air
temperature under the five species was consistently higher than temperature from
the mesoclimate site by 2.13°C on average. This is due to differences in altitude, the
mesoclimate SCAN site was located 165 masl while trees were located at 0 masl, and
since temperature decreases by �1°C for every 100 m in altitude, therefore this
resulted in the consistent higher temperatures under the trees. Across months,
understory, litter and humus temperature fluctuations were similar for all species,
and the largest temperature increase occurred from February to March, an increase
of 2.98°C (Figure 2). Our data is consistent with the historical pattern described for
this forest [36] and with other studies that established that different vegetation
associations within a geographic area follow similar fluctuations [50] because fluc-
tuations at the regional scale drive the seasonal pattern at smaller scales, i.e. tree
understory temperature.

In all species, through time, daily range significantly varied in all fractions and
was larger from December 2004 to March 2005 (Figure 3). In Coccoloba, Pisonia
and Tabebuia daily variation was largest in the understory and progressively smaller
in litter and humus, while in Conocarpus and Ficus daily variation was largest in the
litter particularly in March 2005. During the first quarter of the year, Puerto Rico is
affected by cold temperate fronts that decrease average minimum temperatures
from December to March [51] but do not affect maxima temperatures producing
larger daily variations for all species when compared to remaining months. The
largest variation in daily temperature occurred in March 2005 (Figure 3), when
there was no precipitation (Figure 1).

Therefore, in Guanica, months of water deficit (Figure 1) coincide with cool
months suggesting that mesoclimate drives the decrease in rainfall and minima
temperatures while plant species modulate maxima temperatures. In addition,
temperature fluctuations in the soil are buffered by soil moisture [52] and isother-
mal karst rocks warm OM [48] therefore water deficit [53] in combination with an
increase in temperature better explain the largest daily variations found in March
2005.

3.3 Tree species characterization

On average, Pisonia trees were 2.0 m height, Coccoloba’s were 1.8 m and Ficus’
1.8 m, and significantly taller than Tabebuia’s and Conocarpus’ that were 1.2 m and
1.1 m respectively (Figure 4). Canopies were significantly larger in Coccoloba, 155
m2, than in the other species (Figure 4) therefore Coccoloba trees were tall and
large, Ficus and Pisonia’s were tall and small, and Conocarpus and Tabebuia’s were
short and small. Litter weight varied among species and through time (Figure 5),
there was a trend for Coccoloba to have the largest litter mass and Tabebuia to have
the lowest. Litter depth tended to be higher in Pisonia particularly at the beginning
of the dry season, i.e. January 2005 (Figure 5). On the other hand, humus weight
and depth were similar among species and months suggesting that although new
litter is produced, there is an effect of past accumulation. In Guánica, the ground
surface is irregular presenting small depressions of varying sizes [33], then varia-
tions in humus may be due to changes in size of the exact sampling points and not
because of changes in soil organic matter per se.

Across months, litter fractions varied significantly (Figure 5). For example,
litter depth under Coccoloba was highest in November 2004 and lowest in June
2005, while it was highest in Pisonia during the dry months possibly because this
species is deciduous and drops the leaves during the dry season [54, 55]. Ficus
tended to have large litter depth in the wet months; as a facultative deciduous
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Figure 3.
Mean daily temperature range per month below the five tree species and for each of the three depths. Daily range
was calculated as Tmax – Tmin/day. Symbols represent mean values and whiskers represent standard error.

Figure 4.
Average canopy height (m) and average canopy area (m2) for the five species. Dots represent means, whiskers
represent standard error, and lower-case letters indicate significant differences.
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species, it drops the leaves during the dry season [54, 55] but these leaves had a
slower decomposition possibly in relation to milky sap that deters feeding organ-
isms than did Pisonia. Tabebuia and Conocarpus consistently had small litter depth
possibly due to low production of litter fall. Our results are consistent with Lugo
et al. [36] who found that litter production increased during the dry season because
of deciduous species and because decomposition was arrested (due to water defi-
cit). Humus is a stable fraction of soil organic matter, and loose and old litters are
the dynamic fractions, then any change in soil organic matter depth can be attrib-
uted to changes in litter.

3.4 Tree species and microclimate

In summary, we have shown that microclimate fluctuations follow the seasonal
pattern of mesoclimate, that maxima and temperature range, tree height, canopy
area and litter are different among plant species. Different tree species characteris-
tics correlated significantly with temperature, and these correlations varied season-
ally (Table 2). In general, understory air temperature correlated with tree
characteristics in the dry season but not in the wet season, while litter and humus
temperatures correlated with tree characteristics in both seasons and with litter
mass only in the wet season. Canopy size correlated significantly with understory
maximum temperature in February 2005 when deciduous species drop the leaves
[37] suggesting that more open canopies allowed for higher maximum temperatures
in the dry season. On the other hand, litter mass and depth correlated with litter
temperature suggesting that the quantity of organic matter and its water holding
capacity is important for buffering litter temperature during the wet season.

Canopy area significantly correlated with temperature, for example maximum
temperature was highest in Conocarpus, a species with small canopies while species

Figure 5.
Average litter and humus dry weight (g m�2) and depth (cm) for the five tree species and in each of the six
sampling dates. Symbols indicate the mean and whiskers indicate standard error. Asterisks indicate significant
differences among plant species within censuses.
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with similar canopy areas such as Ficus, Pisonia and Tabebuia had lower maximum
temperatures, and Coccoloba had taller trees with larger canopy areas which possi-
bly resulted in less understory heating and lower temperatures. Leaf area and leaf
orientation result in light differentially entering plant canopies producing different
degrees of heating of understory air [1, 52]. Therefore, our data suggest that the size
of the tree (canopy and height – volume) influence the microclimate created
underneath it but not in a linear additive way, rather tree characteristics interact
and influence microclimate underneath the tree in complex ways, suggesting that
the tree is an integrate that modulates the understory microclimate.

3.5 Arthropods

3.5.1 Litter fractions

A total of 8702 arthropods representing 22 orders and 301 morphotypes were
collected. Arthropod abundance and richness were significantly different among
fractions (Table 3). Overall Tabebuia and Ficus had similarly higher abundance,
followed by Pisonia and Coccoloba, and abundance was lowest in Conocarpus. In
general, there was a trend for lower arthropod abundance in loose litter and highest
in humus except in Coccoloba where old litter had higher abundance than the other
two fractions (Figure 6). Overall, richness was highest in Ficus and Pisonia,
followed by Tabebuia, and lowest in Coccoloba and Conocarpus, but among fractions
the trend for lower richness in loose litter and higher in humus was similar as for
abundance (Figure 6). These data suggest that for arthropod abundance and

February 2005 September 2005

Maxima Minima Range Maxima Minima Range

Understory • Canopy
size**

• Tree
volume***

• Canopy
size**

• Tree
volume***

Litter • Canopy
size***

• Tree
volume***

• Tree
height*

• Tree
height***

• Litter
depth***

• Canopy
size***

• Tree
height***

• Tree
volume***

• Litter
depth***

• Canopy
size***

• Tree
volume***

• Litter
depth***

• Litter
mass***

• Tree
volume***

• Litter
mass***

• Canopy
size***

• Tree
volume***

• Litter
mass***

Humus • Canopy
size***

• Tree
volume***

• Canopy
size***

• Tree
volume***

• Canopy
size***

• Tree
height***

• Tree
volume***

• Litter
depth***

• Litter
mass***

• Canopy
size***

• Tree
volume***

• Litter
depth***

• Litter
mass***

• Canopy
size***

• Tree
height***

• Tree
volume***

• Litter
mass***

Only significant correlations are shown, and asterisks next to the variable indicate level of significance: *: p < 0.05, **:
p < 0.01, ***:p < 0.001. February and September 2005 are shown as representatives of dry and wet periods.

Table 2.
Spearman rank order correlations among maximum, minimum and range in temperature and tree
characteristics (height, size, volume, organic matter depth and volume).
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richness, the decomposition stage of the organic matter (paralleled in the vertical
profile: loose, old, humus) is a determining factor as important as plant species
identity [24]. Furthermore, the decomposition stage is advanced in humus where
the biological activity is high and thus there are high available resources (e.g. higher
nutrient availability in humus than in litter fractions, [11]) suggesting a higher
abundance of decomposer microbes that, in the trophic food web theory would
result in higher abundance of arthropods.

Hansen [12] found that large litter dwellers were positively associated with
particular litter substrates, Berg et al. [22] similarly found that litter in different
decomposition stages had sets of associated arthropods, and Prinzing et al. [56]
found that even sexes within a mite species differentially used organic matter strata.
At the same time, Hansen [12] proposed that a higher abundance and richness of
arthropods would be found in strata with higher diversity of resources (i.e. litter).
Our results support that specific groups are associated to specific litter strata, being
more abundant where more resources are found, but not in the litter, instead in the
humus fraction. Kardol et al. [57] suggest that plant–soil feedbacks are mediated by

Abundance Richness

Factor DF F p F p

Date 4 9.36 <0.001 41.68 <0.001

Species 4 1.65 0.16 3.39 0.01

Fraction 2 40.83 <0.001 66.13 <0.001

Date x species 16 0.90 0.57 1.52 0.09

Date x fraction 8 2.92 0.00 7.23 <0.001

Species x fraction 8 2.59 0.01 1.93 0.05

Date x species x fraction 32 0.79 0.79 0.93 0.58

Residual 675

Total 749

Table 3.
Three-way analysis of variance for the effect of date, species and fraction on the abundance and richness of
arthropods.

Figure 6.
Average arthropod abundance (�s.d.) (ind/m2) and average number of morphotypes (�s.e.) in each fraction
for the five study species. Lower case letters indicate significant differences among fractions within species.
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microbes; specifically, they found that soil microbial pathogens affected the devel-
opment of the future plant community because soils have a biotic legacy of past
vegetation cover. Similarly, soils may have a biotic legacy of beneficial microbes
that, as Wardle states, maximizes decomposition, and can have a positive historical
feedback on the soil community. In addition, Bezemer et al. [58] found that plant–
soil feedbacks are dependent on plant species. In our case, these data suggest that
trees in the coastal plateau have been there for long enough to result in a biotic
legacy that, under certain plant species favors some arthropods, while under other
plant species other types of arthropods are favored.

3.5.2 Variations through time

Arthropod abundance and richness were significantly different among sampling
dates (Table 3). Through time, arthropod abundance varied with a trend for a
decreased abundance in the dry period (April 2005) and higher abundance in the
wet period (Figure 7). In all species and all samplings, arthropod abundance was
consistently low in loose litter while variations in old litter and humus explained
significant differences. For example, in Coccoloba, Ficus and Tabebuia abundance
peaked at the onset of the wet period (June 2005) while in Conocarpus and Pisonia
peaked abundance was observed later in the wet period (September 2005). Simi-
larly, for all plant species, arthropod richness was significantly low in the dry period
and higher in the wet period (Figure 8). Also, in Coccoloba, Ficus and Tabebuia
peaked richness occurred at the onset of the wet period (June 2005) while in
Conocarpus and Pisonia it was later in the wet season (September 2005).

During the study, precipitation varied producing a wet 2004 period, a dry 2005
period and a wet 2005 period (Figure 1). Herrera [59] found that the abundance of
soil fauna fluctuated seasonally influenced by the precipitation regime. Specifically,
groups like ants and beetles were present during year-round but isopods and diplo-
pods were more abundant at the end of the wet season while chilopods were present
all the year but during the dry season they migrated vertically and thus were
completely absent in the upper litter. On the other hand, Prather et al. [27] found
that high soil moisture promoted arthropods while high temperature decreased
arthropods. Our results show that arthropod abundance and richness follow a sea-
sonal pattern tight to precipitation, and that arthropods tightly linked to litter are
able to overcome drought although in such low abundance that does not support
upper trophic levels [24].

Arthropod species composition was dynamic through time as it varied among
plant species (Figure 9). Under wet conditions such as in November 2004, arthro-
pod species composition was similar between Coccoloba and Conocarpus and among
Tabebuia, Ficus and Pisonia who shared unique sets of associated arthropods. Simi-
larly, in June and September 2005, a similar pattern was observed such that species
composition was similar between Coccoloba and Conocarpus, and among Ficus,
Pisonia and Tabebuia. On the other hand, at the onset of the dry period (February
2005) when water shortage peaked, differences among plant species were lost
resulting in similar arthropod species composition among species (Figure 9).
Therefore, in general, when water is available, arthropods formed two distinctive
communities under different groups of plant species, while when water deficit
happened, plant species shared a common set of arthropods.

From these data, we conclude that two major arthropod communities were
formed, one with arthropods common to Coccoloba and Conocarpus, and one with
arthropods common to Ficus, Pisonia and Tabebuia. The local distribution of trees
shows that Coccoloba and Conocarpus are closer to the shore than the other three
species, suggesting that plants near the coast share arthropods communities as do
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plants farther from the shore. Nevertheless, when extreme conditions happen, such
as dry cool months in February 2005 (Figure 1), the arthropod community homog-
enizes because arthropod abundance was low and species composition becomes
similar.

Both, arthropod abundance and richness (Figures 7 and 8) decreased at the
onset of the dry period (February 2005) and were at a minimum in the middle of
the period (April 2005), on the other hand species composition was similar at the
onset but different in the middle of the dry season (Figure 9). Furthermore, litter
depth was high at the onset of the dry season (Figure 5) because of new litter
produced by plants as a response of water deficit (Figure 1). These results suggest
that during the dry season, conditions are such that plants drop leaves and below-
ground arthropods associated to plants represent a shared subgroup common to all

Figure 7.
Mean arthropod abundance (�s.d.) (ind/m2) in each sampling date and in each fraction for the five study
species. Asterisks indicate significant differences among fractions within species for the corresponding sampling
date.
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plant species, while further into the dry season, arthropod abundance and richness
are at the lowest such that only arthropods specific to plant species are present.
Abundance and richness are not linearly related, nevertheless an increase in abun-
dance results in more species, for example Prather et al. [27] found that for every 16
individuals a new species appears. From these data we can expect that a decrease in
abundance results in loss of species, therefore, in our study the decrease in abun-
dance at the beginning of the dry season may have resulted in a decrease in species
such that only stress-tolerant arthropod species [27] were present in all plant species
producing a homogenization of the arthropod community. A further decrease in
abundance led to the minimum found in mid-dry season which might have
produced further species loss so that only species adapted to the specific plant
microhabitat remained resulting in a differentiation in arthropod community.

Figure 8.
Average number of morphotypes in each sampling date and in each fraction for the five study species. Asterisks
indicate significant differences among fractions within species for the corresponding sampling date.
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Within each plant species, arthropod species composition significantly varied
through time (Table 4). In Coccoloba and Conocarpus, species composition signifi-
cantly changed between consecutive samplings except April to June 2005. These
data suggest that for these two plants there is a high turnover of arthropod species,
and that the arthropods present in April were a subset of the June arthropods. When
comparing April and June 2005, in Coccoloba, abundance and species composition
were similar and richness increased (Table 4, Figures 7 and 8) suggesting that at
the onset of the wet season the majority of arthropods belong to the same species
despite an increase in richness. In Conocarpus, when comparing April and June,
arthropod abundance (Figure 8), richness (Figure 9) and species composition
(Table 4) were similar suggesting that the transition between dry and wet months
is dominated by a common set of arthropods.

Figure 9.
p-value results from MRPP (Multi-response permutation procedure) tests. MRPP evaluated whether there were
significant differences in arthropod species composition among plant species in each sampling. The y-axis shows
p-values, initials indicate plant species as follows Coc for Coccoloba, Con for Conocarpus, F for Ficus, P for
Pisonia and T for Tabebuia. The short-dashed horizontal line indicates the critical value p = 0.05. Markers
below the dashed line show significant differences among species. Significant differences are shown by circled
color-coded initials.

Species Nov 04 – Feb 05 Feb – Apr 05 Apr – June 05 June – Sept 05

Coccoloba 81(�8)** 96(�5)** 77(�7) 73(�9)*

Conocarpus 94(�3)* 94(�7)* 82(�9) 86(�9)*

Ficus 92(�5)* 91(�4) 91(�3)** 79(�6)

Pisonia 92(�4)* 94(�6) 89(�6) 89(�5)***

Tabebuia 94(�4) 94(�6) 88(�8) 85(�5)

Percent dissimilarity was calculated as 100 * dissimilarity. Dissimilarity was calculated using the Sorensen index
(1-2 W/(A + B)). W indicates the sum of abundances of common species between sampling units, and A and B
indicate the sum of abundances of all species in each sampling unit. Asterisk indicates significant differences among
consecutive sampling dates (*:p < 0.05, **:p < 0.001, ***:p < 0.0001).

Table 4.
Dissimilarity (%) of arthropod species composition (mean � s.d.) associated to specific plant species among
sampling dates.
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In Ficus, the arthropod composition was similar through time except from
November to February and from April to June (Table 4), suggesting that the major
shifts in arthropod species occur between seasons (end wet period: November to
February, end dry period: April to June). On the other hand, arthropod abundance
and richness decreased to a minimum in the middle of the dry season (April 2005)
(Figures 8 and 9) when litter increased (Figure 5) because this is a deciduous plant.
These data suggest that arthropods present in Ficus respond to changing conditions,
such as new litter or a change in precipitation.

In Pisonia, a similar pattern as in Ficus was observed but later in the wet period
(June to September), arthropod abundance and richness increased in the wet period
(Figures 6 and 7), and species composition was significantly different (Table 4).
In addition, Pisonia is an obligate deciduous species that produces new litter in the
dry season (Figure 5). These data suggest a possible time lag tied to increasing
precipitation as arthropods present in Pisonia increased and litter depth decreased
(Figure 5) probably explained by decomposition of new leaves and more
arthropods at the onset of the wet season.

In Tabebuia, arthropod species composition and abundance were similar
through time (Figure 7 and Table 4) while richness (Figure 8) significantly varied
suggesting that there is a bulk of arthropods associated to this plant species that is
present yearlong although some arthropod species vary through time but not
enough to produce a different composition of arthropods.

For most plant species, these data show a shared pattern for a shift in arthropod
communities between wet and dry seasons (November 2004 to February 2005),
then arthropods in Cocoloba and Conocarpus continued to change as the dry season
strengthened while arthropods in Ficus and Pisonia (deciduous plants with more
open canopies by February 2005) changed with an increase in rainfall that triggers
biological activity. Tabebuia was the only plant to show a consistent group of
associated arthropods.

3.5.3 Variations across fractions

Abundance and richness of arthropods were significantly affected by sampling
time and fraction (interaction term Date x Fraction in Table 3), suggesting that
through time there is a dynamic movement of arthropods among fractions
(Figures 7 and 8). In addition, for each plant species the composition of arthropods
varied across the vertical organic matter profile (Figure 10).

In Coccoloba, there was a general trend for high turnover of arthropods which
were more abundant and species composition was different among fractions in the
wet season and similar in the dry season when abundance was lowest (Figures 8–10).
In wet months, loose litter had 9–12 and old litter had 27–30 morphotypes and shared
1–4, while humus had 14–25 from which 12–16 occurred in old. Loose and humus
fractions had 1 to none arthropods in common (Appendix I). These data show a
unique arthropod community in loose litter mainly due to adult Diptera (unique to
this fraction) that possibly pupated and emerged as adults at the moment of collec-
tion (e.g. in November: G-157, G-158, G-159, and in September: G-182, G-123, G-191,
G-209) (Appendix I). On the other hand, humus species composition was unique in
June due to a dominance of detritivore and predator species exclusive to this fraction,
such as G-207, G-007, G-147, G-229 and G-263 (Appendix I). These data suggest that
the beginning of the wet season triggers the biological activity in the humus fraction
(as suggested by increased arthropod abundance and richness, and unique species
composition), and that later in the wet season (September and November samplings)
decomposer activity increases (as suggested by the presence of adult Diptera whose
larvae feed on decomposing material, e.g. G-157, G-158 and G-159), and that a
possible flush in aboveground biomass promotes herbivore activity that pupates in
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the ground (as suggested by the presence of adult Hymenoptera whose larvae are
herbivores, e.g. G-168). The similarity in species composition among fractions during
the dry period samplings (February and April) suggests that an increase in daily
temperature (Figures 2 and 3) and drought represent stressors that mix the vertical
stratification of the arthropod fauna. For example, in April loose litter had no arthro-
pods, suggesting that remaining arthropods migrated downwards to avoid these
extreme conditions.

In Conocarpus, also there was a general trend for high turnover of arthropods
through time, but there was a consistent pattern for loose litter to have a low
abundance arthropod community that is different from old litter and humus
(Figures 7 and 8). In addition, when abundance was at a minimum in April 2005
(Figures 7 and 8), the species composition was similar (Figure 10). In November,
February and September samplings, loose litter had unique species that were adult
Diptera that possibly emerged at the moment of collection, and predators such as

Figure 10.
p-value results fromMRPP tests. MRPP evaluated differences among fractions in arthropod species composition,
for each plant species at each sampling separately. The y-axis shows p-values, initials indicate fractions as
follows L for loose litter, O for old litter and H for humus. The short-dashed horizontal line indicates the critical
value p = 0.05. The long-dashed line connects consecutive samplings. Markers below the dashed line show
significant differences among fractions. Symbols indicate differences, ´X´ indicates significant differences
between the specified fractions, ´ � ´ indicates no significant difference, and ´*´ that two fractions are similar
but different from the third one.
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Araneae and Opiliones (i.e. G-134 and G-101) (Appendix I). In April, abundance
and richness were lowest especially in loose litter, and species composition was
similar among fractions suggesting again that arthropods migrated downwards to
avoid extreme conditions such as drought and heat. Although the wet period began
in May (Figure 1), abundance and richness continued to be low in loose litter and
species composition was similar among fractions. In June, loose litter had 3
morphotypes with very low abundance, two were detritivore mites (G-147 and G-
100 - Appendix I) suggesting that the increase in precipitation may have promoted
detritivore abundance but still not enough to propagate into the loose litter fraction,
possibly because Conocarpus is a species that grows very near the shore cliff and
may receive more salt spray and less effective rainfall so that it may take longer to
respond to an increase in water supply.

In Ficus, in general, arthropod species composition was different through time
and across fractions while abundance was higher in wet months and also in dry
months when abundance decreased (Figures 7, 8 and 10). In November and June,
humus had a specific set of associated arthropods that were mainly detritivores and
predators (i.e. G-007, G-092, G-207, and G-244 - Appendix I). In February and
April, species composition was marginally different, possibly due to the presence of
adult Diptera in loose and old litter, and large detritivores (such as Psocoptera and
Blattodea G-102 and G-228 - Appendix I) in old litter, while in humus there were
basically small detritivores and predators (G-207, G-003 and G-220). A possible
explanation for the presence of adult Diptera in old litter is that Ficus is a facultative
deciduous species that progressively drops the leaves in dry conditions so that
dipteran larvae that began pupating were then covered by new litter. In September,
species composition mixed among fractions possibly due to the shared presence of
highly abundant morphotypes such as G-078, G-037, G-105 and G-031 (Appendix I),
mainly detritivores, suggesting that in mid wet season, there has been enough detri-
tus production so that detritivores are promoted in the whole organic matter vertical
profile resulting in a similar species composition among fractions.

In Pisonia also the general trend was for a different species composition when
abundance is high in the wet season and it becomes similar when abundance
decreases in the dry season (Figures 7, 8 and 10). In November, February and
September, abundance and richness were comparatively high, and species compo-
sition was different among fractions. In loose litter, the majority of unique
morphotypes were adult dipterans (e.g. G-157 and G-139) and adult coleopterans
that as larvae are herbivores (e.g. G-146 and G-148) while old litter and humus
shared basically abundant detritivore mites (G-037, G-007 and G-087) (Appendix I).
In April and June, there was a similar composition of arthropod across fractions,
possibly due to the extremely low abundance of arthropods. This may be the result of
downwards migration of arthropods and a pulse of new litter because Pisonia is an
obligate. These data suggest that extreme conditions that occur during the dry season
mixed the stratification of arthropods in the vertical organic matter profile.

Tabebuia had a similar arthropod community across fractions through time
although abundance was similar and richness increased in the wet season
(Figures 7, 8 and 10). The similarity in species composition was possibly due to the
shared presence of abundant morphotypes among fractions at each sampling date
(e.g. in November G-037, G-003, G-002, G-001, in February G-078, G-188, in April
G-037, G-078, in June G-078, G-002, G-004, G-105) (Appendix I). In September,
there continued to be abundant shared morphotypes but the appearance of unique
detritivore species in humus differentiate the species composition (e.g. as G-262,
G-288, G-010, G-269). These data suggest that the arthropod fauna below Tabebuia
actively moves among fractions and that, at mid wet season, enough detritus has
been produced in order to differentiate active arthropods in each fraction.
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4. Conclusions

We found abundance and richness to be highest in humus and species composi-
tion to be different among fractions suggesting that arthropod communities are
segregated among plant species and are further stratified by decomposition stage.
Also, abundance and richness were lowest in the dry months when arthropod
communities homogenize while in the wet season there was a pattern for arthro-
pods to form two distinctive groups, one formed by arthropods common to
Coccoloba and Conocarpus, and a second group formed by arthropods common to
Ficus, Pisonia and Tabebuia. Furthermore, under plant species, the seasonal
distribution of arthropods among fractions in different decomposition stages was
differentially affected by variations in microclimate and organic matter depth.

We found for 4 out of 5 plant species, that arthropod communities shift at the
end of the wet season when water becomes scarce, and again at the onset of next
wet season when temperature daily range was largest. In addition, we identified
three patterns of arthropod dynamics across fractions.

First Cocoloba and Conocarpus, two species close to the shore cliff, showed
stratification of arthropod communities across fractions except in dry months when
arthropods migrate downwards to deep OM. Then at the beginning of the wet
season, arthropods are a subgroup of those in the dry season, and as wet seasons
continues, abundance increases and arthropods stratify across fractions.

Second Ficus and Pisonia both showed a seasonal increase in litter and distinct
arthropod communities in wet and dry seasons. During the wet season arthropods
are abundant and effectively stratify along OM fractions while in the dry season, in
general, communities continue to be different across fractions despite a decrease in
abundance, and at the onset of the wet season arthropods are a subgroup of those in
the dry season. Nevertheless, Conocarpus and Pisonia present a time lag as compared
to Coccoloba, in Conocarpus possibly related to less effective rain (proximity to the
coastal cliff) and in Pisonia possibly related to the time that new litter takes to
decompose enough to promote arthropods (as an obligate deciduous species).

Third in Tabebuia, litter depth was low all yearlong and temperature range was
smaller, and we found arthropod species composition to be similar and abundance
to vary through time, being always lowest in loose litter, also arthropod composition
was similar across fractions suggesting that arthropods actively move among
fractions.
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Appendix I: Excerpt from appendix in Barberena-Arias (2008).
Abundance (ind/m2) of adult morphotypes in each fraction
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Chapter 8

Mixed Diets Enhance Edible 
Grasshopper, Ruspolia differens 
(Orthoptera: Tettigoniidae) 
Performance during Mass Rearing
Geoffrey Maxwell Malinga, Robert Opoke  
and Karlmax Rutaro

Abstract

Mixing of diets is a notable dietary practice that is believed to improve 
performance-related characteristics such as growth, survival rate and egg-laying 
potential among insect herbivores. However, currently there is limited information 
regarding the performance of edible insects either on artificial and natural diets 
or their mixtures. This chapter reviewed recent literature on performance of a 
seasonally harvested and a widely consumed edible grasshopper, Ruspolia differens 
(Orthoptera: Tettigoniidae) reared on various artificial and natural diets. Our aim 
is to highlight diets and diet mixtures that results in the highest R. differens produc-
tion. The results of the review show that R. differens performs better on mixed diets 
than on single or less diversified diets. In all reviewed studies, edible grasshoppers 
fed mixed diets either of natural plants or artificial diets achieved highest final 
weights, highest survival, highest fecundity and fastest development times than less 
diversified diets. The information is useful in designing technologies for large-scale 
rearing program for this species.

Keywords: insect farming, developmental time, captive rearing, African edible  
bush cricket

1. Introduction

Diet mixing, i.e., feeding on more than one plant species or food resource is a 
well-known feeding habit among polyphagous insect herbivores and is believed to 
be associated with increased growth, shorter development time, survival rate and 
fecundity [1, 2]. This is because mixed diets could allow nutrient complementation 
and reduce the amounts of toxins in solitary foods (reviewed in [3, 4]). Several 
polyphagous orthopteran species have been shown to enhance their performance 
by diet mixing and exhibit higher fitness and survival rates, and faster growth on 
mixed diets than on single resource diets [1, 2, 5–7]. However, despite this wide-
spread evidence of diet mixing in insect herbivores, in contrast, very little has been 
done to review the effect of diet mixtures on the performance of edible insects, 
which hamper the development of a suitable diet or diet mixtures for sustaining 
mass-rearing.
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The edible grasshopper, Ruspolia differens (Orthoptera: Tettigoniidae) is a 
seasonally harvested edible insect species. This edible grasshopper species is 
largely found in tropical Africa particularly in Kenya, Angola, Uganda, South 
Africa, Ghana, Central African Republic, Democratic Republic of Congo, Zambia, 
Rwanda, Burundi, Mauritius, Madagascar, Ivory Coast, Tanzania, where it is eaten 
as a delicious food [8–15]. It is nutritionally rich and healthy. Ruspolia differens 
have been found to have high levels of protein (34-73%), fat content (33-48%), 
carbohydrates (3-6%), polyunsaturated fatty acids (89% of lipids), chitin (10-
15%) and several minerals including phosphorous (141-673 mg/100 g), potas-
sium (446-673 mg/100 g), calcium (34.9-128 mg/100 g), Fe (17 mg/100 g) and 
zinc (12-17 mg/100 g). This katydid grasshopper is predominantly nocturnal, 
showing distinctive colour polymorphism and sex dimorphism [8]. There are six 
colourmorphs comprising of green, purple-stripped green, purple-suffused green, 
brown, purple-stripped brown and purple-suffused-brown [16] although the green 
and brown colourmorphs tend to dominate. Ruspolia differens is characterised by a 
unique swarming phase that exist during rainy seasons and a non-swarming phase 
(also called local population) whose developmental stages are found in the field all 
over the year [15, 17]. In East Africa, swarming occurs twice annually in April–May 
and November–December [8], and the source populations of the swarming individ-
uals are believed to originate locally [17]. Male adults are smaller than females, and 
are characterised by longer antenna and possess a pair of tongue-like metathoracic 
flaps and dorsoventrally bi-lobed cerci, while, females are identified by the presence 
of a long slender ovipositor [10, 15, 16, 18–21]. The life cycle is variable but roughly 
147 days and there are six nymphal stages for male and seven for females [12]. Eggs 
are oviposited in the leaf sheaths of grasses, shoots of Panicum sp., maize seedlings 
and Pennisetum sp, and cotton wool and folded plastic cloth [22–24]. Hatching hap-
pens after 11-25 days and is determined by the moisture level [22, 24, 25]. Ruspolia 
differens is a facultatively oligophagous grass-feeder and can feed on a range of grass 
and sedge species [17, 26, 27] and various artificial diets [12, 25, 28]. However, the 
species is highly selective preferring inflorescences over leaves [27] but they are 
flexible if a limited range of diets are available [27, 28]. Despite the large number 
of recent research works on R. differens, however, there is dearth of information 
regarding the performance of edible insects either on artificial and natural diets 
or their mixtures. This chapter systematically reviewed all recent peer-reviewed 
literature on the development and reproductive performance of edible grasshopper, 
Ruspolia differens (Orthoptera: Tettigoniidae) reared on various artificial and natu-
ral diets over the last 20 years. Our aim is to highlight diets and diet mixtures that 
results in the highest R. differens production. The information is useful in designing 
large-scale rearing program for this species.

2. Materials and methods

A comprehensive literature search was conducted within the electronic data-
bases such as Scopus, Web of Science and Google Scholar to identify peer-reviewed 
journal articles focussing on performance of R. differens on mixed or diversifying 
diets. In the search, following key words were used to demarcate the species in the 
search: Ruspolia differens, Long-horned grasshopper, Edible bush cricket, Swarming 
conehead, Mixed diets and Performance. The inclusion criteria included only 
peer-reviewed papers published within the last 20 years (from 2000 to 2020, the 
period of active research on R. differens). Because of the aggravated risk of bias as 
a result of translation of information from other languages to English, our search 
was confined to English language only. Dissertation, conference proceedings and 



163

Mixed Diets Enhance Edible Grasshopper, Ruspolia differens (Orthoptera: Tettigoniidae)…
DOI: http://dx.doi.org/10.5772/intechopen.100552

papers published in other languages were excluded from the review. The title, 
abstracts and full texts of the articles were screened against the selection criteria. 
The search yielded six articles out of which three were relevant and were included 
in the systematic review. The statistical assessments of effects of dietary treatment 
on development time (days) from the first instar to adult and fresh weight at adult 
stage and female fecundity were done using Linear Mixed model with type III sum 
of squares (sex and diet-sex interaction included as fixed factors and block as a 
random variable) followed by Bonferroni post hoc pairwise comparisons. A logistic 
regression model was used to determine whether diet treatment (predictor vari-
able) predicts the nymphal survival to adulthood (outcome variable) with block 
included as a random variable. All statistical analyses were conducted using IBM 
SPSS Statistics software version 26. For artificial diets study, Linear contrasts within 
the analysis of variance (ANOVA) were employed to examine the existence of a 
linear trend in the insect performance variables along the food resource diversity 
gradient.

3. Results

The reviewed articles were based on recent studies conducted over the last 
20 years (2000 to 2020) in Uganda and Kenya. Most of these articles were published 
in 2018. The studies focused on identification of articles that focused on perfor-
mance of edible grasshopper, R. differens on either natural or artificial diets.

3.1 Performance of R. differens on mixed artificial diets

The development of a successful and sustainable mass rearing strategy requires 
knowledge of potentially suitable diet mixtures which can best support the insect’s 
growth, development and survival. A study by Malinga et al. [25] in Uganda, 
examined how diet treatments representing a gradient of increasing food resource 
diversity, ranging from one food (single-food treatment) to mixtures of two, three, 
five, six and eight foods (Table 1), affect the developmental and reproductive 
performance of the edible grasshopper, R. differens. In all reviewed studies, approxi-
mately equal amounts of foods were administered ad-libitum to each individual in 
the diet mixture till moulting to adult, and water was provided either by introduc-
tion of moistened tissue paper or by spraying droplets of water with a portable hand 
sprayer.

More diversified diets resulted in shorter development time rather than in the 
single diet or less diversified diets and there was a significant decreasing linear 
trend in the development time along the food resource diversity gradient, indicat-
ing that as food resource diversity increases from single to more diversified diet 
mixtures, development time decreases proportionally. The improved performance 
are likely due to the utilisation of a balance of high-quality nutrients in mixed diets 
[2]. Benefits of diet mixing on insect performance (e.g., developmental time) has 
previously been documented also on several generalist Acrididae grasshoppers [1–3, 
5, 29]. These studies have found generalist grasshopper to perform better on high 
quality foods which in turn determines their growth and developmental rate [30]. 
Increasing dietary diversification resulted in greater adult weight and there was a 
significant increasing linear trend in the adult fresh weight along the food resource 
diversity gradient. Furthermore, the experimental results of this work indicated 
that dietary mixing greatly improved female fecundity (total number of eggs laid 
per female, on average roughly 90-140 eggs). There was also a significant increasing 
linear trend in the female fecundity along the food resource gradient. Improved 
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fecundity in mixed diets has also been reported for the generalist grasshoppers 
Parapodisma subastris (Huang) [1] and Chorthippus parallelus (Zetterstedt) [2] 
(Orthoptera: Acrididae).

Finally, more diversified diets resulted in greatly improved survival rates 
(approximately 31-51%) of R. differens to adulthood than when reared on single 
resource diets (11%). Even with a minimal diet diversification, nymphal survival to 
adult was greatly improved. The odds of survival (the probability of surviving rela-
tive to dying) was four to eight times higher for individuals fed mixtures of artificial 
foods than in those fed one food only. Numerous studies have shown that enhanced 
survival and development in the majority of herbivorous insects correspond to diet 
quality and quantity on which the insects are fed [30–32]. For instance, Oonincx 
et al. [32] established that larvae of the black soldier fly, Hermetia illucens (L.) 
(Diptera: Stratiomyidae) reared on vegetable by-products diets high in protein 
achieved a relatively shorter development time (21 days) that their counterparts 
reared on low-protein diets (37 days). Thus, the remarkably lower survival observed 
on single than in mixed diets could reflect the low protein and high starch content 
in solitary foods, as also found previously with mealworms [29]. The results of our 
review demonstrate how a cost-effective optimal mass production of R. differens 
could be achieved even with minimal dietary mixtures.

Treatment code Treatment name Composition

One Single food treatment Rice seed head

Two Two food mixtures Rice seed head

Finger millet seed head

Three Three food mixtures Rice seed head

Finger millet seed head

Wheat bran

Five Five food mixtures Rice seed head

Finger millet seed head
Wheat bran

Chicken superfeed egg booster (from super Feeds Farm 
Products Ltd., Kampala, Uganda)

Sorghum seed head

Six Six food mixtures Rice seed head

Finger millet seed head
Wheat bran
Chicken superfeed egg booster
Sorghum seed head
Germinated finger millet

Eight Eight food mixtures Rice seed head

Finger millet seed head

Wheat bran

Chicken superfeed egg booster
Sorghum seed head
Germinated finger millet

Simsim cake

Dog biscuit pellet

Table 1. 
Compositions of diets used in the performance experiments.
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3.2 Ruspolia differens performance on diet mixtures of natural food plants

In a study evaluating the suitability of inflorescences for rearing R. differens 
[26], individual R. differens were reared from first instar to adults on diet treatments 
representing a gradient of five diversifying dietary mixtures of host plant species 
ranging from one to mixtures of two, three, five and seven species (Table 2). The 
gradient represented the hierarchy of use, based on a survey of potential food plants 
of R. differens used in the field in Uganda [17], whereby Brachiaria ruziziensis was 
the most used and B. ruziziensis and P. maximum were the two most used host plants 
in the field, respectively.

The rearing containers were placed in blocks, each containing one replicate of 
each host plant with one R. differens individual per container. In each container, 
approximately equal quantities of foods were randomly placed. The results 
showed that dietary mixture of grass species inflorescences is beneficial for the 
survival and for shortening the development time of the edible R. differens but 
not for achieving a higher adult emergence weight. For example, the nymphal 
developmental time was significantly shorter (on average 16 days shorter) when 
R. differens individuals were reared on more diverse diets than when reared on 
single diets (>90 days for diets with 1-2 plant species; <80 days for diets with 5-7 
plants). Similarly, the survival to adult stage was higher in the most diversified 
diet mixture than in the least diversified diets, ranging from 12.5-15% in the 
three least diversified diet treatments to 40-65% in the two most diversified diets 
with an overall average nymphal survival of 30%. In another study conducted by 
Ssepuuya et al. [33], highest survival of R. differens was found after eight weeks 
on mixed diets comprising of green stems and leaves of three plants C. dactylon, P. 
maximum and E. africana) than in single plant diets. Consistent with our reviewed 
findings, previous works on generalist grasshoppers, P. subastris (Huang) [1] and 
C. parallelus (Zetterstedt) [2] also recorded highest survival in the 6-and 8-food 
plant (grass species) mixtures, respectively, than in food treatments with only a 
single plant species. The better performance on diet mixtures may be driven by a 
better gain of nutrients amounts in mixed than in single host plants [2].

4. Conclusion and future prospects

To conclude, the results of this review collectively provide evidence that  
R. differens performs better on mixed diets than on single or less diversified diets. 

Treatment code Treatment name Composition

One One host plant Brachiaria ruziziensis

Two Two host plants 
mixture

B. ruziziensis, Panicum maximum

Three Three host plants 
mixture

B. ruziziensis, P. maximum, Hyparrhenia rufa

Five Five host plants 
mixture

B. ruziziensis, P. maximum, H. rufa, Chloris gayana, Cynodon 
dactylon

Seven Seven host plants 
mixture

B. ruziziensis, P. maximum, H. rufa, Ch. gayana, Cy. dactylon, 
Sporobolus pyramidalis, Pennisetum purpureum

Table 2. 
Host plant combinations used in mixtures.
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These results emphasise the importance of diet mixing in the optimisation of edible 
grasshopper, R. differens, production during mass-rearing programs. However, to 
upscale from current laboratory rearing to full-scale mass-rearing programmes 
suitable for local farmers or entrepreneurs, there are still several knowledge-gaps 
and steps remaining, e.g., what are the most cost-effective feeds in mass-rearing, 
and could side-streams from East-African food-industry or agricultural farms be 
included in feeds (reducing the costs and enhancing environmental sustainability 
of the rearing)? Do the used feeds in rearing modify the taste of R. differens? 
Economics of rearing: what feed and feeding regimes are economically viable?. 
Furthermore, research is needed to determine the combined effects of diet mix-
tures of natural and artificial foods on the performance of R. differens.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Crustacea: The Increasing 
Economic Importance of 
Crustaceans to Humans
Gregorius Nugroho Susanto

Abstract

Crustaceans (subphylum Crustacea) are members of the phylum Arthropods, 
including crabs, lobsters, crayfish, prawn, shrimp, krill, barnacles, woodlice and 
beach fleas. The most common types of crustaceans are shrimp and crab. This 
subphylum is distinguished from other arthropods, including myriapods, insects, 
and chelicerates, by the presence of two-parted (biramous) appendages, and the 
hatchling’s nauplius shape. In addition, these arthropods are majorly aquatic, often 
found in fresh, marine, or brackish water bodies, however, some crabs, hermit 
crabs, woodlice and other members of the subphylum, are found in terrestrial 
environments. Also, most crustaceans are free-living while numerous are parasitic 
(for instance, Rhizocephala, tongue worms, fish lice) and sessile (barnacles). Mostly 
lived nocturnal. Crustaceans have a great economic importance to humans. The 
group is of great value directly or indirectly for his health and economic progress, 
such as aesthetic, commercial, gastronomic, biomedical, bioindicator, biomonitor, 
geological values, and miscellaneous uses, biodeterioration and poisons.

Keywords: crustaceans, crustacea, arthropods, economic, humans

1. Introduction

Crustaceans (Crustacea) are a large group of arthropods, 4th largest diversity 
among the animal groups and are usually considered as a subphylum. This group 
comprise approximately 50,000 to 75,000 species and include many familiar 
animals such as crabs, lobsters, prawn, barnacle, woodlice and beach fleas, as well as 
a host of lesser-known species. Unlike the terrestrial Hexapoda and Myriapoda and 
mainly terrestrial Chelicerata, the main radiation of the Crustacea has been aquatic, 
with the bulk of species living in marine habitats. There is also a substansial number 
of freshwater species, but only 2–3% of species live on land. Crustaceans are the 
dominant arthropods in the oceans, where they occupy benthic, pelagic, planktonic 
and intertidal niches and lead motile, sedentary, sessile or parasitic life styles. In 
inland waters they are represented by a more limited range of taxa, but nevertheless 
have succeeded in virtually all types of water bodies, including freshwater, tempo-
rary pools, and even hypersaline lake [1]. On other hand, on land the diversity is low, 
with representatives from only three orders of malacostracans and poorly studied 
cryptozoic fauna of microcrustaceans. The crustaceans show an enormous diversity 
of form, and a great range of size from a minute planktonic and larval forms of 
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Stygotantulus stocki at 0.1 mm (0.004 in) to giant crab, the Japanese spider crab, 
a large benthic crabs with a leg span of up to 12.5 ft. (3.8 m) and a mass of 48 lb. 
(20 kg), and also lobsters which can weigh up to 60 kg. The largest terrestrial species 
is the robber crab, Birgus latro, which can reach 3 kg in weight [2, 3]. Decapod crus-
taceans are possibly the most widely known vertebrates, due to the greatly cherished 
edibility. In this regard, shrimps, crabs and lobsters are of the highest commercial 
value. A study by De Grave et al. [4] estimated a total of 14,756 species and 2,725 
genera of extant decapods.

Meanwhile, there are about 3,047 species of shrimps and prawns worldwide, 
and these are grouped into Caridea (2,517 species), Sergestoidea (94 species), 
Penaeiodea (94 species), and Stenopodidae (60 species). The commercial shrimp 
species majorly belong to one of the 5 penaeidean families (Penaeidae, Aristeidae, 
Sicyoniidae, Sergestidae and Solenoseridae) or the 3 caridean families (Pandalidae, 
Palaemonidae, and Crangonidae) [4].

2. General description

Crustaceans have hard skin (shells) due to deposits calcium carbonate in the 
cuticle. All or some parts of the body contain the appendix biramous originals. 
Breathe with gills or the entire surface of the body. Antenna glands (green glands) 
or the maxilla gland are excretion tools. Except for certain types, crustaceans are 
generally dioecious, fertilization inside. Most incubating the egg. The initial type 
of crustacean larvae is basically the nauplius larvae that swim freely as plankton. 
However, a few peculiar biological features possessed by crustaceans are not 
documented. These include, anatomy and morphology (segmentation, extremities, 
cuticle), circulation, excretion, respiration, osmotic regulation, procreation and 
life history habits (precopula, breeding, hatchlings, moulting), abundance and 
distribution, as well as mode of life (in the benthos or as plankton).

A crustacean’s body comprises of segments, arranged into three regions, the 
head or cephalon, the thorax, and the abdomen or pleon. In some organisms, the 
head and thorax are merged to form a cephalothorax, often secured an expansive 
carapace [5]. Furthermore, the hard exoskeleton in crustaceans offers protection, 
and ought to moulted for development to occur. Each somite is surrounded by a 
shell separated into dorsal tergum, ventral sternum and a lateral pleuron, and the 
different exoskeleton parts are often combined together.

In addition, every somite or body portion often carry a pair of jointed append-
ages, while the head bears two sets of antennae, as well as the maxillae mandibles 
and the thoracic regions carry the legs. These legs are often specialized as maxil-
lipeds (feeding legs) and pereiopods (walking legs). Meanwhile, pleopods (swimming 
legs) are located on the abdomen, this in turn closes in a telson, bears the anus, and 
is often bordered by uropods, forming a tail fan [2, 6]. The subphylum’s remarkable 
survival is partly due to the large number and assortment of appendages. These are 
ordinarily biramous (comprised of two parts), with the exception of the uniramous 
primary antennae. This biramous nature possibly originated in crustaceans or 
became lost by other arthropods because of evolution, however, the exact origin is 
unclear, as even trilobites have biramous limbs.

Crustaceans also possess an open circulatory system, and blood circulated to 
the haemocoel the heart, adjacent to the dorsum. The oxygen carrying pigment 
in Malacostraca is haemocyanin, while the counterpart in copepods, ostracods, 
barnacles and branchiopods, is haemoglobin. In addition, the alimentary canal 
comprises a straight tube, progressing into a spiral, and often contains a “gastric 
mill” similar to a gizzard, as well as two digestive glands for food absorption. Also, 
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there are some kidney-like structures as well as a ganglia-shaped brain close to the 
antennae, and a group of major ganglia, beneath the intestine.

Numerous male decapods have primary (and in some cases, secondary) pairs 
of pleopods for transfer of sperm. Meanwhile, several terrestrial crustaceans (for 
instance, the Christmas Island red crab) mate often and migrate to the ocean to lay 
eggs, while others, including woodlice, lay eggs in soggy earth. Female decapods 
mostly carry eggs and give birth to free-swimming hatchlings.

3. Classification

Based on body size Crustaceans are grouped into the smaller forms called 
Entomostraca and the larger members called Malacostraca. Entomostraca is not 
considered a valid taxonomic division because the members differ from each other 
in diverse ways. Malacostraca is more clearly defined because all members of this 
group have abdominal appendages, an 8-segmented thorax, a gastric mill, and an 
abdomen of 6 (sometimes 7 or 8) segments. Entomostraca, there are four orders 
called Branchiopoda, Ostracoda, Copecoda, and Cirripedia, while Malacostraca 
there are three orders, namely: Isopoda, Stomatopoda, and Decapoda Order.

1. Enormostraca (small crustaceans)

Characteristic: small in size, and is a lot of zooplankton found in sea water or 
fresh water. Its members consist of the Copepoda Order, the Cladocera Order, 
the Ostracoda Order, and the Amphipoda Order.

2. Malacostraca (large crustaceans)

Its members consist of Isopoda Order (legged uniform) that used to live at sea, 
fresh water or land. For example, grasshopper shrimp and Decapoda Order 
(ten-legged) which has 5 pairs of limbs in the chest segment as legs, kinds like 
shrimp, crabs.

The malacostracans are the largest class of Crustacea, with more than 21,000 
species including most of the larger and familiar forms such as prawns, crabs and 
lobsters. The body and appendages are specialised into thoracic and abdominal 
regions and head bears sensory and feeding appendages. The anterior thoracic 
limbs are commonly modified as additional mouthparts and limbs for capturing 
food, and are often chelate; the more posterior thoracic limbs are locomotory 
pereiopods. The abdominal appendages or pleopods are less sturdy and typically 
are used in slow swimming, the production of respiratory currents and in females 
for carrying eggs. The telson and uropods form a tail fan which enables rapid 
backward swimming when the abdomen is flexed – a behavior used to escape 
predators [2].

Crustacean development can be direct, in which the egg hatches into a fully 
formed but miniature version of the adult (as in most of the superorder Peracarida), 
or entirely anamorphic, in which change between successive molts consists essen-
tially of increasing body size, adding segments and limbs, and developing existing 
limbs. Usually there is some metamorphosis, and at times this can be striking [7]. 
Typically, crustacean larvae have been grouped broadly into three main types, 
which are identified by the appendages primarily responsible for swimming; a 
‘nauplius’ swims with its cephalic appendages, a zoea with its thoracic appendages, 
and a ‘megalopa’ with its abdominal appendages. The nauplius — zoea — megalopa’ 
series represents a generalized developmental sequence as well, although most 
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crustaceans do not pass through all three phases. Ecologically, the nauplius and zoea 
are usually dispersive phases and the megalopa is the transitional setlement phase.

4. The numerous economic benefits of Crustaceans to humans

Crustaceans have numerous direct and indirect benefits for the economy as well 
as human health. For instance, shrimps, crabs, lobsters and other large crustaceans 
are globally recognized as edible aquatic organisms. Furthermore, the Indonesian 
maritime has a yearly economic potential of 1.33 trillion USD. Shrimps are the most 
significant aquatic export commodity, and compose 45% of the country’s total 
fishery export. The worldwide demand for Indonesian shrimp is approximately 
560,000–570,000 tons per year, and about 57% of this figure is imported by the 
United States, the largest destination. Over 60% of the total aquatic produce 
exported to the US in 2016 was solely shrimp, and this was estimated to cost more 
than 1 billion USD, and to increase by 2017 in order to meet the increasing global 
demand. Indonesian shrimp is often exported while frozen or after removing the 
heads and shells [8]. Meanwhile, copepods, water insects, krill and other small 
zooplanktonic crustaceans, connect the food chain between photosynthetic phyto-
planktons and larger carnivores, including whales and fishes. These petite crusta-
ceans (zooplanktons) are therefore staple nourishment for large aquatic organisms, 
as several larger vertebrates consume spiders and insects.

4.1 Aesthetic value

The crustacean subphylum is considered unique, magnificent and delectable by 
humans of all ages. These arthropods exist in several shapes, sizes, colors and forms, 
and are astounding creations of nature. In addition, small crustaceans, including 
spider, ghost, fiddler (Ocypodidae), moon (Matutidae), rock, lightfooted, paddler 
(Graspidae), arrow, stone (Leusiidae), box (Calappidae), coconut, and hermit 
crabs, fairy, cherry, ghost, bamboo and, mantis banana shrimps, as well as fresh-
water, blue, and tiger crawfishes, as well as blue lobsters, are highly fascinating 
and invigorating, and therefore often used in aquatic exhibitions. Some prevalent 
interesting species include freshwater Atyid shrimps from the genus Caridina, 
Palaemonetes, Atyopsis, Triops, as well as Neocaridina, and crawfishes of the genus 
Cambarellus and Procambarus.

4.2 Commercial value

The cultivation of crustaceans is of great significance to the global aquaculture 
industry, as the arthropods are rich in protein, and possibly help to meet the food 
requirements for mankind’s ever increasing population. Marine shrimps, crabs, 
prawns, and lobsters are valuable food sources, and therefore of substantial eco-
nomic importance to aquatic industries around the world. Furthermore, crustacean 
aquaculture produce, particularly the true lobsters (Panulirus versicolor, Homarus 
gammarus, and Homarus americanus), are costlier compared to other sources of ani-
mal protein. The class of crustacean often cultivated for consumption by humans 
is Malacostraca, while crabs account for 20% of the marine crustacean species 
captured, reared and used worldwide. This amounts to about 1.5 million tons per 
year, and the specie Portunus pelagicus comprises one-fifth of this total. Lobster are 
a magnificent worldwide delicacy and lobster fishing, often referred to as lobstering, 
is the act of collecting marine or spiny lobsters, as well as crawfish, for commercial 
purposes. The commercial cultivation of shrimp was first practiced in the 1970’s, 
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and production has now developed steeply. Currently, about 75% of the shrimp and 
prawn cultivated in the world are produced in Asia (particularly, Indonesia, China, 
and Thailand). These are majorly genus penaeid, and two species, the Giant tiger 
prawn (Penaeus monodon) and the Pacific white shrimp (Litopenaeus vannamei, 
formerly Penaeus vannamei) comprise about 80% of all cultivated shrimp [9].

Meanwhile, Macrobrachium is the only cultivated genus of freshwater prawns. The 
species M. nipponense, M. rosenbergii, and M. malacolmsonii are majorly cultivated 
within the aquaculture industry. In addition, ornamental shrimps and crawfishes are 
often reared in South East Asia. The commercial fishing of Krill, marine crustaceans 
of the order Euphausiacea, closely resembling shrimp, as food for people and domes-
ticated animals was first practiced during 19th century, and probably even earlier in 
Japan. These small invertebrates are present in oceans all around world, including 
the Southern Ocean, as well as the water body surrounding Japan. About 15o,000 to 
20o,000 tons (minimum of 150,000–200,000 and maximum of 170,000–220,000) 
of krill are captured each year, and this is mostly obtained from the Scotia Ocean. 
This capture is mainly utilized as feed for aquaculture and aquarium organisms, bait 
for sport fishing, or to produce pharmaceuticals. Krill is often consumed by people in 
Japan as well as Russia and is referred to as okiami in Japan. In addition, some cope-
pods and branchiopods (fairy shrimp and clam shrimps) are reared commercially 
for use in fish-farms and aquariums. These organisms therefore provide employment 
opportunities and recreational interests, through stocking, picking, feeding, sorting, 
and other activities related to crustacean gathering or cultivation.

4.3 Gastronomic value

Archaeologists have shown shellfishes were first used as food over hundreds 
of thousands of years ago. Practically all the cuisines prepared around the world 
involve these organisms as a significant protein source, especially in countries 
around coastal regions. The term “shellfish” is both a fishery and culinary word for 
edible aquatic invertebrates with exoskeleton, including several species of crusta-
ceans, molluscs and in some cases, echinoderms. Thus, crustaceans are significant 
in shellfish seafood. These organisms are mainly aquatic and often harvested 
from saltwater bodies, however, some live in freshwater. Meanwhile, Cardisoma 
guanhumi and some other terrestrial crabs are also consumed, especially in the 
Caribbeans. Numerous organisms, from smaller animals like penguins and fish to 
the larger seals and even baleen whales feed on krill. Krills convert nutrient from 
consumed prey into an appropriate form for consumption by larger animals unable 
to feed directly on the diminutive algae, and are therefore, a crucial aquatic food 
chain component. Some species including northern krill, possess a rather small 
filtering basket and usually prey on copepods as well as larger zooplankton. The 
most popular commercially relevant species of the Euphausiidae genus include the 
Antarctic (Euphausia superba), Pacific (Euphausia pacifica) and Northern krills 
(Meganyctiphanes norvegica). In addition, the most dominant zooplanktons, marine 
copepods and ostracods are the major food sources for whales, small fishes, sea-
birds and crustaceans, including krill, in marine, brackish or fresh water bodies 
[10]. Branchiopods (brine shrimp and fairy shrimp) are utilized as nourishment of 
fish fry/aquarium fish food. The 90 species of krill are marine, pelagic, shrimp-like 
animals with shallow carapace. e.g. Euphausia, Meganyctiphanes. Species frequently 
have wide longitudinal but confined latitudinal dispersions and may be exceedingly 
various, often forming dense feeding swarms. Euphasids range from 40 to 150 mm 
in length. They are major nourishment source, particularly in Southern Ocean, for 
predators such as fish and squid and large scale filter-feeders such as baleen whales, 
and they are of expanding financial significance to humans [2].
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4.4 Biomedical value

The shells of crabs and other crustaceans are used in medicine to treat and 
prevent inflammatory diseases. Some researchers at Florida Atlantic University 
have developed an orally administered crustacean microparticle dietary supple-
ment to prevent and treat IBD and other inflammatory diseases, using the shells 
of crabs and other crustaceans. These chitin or chitosan microparticles undergo 
anti-inflammatory mechanisms applicable in the development of novel preventive 
and therapeutic substances for treating inflammatory bowel disease (IBD). The shells 
are a major, readily available waste produced by the seafood industry, and therefore 
an appropriate alternative for expensive and ineffective pharmaceutics, while krill 
oil is used as a dietary supplement. Two articles have been published with regard to 
the clinical applications of this oil in lipid lowering, arthritis pain relief and func-
tion, as well as C-reactive protein. The three most active medicinal components of 
krill oil are, the fish oil-like omega-3 fatty acids, the omega-3 fatty acids joined with 
phospholipids through conjugation, majorly phosphatidylcholine (marine lecithin), 
and the antioxidant, astaxanthin. Meanwhile, a study by the McGill University 
juxtaposed the impacts of fish and krill oils on cholesterol levels. The results showed 
a krill oil dosage of 1–3 g per day results in a more optimal treatment for hyperlipid-
emia, compared to a similar dose of fish oil.

4.5 Bioindicator and biomonitor

Crustaceans usually serve as bioindicators or biomonitors in various aquatic 
environment settings. This is because the arthropods are rather successful, and 
found in numerous environments including terrestrial, brackish, marine and 
freshwater habitats. The creatures are therefore, the perfect subjects for com-
parative analyses. Furthermore, some characteristics peculiar to crustaceans, 
particularly reproduction schemes, are possibly significant for interpreting data 
obtained from bio-indication studies based on these organisms, as well as in 
advancing focus on ecotoxicology. Thus, this presentation aims to highlight the 
use crustaceans, as biomonitors or bioindicators, especially in freshwater bodies. 
These two terms have currently not been distinguished. The term “bioindicator” 
refers to the characterization of a group of organisms in a particular field (in 
terms of statistics), in order to obtain information regarding the habitat, using the 
organisms’ presence or absence, life history, or population (based on abundance, 
age distribution age, genetic composition or conditional index), as the study 
variables. Meanwhile, bio-monitoring involves characterizing living things in a 
bid to determine the bioavailability and geographical distribution of pollutants 
by measuring the concentration of accumulated chemicals within specific tissues 
or in the organism’s entire body [11]. Planktonic copepods are crucial in global 
ecology and to the carbon cycle. Several scientists regard these organisms as the 
world’s largest animal biomass, while others consider this to be the Antarctic krill 
(Euphausia superba). The Calanus glacialis inhabit the Arctic region’s edge, and 
comprise up to 80% of the world’s zooplankton biomass. In addition, some native 
species of crustaceans serve as bioindicators of pollution in freshwater bodies. 
Palaemonetes argentinus are able to function as proof of environmental degradation 
caused by pollutants in freshwater ecosystems [12]. Therefore, knowledge of pollut-
ant bioaccumulation is required to completely comprehend the effect of pollution 
on aquatic ecology. Also, feeding and growth patterns, as well as migration and 
other animal behavior (for instance, precopula) are significant bio-indicators (or 
biomarkers).
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4.6 Geological value

The most common arthropods in fossil records are Ostracods (seed shrimp). 
These fossils were first discovered around the Cambrian era, and continue to be 
found by archeologists, even in present day. M. B. Hart compiled a microfaunal 
zone layout base on Ostracoda and Foraminifera arthropods. Freshwater ostracods 
from the Baltic amber of Eocene era assumed to have been washed onto trees during 
surges, have also been discovered. These organisms are therefore of geological 
significance, particularly with respect to local or regional marine strata biozona-
tion. The arthropods are also useful paleo-habitat indicators due to the prevalence, 
minute size, and the easily preserved generally-moulted and calcified bivalve 
carapaces, a commonly discovered microfossil [4].

4.7 Miscellaneous uses

Living copepods are used as feed in saltwater aquariums, and are generally 
useful for breeding marine species in captivity, particularly in reef tanks containing 
the notorious scooter blenny or the mandarin dragonet. Copepods are generally 
scavengers and in some cases, feed on coralline and other algae. These organisms, 
and other crustaceans, are popularly supplied as bait within the refugium, in 
saltwater aquariums. The mole crab or sand flea (Emerita talpoida), is a popular bait 
for game-fishing in oceans. Woodlice are terrestrial crustaceans having segmented, 
rigid, and long exoskeleton with fourteen jointed appendages, belonging to sub-
order Oniscidea, and the order Isopoda. Over 3,000 known species belong to this 
order, and these organisms are mainly used in gardens for compost production and 
soil overturning.

4.8 Demerits or biodeterioration

4.8.1 Pests

Numerous water insects, especially spiny water fleas, Bythotrephes & Cercopagis 
species, are regarded as pests within fish farms. These fleas compete with juvenile 
fish for smaller zooplanktons, and because of quick reproduction rate, monopolize 
the food source, leaving the fish with lesser nourishment.

4.8.2 Spiny water-flea

These organisms are possible prey for fish, however, the presence of spine 
makes small fishes unable to swallow spiny water fleas. Studies have shown these 
organisms influence the survival and growth of young fish unfavorably, because 
of competition for food. Experts also assume the fishhook water flea to have 
similar impact. In addition, lake anglers most probably discover several hundred 
water fleas, resembling damp cotton, on fishing lines, as the long and spiny tails 
are easily entangled, and this poses a problem for anglers due to the clogging 
of the fishing rod’s first line guide. Consequently, these fishermen are forced 
to resort to cutting the lines. Furthermore, woodlice feed on cultivated plants, 
including delicate seedlings and maturing strawberries, and also attack homes in 
groups looking for moisture, and therefore serve as an indicator for inadequate 
or excessive moisture. However, these organisms are not regarded as a serious 
household vermin, because woodlice are not disease vectors or destructive crea-
tures. Conversely, Isopods, commonly referred to as gribble worms, belong to the 
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Limnoridae and Cheluridae families, and are productive borers, responsible for 
devastation of submerged timbers.

4.9 Poisonous Crustaceans

The species Speleonectes atlantida, an eyeless crustacean, of the Nectiopoda 
order was first discovered in August 2009 inside the Tunnel de la Atlantida, the 
longest submarine magma tube on Lanzarote, within in the west coast of the North 
African Canary Islands. This species possesses prehensile appendages, as well as 
venomous teeth serving as hypodermic needles. Meanwhile, the Coconut crab is 
consumed by indigenes of the Tuamotu Archipelago, and several cases of acute 
and lethal poisoning have been recorded within the region. Also, paralytic shellfish 
cause (saxitoxin) or tetrodotoxin poisoning, depending on the quantity of poison 
ingested.

4.9.1 Parasitism

Crustaceans are externally or internally parasitic to some organisms, especially 
as external parasites in fish. Furthermore, these arthropods are intermediate host 
for various pathogens, and first intermediate hosts for proceroid phase in several 
cestodes. Argulus, often referred to as “fish lice”, and several other copepods, are 
particularly common parasitic crustaceans prevailing. These vampiric fish lice with 
dome-shells and beady-eyes, attach to scales using antennae in the shape of huge, 
spiked suckers.

Meanwhile, isopods, including woodlice and pillbugs belong to the family 
Gnathiidae, and are extremely similar to ticks, but lie in wait for fish. Prior to 
moulting into a non-parasitic phase, the fish-chigger feeds on blood for some days, 
and this cycle is repeated a few times during the organism’s life cycle, while the 
Cymothoa exigua, known as tongue-eating lice, are possible parasitic crustaceans, 
belonging to the Cymothoidae family. These parasites invade fish from the gills, 
and subsequently, attach to the base of the tongue. In addition, the soft, tiny and 
globular pea-crabs (Pinnotherid) invade hosts durings as hatchlings, and subse-
quently feed and grow. The main hosts of parasitic crustaceans include oysters and 
other mussels, as well as echinoderm body cavities (sea cucumbers and urchins), 
snail shells, certain worms or and even sea squirts (within the gills).

4.9.2 Pea-crab in bivalve molluscs

Sacculina, and other rhizocephalans (“root heads”) are born as “cyprid”, as 
observed in several barnacles, then swim freely in search of host, unlike other 
barnacles. These hosts include other crustaceans, including live crabs, and in some 
cases, about half of the entire crab population is infested. Some other parasitic crus-
taceans include sarcotacids (skin-bags), pentastomids (five-mouths/tongue-worm), 
and siphonostomatoids (flesh-Anchors).

5. Conclusions

Crustaceans are a major group belonging to the Arthropoda subphylum, often 
used as food for animals and humans. Furthermore, at least 50,000 to 75,000 
species of crustaceans have been recorded worldwide. These creatures, particularly 
crabs, shrimps, prawns, lobsters, and other decapods, are also the most significant 
source of animal protein for the human population, and are a significant sustainable 
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Chapter 10

Lecanicillium spp. for the 
Management of Aphids, 
Whiteflies, Thrips, Scales and 
Mealy Bugs: Review
Sajjalavarahalli Gangireddy Eswara Reddy

Abstract

Lecanicillium spp. are potential microbial bio-control agent mainly used for the 
 management of sucking insect pests such as aphids, whiteflies, scales, mealy bugs etc. 
and gaining much importance at present for management of pests. Due to indiscrimi-
nate use of chemical pesticides which results in development of resistance, resurgence, 
outbreak of pests and residue problem, the farmers/growers are forced to use bio- 
pesticides for sustainable agriculture. Lecanicillium spp. is promising biocontrol agent 
against sucking insect pests and can be used as one of the components in integrated 
pest management (IPM). However, optimum temperature and relative humidity are 
the major environmental factors, for the performance of Lecanicillium spp. under 
protected/field conditions. The present review is mainly focused on nomenclature of 
Lecanicillium spp., mode of infection, natural occurrence, influence of temperature and 
humidity on the growth, factors influencing the efficacy, virulence/pathogenicity to tar-
get pests, substrates used for mass production, safety to non-target organisms, compat-
ibility with agrochemicals and commercially available products. This review is mainly 
useful for the researchers/students to plan their future work on Lecanicillium spp.

Keywords: entomopathogenic fungus, aphid, whitefly, virulence, mass production, 
safety

1. Introduction

The increased use of conventional chemical pesticides over the years has not 
only contributed to an increase in food production, but also has resulted in adverse 
effects on the environment and non-target organisms. In view of these side effects, 
the necessity for sustainable crop production through ecofriendly pest management 
technique is being largely felt in the recent times. Few biopesticides are available in 
the market, among them Lecanicillium spp. based microbial bio-pesticide gaining 
much importance for sucking pests for organic and sustainable agriculture [1–4]. 
Myco pesticides are potential microbial alternative to chemical pesticides and offer 
a number of benefits such as facility of growth on a variety of substrates, high viru-
lence, trans cuticular penetration, broad host range, less expensive, safe to humans, 
animals and the environment. Therefore, this review is prepared by compiling the 
research work done on Lecanicillium spp. by various research groups on various 
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aspects viz., nomenclature, mode of infection, natural occurrence, effect of tem-
perature and humidity for the growth, factors influencing its efficacy, virulence and 
pathogenicity against target pests under laboratory/greenhouse/field, substrates 
used for mass production, safety to non-target organisms, compatibility with 
agrochemicals and commercially available products were discussed and presented.

2. Nomenclature of Lecanicillium spp.

The genus Verticillium contains diverse host ranges including arthropods, nema-
todes, plants and fungi [5]. The genus has been redefined using rDNA sequencing, 
grouping insect pathogens into the new genus Lecanicillium which includes L. 
attenuatum, L. lecanii, L. longisporum, L. muscarium and L. nodulosum, which were 
all formerly classified as V. lecanii [5–7].

3. Mode of infection

When L. lecanii conidia comes in contact with the host integument, it gets 
adhere to the epicuticle and germinate. Germinated conidia form germ tubes that 
penetrate cuticle directly or grow over the surface of the epicuticle. The germ tube 
penetrates by lysing both the epicuticle and the procuticle [8, 9]. This is accom-
plished by the mechanical pressure exerted by appresorium (penetration peg) 
and secretion of enzymes viz., proteases, chitinases and esterase’s which plays an 
important role during cuticle penetration of insect host and also serve as cuticle 
degrading enzymes. The fungus proliferates throughout the insect’s body, draining 
the insect of nutrients, and eventually killing it in around 48–72 hours. The myco-
toxins produced by L. lecanii are bassianolide [10, 11], vertilecanin-A1, decenedioic 
acid and 10-hydroxy-8-decenoic acid) [12–14]. As the host nutrients are depleted, 
the blastopores’ differentiate into elongated hyphae which extend outward from the 
body forming a mycelial mat of conidiophores over the surface of the integument 
resulting in mummification. Under favourable environmental condition, conidio-
phores mature giving rise to conidia which continues the disease cycle further.

4. R & D publications on different aspects of Lecanicillium spp.

The number of publications related to Lecanicillium spp. from 1971 to 2020 was 
presented in the Figures 1 and 2. The data clearly indicated that, during 1971–80s 

Figure 1. 
Per cent R & D publications related to Lecanicillium spp.
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the publications were completely nil, but during 1981–91s, the R&D work has been 
initiated in the entire world and the publications were increased gradually reaching 
58% during 2001–2020 (Figure 2). While, considering the number publications 
on various aspects of Lecanicillium spp., more research work has been done on 
virulence and pathogenicity (Figure 3) followed by biotechnology and biochemis-
try as compared to morphology, diversity, ecology, mass production. The number 
of publications was meagre on effect of environmental factors (temperature and 
humidity), safety to natural enemies and compatibility with pesticides [15].

5. Natural occurrence of Lecanicillium spp.

Lecanicillium spp. is the most widely distributed and generally found on infected 
insects both in temperate and tropical areas throughout the world. There are 
number of reports on natural infection of Lecanicillium spp. on different insect 
pests but out of the reported insects and pests, maximum are sucking pests belong-
ing to Hemiptera, Thysanoptera and Acarina which indicates its possible spectrum 
for use as a biocontrol agent for pest management. Reports of natural occurrence of 
Lecanicillium spp. on sucking insects presented in the Table 1.

Figure 2. 
R & D publications on Lecanicillium spp.

Figure 3. 
R & D publications on various aspects of Lecanicillium spp.

Strain/isolate Host Location Reference

L. lecanii (Is-2, Is-5) M. persicae Israel [14]

L. lecanii (Is-6) Acrithosiphon pisum Israel [14]

L. lecanii (R-1) T. vaporariorum Russia [14]
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6. Effect of temperature and humidity on the growth of Lecanicillium spp.

Temperature and humidity are the main factors influencing the growth of the 
fungus. Effect of different temperature on conidial germination, growth rate, 
colony size and mycelial growth was discussed and presented in Table 2.

Temperature 5 °C 10°C 15°C 20°C 25°C 30°C

Water activity (aw) — 0.985 0.99 0.98 0.975 [25]

Strain/isolate % Conidial germination

L. longisporum (Vertalec) — — 98 98 28.7 —

L. muscarium (Mycotal) — 20.6 98 98 98 —

PFC 1 — — — 50.6 47 —

PFC 3 — — — 49.7 86.6 —

Strain/isolate Host Location Reference

L. lecanii (Vl6063) T. vaporariorum Halifax, Canada [2]

L. lecanii (V0175) B. tabaci Guangdong, China [2]

L. lecanii (Vp28) Pseudococcus sp. Guangdong, China [2]

L. lecanii (ICAL4) Nasonovia ribisnigri in 
lettuce

Madrid [16]

L. lecanii (ICAL6) M. persicae in pepper Madrid [16]

L. lecanii (41185) M. persicae, 
T. vaporariorum

Korea [17]

L. longisporum (6541) Aphis gossypii UK [17]

L. longisporum (6543) M. persicae UK [17]

L. longisporum (4078) M. persicae Denmark [17]

L. longisporum (HRI 1.72) Macrosiphoniella sanbornii UK [18]

L. lecanii (ARSEF 7207) T. vaporariorum Argentina [16]

L. longisporum (ARSEF 7461) T. vaporariorum Argentina [16]

L. muscarium (ARSEF 7460) T. vaporariorum Argentina [16]

L. lecani (ICAL3) Macrosiphum euphorbiae 
in tomato

Madrid, Spain [19]

L. lecanii (ITEM 3757) Brevicorne brassicae in 
Cabbage

Bari, Italy [20]

L. lecanii S. bispinosus on tea Tamil Nadu, India [21]

L. sabanense sp. nov Pulvinaria caballeroramose Bogota (Columbia) [22]

L. attenuatum ZJLSP07 and 
L. psalliotae ZJLA08

Diaphorina citri Taizhou (Zhejiang 
Province, China

[23]

L. lecanii (FI 2482) and 
L. muscarium (FI 2481)

Thaumastocoris peregrinus South-East Uruguay [24]

Table 1. 
Natural occurrence of Lecanicillium spp. on different sucking insect pests.
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6.1 Temperature

Temperature affects the Lecanicillium spp. in different ways by influencing 
the germination, growth and viability of the fungus in the host insect and envi-
ronment. High temperature inactivates the fungus before contact with the pest 
insect or may reduce or accelerate the growth within an insect depending on the 
temperature requirements of the fungus and the host insect. In contrast, low tem-
peratures reduce or stop the germination and growth. Optimal germination and 
growth rates of Lecanicillium spp. range between 23°C and 28°C, growth rapidly 
slows >30°C and ceases at 34 to 37°C. Similarly, conidial germination is adversely 
affected by temperatures above 30°C. Temperature below 16°C increasingly slows 
germination and growth and thus affects efficacy in terms of a longer survival 
of the target population. Lecanicillium strains showed optimum growth at 25°C; 
the aerial conidia of Lecanicillium strains germinate in a broad temperature range 
(15–30°C) and L. lecanii 41,185 was the only strain with conidial germination at 
35°C [27].

Effect of different temperature on conidial germination, growth rate, colony 
size and mycelial growth of L lecanii was discussed and presented in Table 2. At 
25°C and 0.975 aw (water activity) conidial germination occurred in all the isolates 
ranging from 28.7 to 98% whereas isolate PFC 10 no conidial germination had. Per 
cent germination decreased from highest values at 25°C to the lowest trend at 10°C 
in Mycotol (20.6°C). Maximum germination of conidia was observed between 15 
and 25°C [25]. Most of the isolates showed growth at 5 and 30°C and mean growth 
rate increased as temperature increased. Optimum growth rate occurred at 25°C 
(1.64 to 2.07 mm) for all isolates) [25]. Colony size of the fungus was influenced 

Temperature 5 °C 10°C 15°C 20°C 25°C 30°C

PFC 10 — 64.7 47.7 14.7 — —

PFC 11 — — 98 98 49.3 —

PFC 13 — 88 98 98 98 —

Mean radial growth rates (mm/day)

Strain/isolate 5 °C 10 °C 15 °C 20 °C 25 °C 30 °C [25]

L. longisporum (Vertalec) 0.21 0.66 1.10 1.31 1.86 0.55

L. muscarium (Mycotal) 0.22 0.59 1.03 1.59 2.03 0.59

PFC 1 0.16 0.43 0.90 1.13 1.64 0.69

PFC 3 0.15 0.54 1.03 1.35 1.86 0.83

PFC 10 0.18 0.63 1.02 1.40 2.07 0.05

PFC 11 0.17 0.58 1.03 1.25 2.05 0.05

Mean colony size (diameter: mm)

Strain/isolate 5 °C 10 °C 15 °C 20 °C 25 °C 30 °C [26]

Vertalec 5.0 18.6 34.1 50.2 52.1 5.0

Mycotal 12.1 20.5 31.5 42.1 47.3 8.3

B-2 11.6 21.3 25.4 46.2 53.6 26.9

Table 2. 
Effect of temperature on growth of Lecanicillium spp.
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by the temperature, the colony growth is maximum at 25°C (47.3 to 53.6 mm) as 
compared to the temperature between 5 to 20°C [26]. The optimum temperature 
for the mycelial growth of L. lacanii CA-1-G was 23°C (37.57 mg/cm2) and 26°C 
(39.43 mg/cm2) as compared to 20°C (29.43 mg/cm2), 29°C (20.7 mg/cm2) and 32°C 
(20.63 mg/cm2). Similarly, L. lecanii grew and sporulated over a wide range of tem-
peratures (20–32°C). The optimum temperature for growth was 23°C (46.45 x105 
conidia cm−2) or 26°C (33.76 x105 conidia cm−2) for L. lecanii CA-1-G [28]. Virulence 
of Lecanicillium spp. isolates was evaluated against third instar T. vaporariorum on 
tomato plants at 23°C. Colony radial growth, conidial production and germination 
decreased with the reduction in water activity, while 32°C was extremely detrimen-
tal for all fungal isolates. However, some isolates were able to grow and produce 
conidia at low water activity and high temperature [29]. L. muscarium can multi-
plied in temperature range of 15–30°C but optimum temperature against M. persicae 
between 20 to 30°C [30].

6.2 Humidity

Humidity is another important environmental factor affecting the efficacy 
and survival of Lecanicillium. Spore germination on the insect cuticle and sporu-
lation after outgrowth of the dead host insect require high moisture. Generally 
high humidity is required for germination of spores under in vitro, insects can 
become infected at much lower humidity. Under fluctuating humidity, daily 
saturated humidity requirement of at least 16 h for causing death in Trialeurodes 
vaporariorum (Westwood) infected with L. lecanii [31]. Several previous studies 
provided evidence that a threshold time period at high humidity was required 
for infection. Conidia of L. lecanii required at least 72 h at 100% RH and 20°C 
before removal to 70% RH to reach >90% infectivity of Myzus persicae (Sulzer) 
[32]. Similarly, at 25°C temperature and 75% relative humidity (RH), L. lecanii 
41,185 showed highly virulent pathogenicity (100%) against M. persicae and 
Aphis gossypii Glover [27]. Application of L. longisporum against A. gossypii on 
cucumber in controlled environment (Temperature; 19–26°C and humidity; 
80–98%) resulted in 100% mortality [32, 33]. L. muscarium grow at optimum 
temperature but higher mortality observed against M. persicae between 55 and 
90% humidity [30].

7.  Factors influencing the efficacy of Lecanicillium spp. against sucking 
insect pests

The virulence and pathogenicity of Lecanicillium spp. vary with strain, stage of 
the insect and dose of the fungus.

7.1 Strains

Virulence of the Lecanicillium spp. varies with strain to strain or isolate to 
isolate. The isolate ICAL6 was more virulent (LC50 = 1.05 x 107 conidia mL−1) to 
nymphs of M. persicae than Macrosiphum euphorbiae (Thomas) (LC50 = 1.26 x 107 
conidia mL−1)) and Nasonovia ribisingri (Mosley) (LC50 = 2.78 x 107 conidia mL−1) 
[19]. The strain Vl 6063 imported from Canada was more virulent to Bemisia 
tabaci (Gennadius) (2.57 x 105 conidia mL−1)) than the domestic strains V3450 
and Vp28 (LC50 = 6.03 x 105 conidia mL−1) [2]. L. lecanii @ 1x107 conidia mL−1 is 
more effective against nymphs of Plannococcus citri (84% mortality) after six days 
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of treatment as compared to L. longisporum (59% mortality) [34]. L. muscarium 
isolate FI 2481 @ 1x107 conidia mL−1 was more effective against Thaumastocoris 
peregrinus (72% mortality) as compared to L. lecanii isolate FI 2482 which reported 
50% mortality [24]. Similarly, L. lecanii hybrid strain 2aF4 was more promising 
(LC50 = 5.3x104 conidia mL−1) for the management of Trialeurodes vaporariorum 
than L. lecanii 2aF4 (LC50 = 7.8x104 conidia mL−1) [35].

7.2 Stage of the insect

Stage of host plays important role in the success of Lecanicillium spp. and not all 
stages of insect life cycle are equally susceptible to fungal infection. So, the fungal 
application can be successful against the particular pest when it can be done at the 
condition where the susceptible stage or weaker stages of the particular pest become 
dominant among population.

First and third instar nymphs of B. tabaci (38 and 65% mortality) were signifi-
cantly more susceptible to L. muscarium than the fourth instar (15%) in verbena 
plants. Similarly, first and second instars B. tabaci was more susceptible (50 and 
55% mortality) than the third and fourth instar (25 and 20% mortality) on tomato 
foliage [36]. L. lecanii (ARSEF 7460) showed higher mortality against nymphs of T. 
vaporariorum followed by L. longisporum (ARSEF 7207) and L. muscarium (ARSEF 
74601) @ 1 x 107 conidia mL−1) [16]. The pathogenicity of L. lecanii strains was 
more in pupae (59–72.5%) than adults (34–52.6%) after 6 days of inoculation [14]. 
L. lecanii (2.8 x 107 conidia/ml) isolated from Scirtothrips bispinosus (Bagnall) in tea 
showed higher mortality against larvae (60%) than adults (30%) of S. bispinosus 
under laboratory at same dose [21]. Mortality of nymphs of Plannococcus citri were 
more susceptible (84% mortality) after six days of treatment to L. lecanii @ 1x107 
conidia mL−1 as compared to adults which showed 40% mortality [34]. L. lecanii 
hybrid strain 2aF43 @ 1x107 conidia mL−1 showed more efficacy against first instar 
nymphs of T. vaporariorum (68% mortality) as compared to 4th instar nymphs 
(30% mortality) and adults (60% mortality). Similarly, L. lecanii hybrid strain 2aF4 
is more effective against first instar nymphs (46% mortality) as compared to 4th 
instar nymphs (30% mortality) [35].

7.3 Dose/inoculums level

Fungal inoculum level is the important factor which affects the performance. It 
is general trend that the higher fungal inoculum level gives higher insect mortal-
ity. However, sufficient inoculum level should be worked out for the particular 
pest to prevent the over inoculum wastage and to achieve higher mortality. Higher 
dose of L. lecanii (1.2 x 109 conidia ha−1) was caused 92.30 and 80.93% mortality 
of Brevicoryne brassicae Linnaeus and Aleurodicus disperses (Russell) respectively at 
10 days after treatment in the laboratory, whereas in field conditions L. lecanii (Vl3) 
at 2 x 1012 conidia ha −1) causing 61.16% and 66.50% mortality of B. brassicae and  
A. craccivora respectively [2].

8.  Efficacy of Lecanicillium spp. against sucking pests under laboratory/
greenhouse/field

Efficacy of Lecanicillium spp., against aphids, whiteflies, thrips, scales and 
mealy bugs in the laboratory/greenhouse/field conditions w.r.to its mortality, LC50 
and LT50 values were presented in the Table 3.
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9. Substrates used for mass production of Lecanicillium spp.

Lecanicillium spp. can be mass multiplied by solid state fermentation (SSF) 
and liquid state fermentation (LSF) using different growth media. In SSF, differ-
ent grains, agars and non-synthetic solid media were used for mass production of 
Lecanicillium spp. (Table 4).

Substrates Conidia/Spores References

Media

Sabaroud dextrose agar 2.87 x 107 conidia cm −2 [46]

Malt extract agar 5.23 x 107 conidia cm −2

Nutrient agar 1.07 x 107 conidia cm −2

Corn meal agar 0.09 x 107 conidia cm −2

Yeast peptone dextrose agar 4.58 x 107 conidia cm −2

Potato dextrose agar 2.91 x 107 conidia cm −2

Grains

Rice 8.43 x 108 spores g −1 [47]

Wheat 9.13 x 108 spores g −1

Sorghum 11.31 x 108 spores g −1

Pearl millet 10.17 x 108 spores g −1

Finger millet 9.76 x 108 spores g −1

Maize 7.54 x 108 spores g −1

Rice 1.97 x 109 spores g −1 [48]

Sorghum 1.90 x 109 spores g −1

Finger millet 1.66 x 109 spores g −1

Wheat 1.65 x 109 spores g −1

Corn 1.84 x 109 spores g −1

Polished rice 5.7 x 108 conidia g −1 [49]

Cooked rice 1.5 x 109 conidia g −1

Rice bran 1.4 x 109 conidia g −1

Crushed bajra +1% yeast extract (YE) 17.49 x 108 conidia g −1 [4]

Crushed sorghum +1% YE 10.34 x 108 conidia g −1

Crushed navane +1% YE 3.52 x 108 conidia g −1

Crushed maize +1% YE 4.80 x 108 conidia g −1

Crushed rice +1% YE 24.59 x 108 conidia g −1

Crushed wheat +1% YE 3.54 x 108 conidia g −1

Rice bran 24 x 107 conidia g −1 [34]

Agro wastes

Crushed maize cobs +10% molasses 10.07 x 104 conidia/g −1 [4]

Wheat bran +10% molasses 18.76 x 104 conidia g −1

Rice bran +10% molasses 30.86 x 104 conidia g −1

Baggase +10% molasses 10.88 x 104 conidia g −1



191

Lecanicillium spp. for the Management of Aphids, Whiteflies, Thrips, Scales and Mealy Bugs…
DOI: http://dx.doi.org/10.5772/intechopen.94020

Among grains, rice is most suitable substrates for mass production (1.97 x 109 
spores g−1) followed by sorghum (1.90 x 109 spores g−1) as compared to finger millet, 
wheat and corn (1.6–1.80 x 109 spores g−1) [48]. Similarly, crushed rice +1% yeast 
extract recorded higher spore yield (24.59 x 108 conidia g−1) followed by crushed 
bajra +1% yeast extract (17.49 x 108 spores g−1) as compared to crushed sorghum, 
maize and wheat [4].

Among different agro wastes used for multiplication of L. lecanii, the growth 
and sporulation were found to be better on rice bran +10% molasses (30.86 x 104 
conidia g −1) followed by wheat bran +10% molasses (18.76 x 104 conidia g−1) and 
rice bran (15.98 x 104 conidia g−1). Complete inhibition of growth and reproduction 
of the fungus was noticed on bagasse and pressmud with 1 per cent yeast extract 
alone. However, growth was recorded when bagasse and press mud was supple-
mented with 10% molasses (10.88 and 7.90 conidia g−1 respectively) [4]. Among 
agars, malt extract agar (MEA) yields high conidia production (5.23 x 107 conidia 
cm−2) followed yeast peptone dextrose agar (4.58 x107 conidia cm−2) as compared to 
potato dextrose agar and sabaroud dextrose agar (2.91 and 2.87 x 107 conidia cm−2 
respectively) [46]. In non-synthetic media, jack seeds produced high spore yield 
(4.11 x 108 spores g−1) followed by ladies’ finger (3.12 x 108 spores g−1), carrot (2.17 x 
108 spores g−1) and rice husk (1.27 x 108 spores g−1) [47].

Substrates Conidia/Spores References

Press mud +10% molasses 7.90 x 104 conidia g −1

Sugarcane molasses 3% 8.35 x 108 spores ml −1 [48]

Sugarcane molasses 4% 8.56 x 108 spores ml −1

Sugarcane molasses 5% 8.42 x 108 spores ml −1

Non synthetic solid media

Carrot 2.17 x 108 spores g −1 [47]

Jack seeds 4.11 x 108 spores g −1

Ladies finger 3.12 x 108 spores g −1

Rice husk 1.27 x 108 spores g −1

Saw dust 0.69 x 108 spores g −1

Beet pulp 23 x 107 conidia g −1  [34]

Non synthetic liquid media

Coconut water 5.27 x 108 spores g −1 [47]

Rice cooked water 2.11 x 108 spores g −1

Rice wash water 3.12 x 108 spores g −1

Wheat wash water 1.21 x 108 spores g −1

Liquid media

Potato carrot broth 6.50 x 107spores mL −1 [48]

Potato dextrose broth 3.95 x 107spores mL −1

Potato sucrose broth 6.30 x 107 spores mL −1

Jaggery yeast broth 2.45 x 107 spores mL −1

Sucrose yeast broth 2.50 x 107 spores mL −1

Molasses yeast broth 8.33 x 107 spores mL −1

Table 4. 
Substrates (media, grains, agro wastes) used for mass production of Lecanicillium spp.
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In LSF, molasses yeast broth (MYB) supported maximum spore production of 
L. lecanii (8.33 x 107 spores ml−1) followed by potato carrot broth (6.5 x 107 spores/
ml) and potato sucrose broth (6.3 x 107 spores ml−1) as compared to Sucrose yeast 
broth, Jaggery yeast broth and Potato dextrose broth (2.45–3.95 x 107 spores mL−1). 
Among non-synthetic liquid media, coconut water produced higher spores (5.27 x 
107 spore’s g−1) and biomass production than rice wash water (3.12 x 107 spore’s g−1) 
as compared to rice cooked water and wheat wash water (1.21–2.11 x 107 spores g−1) 
[24]. The growth of L. longisporum conidial spores are higher in rice bran [24 x 107 
conidia g−1] as compared to beet pulp [23 x 107 conidia g−1] [34].

10. Safety of Lecanicillium spp. to parasitoids/predators/pollinators

The safety of any bio control agent to parasitoids/predators/pollinators is the 
important aspect which should be studied thoroughly before its commercialization 
to avoid the hazards and disturbance of ecological balance. Effect of L. lecanii on 
aphid parasitoid Aphidius colemani (Viereck) which showed the normal develop-
ment (approximately 90% adult emergence) when its cotton aphid, A. gossypii host 
was treated with L. lecanii conidia 5 or 7 days after parasitization. Fungus exposure 
1 day before or up to 3 days after parasitization, however, reduced Aphidius colemani 
(Viereck) emergence from 0 to 10%. They suggested that the parasitoid and fungus 
may be used together for aphid bio control [50]. L. lecanii showed pathogenicity 
against predatory mite, Phytoseiulus persimilis Athias-Henriot but its effect was lower 
than that of spider mite, Tetranychus urticae (Koch) [51]. L. lecanii is safer to preda-
tory coccinellid, Coccinella septempunctata Linnaeus and predatory mites, Amblyseius 
ovalis (Evans) and Amblyseius longispinosus (Evans) under field conditions [52]. The 
fungus L. lecanii was not pathogenic to Chrysoperla carnea (Stephens), Coccinella 
septempunctata (Linnaeus), Episyrphus balteatus (De Geer) and Samia cynthia ricini 
(Boisduval), but was found to be pathogenic to Bombyx mori (Linnaeus). Parasitism, 
adult emergence and adult longevity of Trichogramma chilonis (Ishii) were affected 
by fungal treatments. Aphid mummification and Diaeretiella rapae adult emergence 
were affected by the fungus. Results suggest that L. lecanii is compatible with natural 
enemies of cabbage aphid, T. chilonis and is harmless to silk worm [53]. L. muscarium 
at 106 and 107 spores mL−1 was safer to predatory mite P. persimilis [54]. Number of 
parasitized larvae of Eretmocerus sp. nr. furuhashii survival decreased with increasing 
concentrations of L. muscarium and only 29% emergence of pupae was observed at 
a conidial concentration of 1 × 108 conidia mL−1. Similarly, 67% emergence of adult 
E. sp. nr. Furuhashii was observed [55]. Parasitoid (Diaeretiella rapae) emergence was 
affected by application of L. longisporum before or after parasitism and longevity 
decreased in female F1 populations [56]. In the laboratory conditions, application of 
L. muscarium (1 x 108 conidia/ml) against A. colemani had not affected longevity and 
fertility of the female A. colemani. The combination of Aphidius colemani with  
L. muscarium reduced the aphid infestation in the semi field conditions as compared 
to A. colemani alone [30].

The Lecanicillium spp. is not harmful to humans during handling in the labora-
tory and field for the control of pests.

11. Compatibility of Lecanicillium spp. with agro chemicals

Chemical pesticides may have antagonistic or synergistic effect on the potential-
ity of Lecanicillium spp. and may disrupt natural epizootic. Under such epizootic 
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condition, it is expected to enhance effectiveness through joint action of pathogen 
and compatible insecticides, which would reduce not only the cost of protection but 
also reduce the contamination of the environment. The literature on compatibility 
of Lecanicillium spp. with agrochemicals is lacking.

Among different insecticides studied for their effect on L. lecanii under in-vitro, 
malathion was significantly detrimental (69.18% inhibition) than all other insecti-
cides except quinalphos (66.76%). Conversely, endosulfon and chlorpyriphos were 
significantly safer (37.31 to 44.37%), followed by oxydemeton methyl and dimetho-
ate (45.33 to 48.27% inhibition) [4]. Similarly, endosulfan completely inhibited the 
germination of conidia and hyphal growth. In contrast, diafenthiuron, thiameth-
oxam, imidacloprid, thiodicarb, primicarb, omethoate, acetamiprid, and pymetro-
zine were compatible with L. lecanii in planta [57]. Imidacloprid and cyromazine 
were compatible with L. lecanii in terms of vegetative growth, sporulation, conidial 
viability and pathogenicity against T. urticae. At the recommended concentration, 
the fungicides carbendazim, chlorothalonil, propiconazole, mancozeb and wettable 
sulphur completely inhibited the germination of candida (100%) except iprodione 
and triadimefom allowed 37.38 and 41.62% conidia to germinate respectively [4].

12. Commercial formulations

The commercial formulations based on Lecaniillium spp. are available in India 
and other countries are presented in Table 5. Number of manufacturers based on 
Lecanicillium spp. products is more in India however; the production is very low and 
not available to the farmers/stakeholders/growers on time as compared to synthet-
ics due to dominant in pesticides market and lack of awareness to farmers/growers 
about biopesticides. In India, the efficacy of Lecanicillium spp., based products was 
less due to high temperature and low humidity as compared to temperate countries, 
even though in India, these products were used as one of the components in IPM 
and also used for the management of sucking pests of flowers and vegetables in 
greenhouse.

Country Trade 
Name

Target pest Country Source

Lecanicillium spp.

Honduras, 
El Salvador, 
Nicaragua, 
Jamaica

Verzam Whiteflies, 
aphids, thrips, 
mites

Escuela Agrícola 
Panamericana 
Honduras

—

Colombia Vercani WP Whiteflies Colombia www.ica.gov.co

Uruguay Lecafol Whiteflies Lage y Cía. S.A., 
Uruguay

www.lageycia.com

L. muscarium

Denmark, 
Finland, 
Italy, UK, 
Netherlands, 
Italy, Turkey, 
Switzerland, 
Japan, 
France, India

Mycotal Whiteflies, 
thrips

Koppert Biological 
Systems, Netherlands

www.koppert.com



Arthropods - Are They Beneficial for Mankind?

194

13. Conclusions

Lecanicillium spp. is promising biocontrol agent and can be used as one of the 
components of integrated pest management under green house and field conditions 
against sucking insect pests. Lecanicillium is multiplying on commercially available 
media (potato dextrose agar and broth etc.) till date but it can be mass multiplied at 
cheaper rate on solid grain media of sorghum and rice; liquid media of sugar cane 
molasses. It can be used effectively in conjunction with other natural enemies and 
compatible pesticides.
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Country Trade 
Name

Target pest Country Source

V. lecanii

India Bio-Catch Whitefly, 
Aphids, Thrips, 
Mealy bugs

M/s T. Stanes & 
Company, India

www.tstanes.com

Multiplex 
Varsha

aphids, thrips, 
mealy bug, 
whitefly, scales 
mites

Multiplex Biotech 
Pvt. Ltd., Bengaluru, 
Karnataka, India

www.multiplexgroup.
com

Verti Guard ---Do-- Lokmangal Bio Tech 
Maharashtra, India

www.
lokmangalbiotech.com

Sun Bio 
Verti

---Do-- Sonkul Agro 
Industries Pvt. Ltd. 
Maharashtra, India

www.bioorganic.co.in

Vertisterk Scales, mealy 
bugs

Vijaya Agro Industries, 
Maharashtra, India

www.vijayaagro.com

Green 
Basivert

Aphids, thrips, 
whitefly, mealy 
bug, scales

Greentech Biotech 
Laboratory, Tamil 
Nadu, India

www.agrizone.in

Vertocoz-P whitefly, mealy 
bug

Utkarsh Agrochem 
Pvt. Ltd., Surat, India

www.
utkarshagrochem.com

Table 5. 
Commercially available products based on Lecanicillium spp. [58, 59].
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Chapter 11

A Review of Floral Color Signals 
and Their Heliconiid Butterfly 
Receivers
Gyanpriya Maharaj, Godfrey Bourne and Abdullah Ansari

Abstract

Signals vary in type and function. However, regardless of the signal, effective 
transmission and receiver detection are needed to exist for communication. This 
chapter focuses on a review of visual color signals used by plants to attract pollina-
tors. Signal detection work has intensely focused on epigamic signals; therefore, 
this review adds to the body of knowledge on nonsexual signal communication. 
In this review, we investigate visual signals as it relates to pollinators. We focus 
specifically on visual color signals used by Angiosperms flowers, both static and 
dynamic, and look at their Heliconiid pollinators as these butterflies provide a 
perfect organism for studies on floral signal use and pollinators’ behavior. We 
noted that many of these butterflies have three specifically distinct rhodopsins 
used to identify food and oviposition sites and some have more due to selective 
pressures of conspecific and mate identification as such they have served as the 
focal organisms of numerous genetic and ecological studies as they use color 
signaling in all aspects of their lives. This review further shows that although their 
color preferences related to feeding, ovipositing, and mate selection have been 
demonstrated in countless studies, there are gaps in invertebrate literature, as 
research on the relationships among signal use, evolution, dynamic signals, effects 
of signals changes on decision making and thus behavior have not been carried out 
to a large extent.

Keywords: butterfly, Heliconiid, color, pollinator, visual signal

1. Introduction

It is recognized that various signals such as color, sound, vibration, scent, 
among others, play a pivotal role in attracting animals to con- and heterospecifics 
within their environment [1]. Receiver’s choice is based on an evaluation process 
whereby these signals are detected and subsequently discriminated [2–6]. Darwin 
(1871) initially discussed biological signals and their detection in his theories on 
sexual selection. However, the theoretical framework for the signal detection 
theory (SDT) was initially developed in 1954 by Peterson, Birdsall, Fox, Tanner, 
Green and Swets, with Green and Swets [7] going on to develop methods for 
psychophysics, many of which are used today [8]. With the central strategy of 
SDT being to manipulate the decision criterion through experiments to expose 
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the sensitivity factors that remain unchanged. More recent work on signal detec-
tion encompasses fields from biology to diagnostics and psychology, etc. This 
review focuses on signal detection theory related to color bias in butterflies, 
where they are more likely to respond to one color than another. Specifically, this 
review focuses on color bias of Lepidopteran pollinators and their response to 
plant signals. As, research on butterfly research is lacking in comparison to their 
hymenopteran counterparts despite their roles as pollinators and their comparable 
decline due to habitat loss and land use change [9].

Color is one of the most salient and common signals used in nature for commu-
nication within and between taxa as is evidenced in the great diversity in physical 
appearance of both plants and animals in the natural world [10]. Color and the use 
of visual displays that incorporate color are used for a wide array of communica-
tion and as such influence many behaviors including; foraging, mate recognition 
and selection, recognition of members of their species and various other forms of 
inter- and intra-specific communication, such as those between predator and prey 
and pollinator and plants [11]. Angiosperms, in particular, exhibit many colors and 
these are often used to communicate with their pollinators [12, 13]. These pol-
linators, in turn, have complex visual systems that allow for the discrimination of 
various wavelength of light [2].

Although signal use spans such a wide range, the study of signals in organisms 
have been very narrow, mainly focusing on sexual selection [14–16]. This chapter is 
a bibliographic review of over 200 journal articles and books 94 of which are cited 
ranging from 1919 to 2021 and it aims to add to the body of knowledge on biological 
signals by focusing on floral color signals used by plants to attract their Heliconiid 
butterfly pollinators. It specifically focuses on the evolution of visual signals and the 
use of these signals by these pollinators. It also examines floral color and factors that 
drive its development and the mechanisms used by these Lepidopteran pollinators 
to detect this signal, thereby adding to the sparse non-hymenopteran, specifically 
non-bee, literature available in this area of study.

Heliconiinae or the passion-vine butterfly is a subfamily with in the major 
family of Nymphalidae. It is one of the best-known butterflies and biologically 
influential butterflies as it relates to the study of taxonomy, evolutionary biol-
ogy, mimicry, genetics, coevolution between insects and plants, population 
biology, animal behavior and conservation biology [17, 18]. This review focuses 
on these butterflies as they provide a useful system for investigating color signals 
as butterflies within this subfamily have unique visual systems and use color 
vision for finding flowers for food, mates and intraspecific communication 
[19, 20]. Members of the genus Heliconius exhibit pollen feeding and as such have 
developed evolutionary relationship with certain plants as they are dependent on 
pollen for nutrition, egg production, nuptial gifts, cyanogenesis and increased 
fitness. Although, the genus does not exhibit many unique structures in compar-
ison to other members of the Nymphalidae family they do have long proboscis 
with many long bristle shape sensilla trichodea and shorter labial-palpi that help 
in the collection of pollen grains. They are also able to hold and transport pollen 
for several hours and over long distances and are efficient pollen harvesters [17]. 
As such, in addition to pollen feeding, many butterflies within this family are 
pollinators of many angiosperm families, including Verbenaceae, Cucurbitaceae, 
Rubiaceae and also Orchidaceae [21]. A study by Maharaj and Bourne show that 
butterflies specifically Heliconius melpomene, H. sara and Dryas iulia [22], see 
Figure 1, are among major visitors and pollinators of Lantana camara despite 
the presence of other viable pollinators in the area including carpenter bees and 
humming birds.
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2. Visual signals

Signaling behavior is selected upon only if the signal strength is greater than 
background noise and can be detected clearly and effectively by receptors [10]. As 
such, signals, receptors, and behavior are evolutionarily dependent traits and the 
evolution of one is likely to influence the evolution of the other, as seen in many 
fishes where visual signals have been noted to evolve in tandem with their visual 
systems [23]. Often, the environment in which the organism is found, biophys-
ics such as communication between sender and receiver, ability to sensing the 
environment and foraging choices and, the neurobiological systems of the taxa are 
all contribution factors driving the evolution of signals, receptors and behavior 
[10, 24], see Figure 2.

Figure 1. 
Frequency of Lepidopteran pollinators observed foraging on L. camara over a 15-day period. Top three foragers 
include Heliconius melpomene, H. sara, Dryas iulia (modified from Maharaj and Bourne [22]).

Figure 2. 
Process of sensory drive as seen in innate food choices and sexual selection. Arrows indicate evolutionary 
influences (modified Endler [10]).
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Plants signal to a wide range of organisms using many types of visual signals 
involving both vegetative and reproductive parts [14, 25]. Although we focus this 
review on flower color and insect attraction, it is recognized that this idea of using 
floral color signals by plants is not restricted to flowers, as fruits [14] and even 
leaves [25] exploit insect color preferences. We concentrate on plant-pollinator sig-
nals as this provides unique insights into insect-plant communication and a direct 
way in different aspects of signal theory can be directly tested, such as honesty 
signals and sensory drive hypothesis.

2.1 Visual signals: Why did they evolve?

The evolution of signals, receptors and signaling behavior stem from the selec-
tive pressures exerted by an organism to find food and mates [16], see Figure 2. 
Work by Allen [26], proposed that color vision evolved as a food-finding tool 
used to locate the edible parts of plants and this led to secondary color preferences 
such as those for mate attraction and conspecific identification [11, 27]. Ryan and 
Cummings further link these intrinsic needs by demonstrating that in addition to 
the cognitive processes of the receiver, such as its preference for a particular trait of 
its potential mate, there are many organisms in which intraspecific mating prefer-
ences can also be influenced by various perceptual biases such as foraging [16]. This 
type of sensory bias is exploited by male guppies to attract females by using their 
bias for orange food, water mites that vibrate their legs like prey and male swordtail 
characins that mimic prey [16, 28–31]. Thus, these senders evolved signals to exploit 
preexisting biases for food in receivers.

In addition to food, butterflies need visual color signals for mate selection and 
conspecific identification [32–35]. This is especially seen in Heliconius due to the 
presences of elaborate Müllerian mimicry rings used in predator avoidance that 
show a convergence of patterns between close and distantly related species [32–34]. 
Briscoe and colleagues demonstrate that Heliconius spp. mate preference is known 
to co-evolve with wing color as races are more attracted to their own color patterns 
[36, 37]. Specifically, Heliconius spp. possess positively selected UV opsins that allow 
detection of distinct yellow colors found on the wings of conspecifics. Additionally, 
Heliconius spp. can use these yellow wing markings to recognize and attract mates; 
e.g., in H. pachinus, H. cydno, H. melpomene and H. erato where females lacking 
these markings were less attractive to males [36, 37].

Furthermore, it is recognized that organisms also communicate with other 
completely unrelated taxa. One such relationship is clearly seen in plant-pollinator 
interactions. Flowers signal presence of rewards through the corolla or other floral 
parts that are unrewarding [14]. These signals, including flower color, shape, and 
size, can play an important role in flower detection and choice [38], the is the basis 
of pollinator syndromes [39].

2.2 Visual signals: How do pollinators interact?

Due to the decoupling of reward and signal in flowers, pollinators must-visit 
flowers to ascertain rewards offered [14]. As a pollinator approaches a feeding 
patch it increases its foraging efficiency by making two decisions based on distance. 
From longer distances a pollinator decides which plants should be approached. And 
from short distances as they approach the plant, they make the decision on which 
flower/s should be visited. These decisions are based on the visual attractiveness of 
plants and flowers, respectively [40]. In many cases, these pollinators display floral 
consistency by usually visiting one flower per foraging trip even if they routinely 
collect pollen from multiple sources [41]. This behavior benefits plants by reducing 
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the deposition of heterospecific pollen and increasing conspecific pollen [14] and 
pollinators by reducing handling times [4]. Another more elaborate form of flower 
constancy includes traplining which is the collection of food at steady intervals 
from the same flowers at the same site, thus showing both plant and site faithful-
ness [42–45] (and citations therein). This behavior has been reported in many taxa, 
included Heliconius butterflies, although not in great detail, and offers a deeper 
understanding of floral attraction and pollinators’ ability to track rewards offered 
by flowers displaying honesty signals.

It is posited that animal pollinators’ consistency behavior exerts such a strong 
selective force it is the major driving force behind the diversity in flower color 
[46]. In one explanatory scenario, it is assumed that each pollinators’ behavior is 
constrained by its limited ability to perceive and distinguish different colors and 
these constraints vary across taxa. Hence, flower-visiting animals show fixed color 
preferences, and these preferences differ according to taxa. Therefore, different 
color signals are aimed at different pollinator groups [47]. An alternate view states 
that pollinators are relatively unconstrained by their ability to perceive color. Many 
exhibits true color vision [48], and flower color thus acts as an advertising mecha-
nism to signal visitation induced by the quality of reward offered [46].

Moreover, competition can be a major force in natural selection. As such, 
exploitative and interference pollinator competition can also contribute to floral 
divergences in coloration and floral anatomy [49]. As flowers compete for pollina-
tors, pollinators compete for flowers therefore many flowers are visited by several 
different pollinator species [50]. This in turn leads to resource partitioning by 
pollinators and assortive mating that in turn leads to floral divergence [51].

3. Floral color

Color signals are an important attractant to pollinators, as flowers, through 
overt advertising of large brightly color showy petal to a subtle presentation of 
color combination that acts as guides, communicate with pollinators [52–54]. It is 
recognized that although color does play an essential part in pollination and this is 
the focus of this review, its function in plants is not limited to pollinator communi-
cation [53, 54].

3.1 Floral color: How is it produced?

Many of the compounds’ plants produce are pigmented [55]. Most flower colors 
are a result of chemical pigments present in the cells of the flower petals. Three 
major groups of pigments, betalains, carotenoids, and flavonoids, are responsible 
for the attractive natural display of flower colors [56, 57]. Humans recognize the 
color of a compound by perceiving reflected or transmitted light of wavelengths 
between 380 and 730 nm, while insects recognize the light of shorter wave-
lengths [55].

Betalains, found in the Order plant Caryophyllaceae, are water-soluble 
nitrogen-containing compounds synthesized from tyrosine by the condensation 
of betalamic acid, with a derivative of dihydroxyphenylalanine [57]. This reaction 
results in the formation of the red to violet betacyanins. While the condensation of 
betalamic acid forms yellow to orange betaxanthins with amino acid or amino acid 
derivatives [57].

Plant carotenoids, found in a wide array of plants, are 40-carbon isoprenoids 
with polyene chains that may contain up to 15 conjugated double bonds [58]. They 
fall into two groups’ xanthophylls and carotenes [52] which are the red, orange and 
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yellow lipid-soluble pigments found embedded in chloroplasts and chromoplasts’ 
membranes. These pigments account for the bright colors of fruits and flowers, 
which often act as attractants to animals [58, 59].

Flavonoids are a large class of secondary plant metabolites of which anthocya-
nins are the most conspicuous and thus function to attract pollinators when in 
petals [60]. Flavonoids have a wide range of colors from white, pale yellow to red, 
purple and blue [56]. Anthocyanins, a less popular group of flavonoids, are respon-
sible for the white, cream to pale yellow coloration of plants that absorb ultraviolet 
light [52]. They are water-soluble pigments that possess a hydroxylated 2-phenyl-
benzopyrilium chromophore. There are six types and increases in the number of 
hydroxyl groups resulting in increases in the visible absorption maximum [56, 61]. 
Anthocyanins occur in almost all vascular plants’ vacuoles and are responsible for 
the majority of the orange, red, purple, and blue colors of flowers [55, 57].

In addition to pigments, many plants also exhibit morphological characteristics 
that allow for enhancing the perceived color of the petal. These include, conical 
or papillate cells found on the petal’s adaxial epidermis that increase the amount 
of light absorbed by the floral pigments [62] found by Kay [63, 64] and later by 
Glover and Martin and Dyer et al. from experimental evidence from their study of 
Antirrhinum majus that demonstrated that flowers with conical cells received more 
pollinator attention than those with flat cells [62, 65].

Furthermore, plants also use contrasting floral color traits such as iridescent 
patches in some orchids, bulls-eye images caused by striations in certain regions of 
the petal. As exemplified in species such as the Hibiscus trionum or darken flower 
centers as in Tulipa humilis. Nectar guides are also seen in many groups which con-
trast the flower by absorbing light in the UV range thereby increasing the attractive-
ness of the flower to pollinators by increasing visibility from longer distances and by 
help animal visitors to orient themselves on the flower prior and post landing [66].

Researchers observed that various floral phenotypes serve to signal or advertise 
the presence of nutrition rewards [67]. Communication between flowing plants 
and their pollinators involves a combination of sensory signals that include color, 
morphology, and odor, which act in concert with each other to become “sensory 
billboards” [68].

3.2 Floral color: Why did it develop?

One of the most common theories explaining the development and evolution 
of different floral colors are pollinators as the primary selective agents influenc-
ing flower color. Therefore, transitions to different colors represent an adaptation 
to different suites of pollinators as a selection of one functional group may cause 
divergence of color while another functional group may maintain that trait [47, 53]. 
More so, competition for pollinators can account for color divergence as this 
promotes species level specialization by pollinators, thus decreasing the cost of 
intraspecific pollen deposition [13].

Initial flower-pollinator observations by Darwin (1862 as cited by Fenster et al. 
[47]) and many others suggest that different types of pollinators promote selection 
for diverse floral forms that produce an array of “pollination syndromes,” [47]. The 
primary evidence supporting this contention is the existence of groups of floral 
traits that occur together associated with attraction and utilization of a specific 
group of animals as pollinators [47, 53]. As seen in bird-pollinated flowers that 
are often red or orange with elongated floral tubes, reduced floral limbs, exserted 
stigmas, and copious dilute nectar as appose to butterfly pollinated flowers which 
are bright red or orange and have a landing platform and a narrow deep corolla 
tube, while bee-pollinated flowers, which are typically blue or purple and have 
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short, wide tubes, wide limbs, inserted stigmas, and small amounts of concentrated 
nectar among many other specialized examples [4, 47, 53].

In addition to the pollinator-shift and the competition models as explanations 
for floral colors, researchers also recognized the importance of flower pigmenta-
tion in other functions aside from visual signaling [54]. For example, enzymes 
used in anthocyanin synthesis function to make other flavonoid compounds. This 
in turn affects affect flower color and other ecological and physiological traits 
such as flower temperature. As such, flower color evolution may be influenced by 
selection on these pleiotropic effects [53], as flower color mutants not expressing 
anthocyanins may be less tolerant of stresses such as drought and heat and as such 
less likely to survive [54]. Other selective pressures such as herbivory also select 
for flower color, as pigmentation in flowers often correlates with green pigmenta-
tion in vegetative tissues, caused by chlorophyll a and b [52], and affect the level of 
resistance to herbivores [54]. If selection is all together discounted, another view on 
color divergence is based on the neutrality hypothesis, suggesting that genetic drift 
is responsible for flower color transitions [53].

3.3 Floral color: How is it used?

Color signals in plants are important to pollinators as they can perceive and 
distinguish colors and thus show innate and learned color preferences due to reward 
associations [9]. Flower color can remain constant during the entire anthesis stage, 
or it can experience color change due to multiple factors such as age, pollinators, or 
the environment [61, 69–71]. Regardless of if flower color is stable, i.e., remaining 
one color (as discussed above in pollinator syndromes) or dynamic, i.e., changing 
during its life span, it functions to communicate with its animal pollinators.

Floral color change (pollination-induced or an age-dependent pattern) has most 
likely evolved in response to selection by visually orientated pollinators (as was 
discussed above). It reflects a widespread functional convergence within flowering 
plants [69]. Von Linne [72] noted that floral color change is a common phenomenon 
among flowering plants with diverse life histories and growth forms from over 
33 orders, 78 families and 250 genera of angiosperms, distributed worldwide, are 
visited by approximately 15 families of insect and four families of birds [40, 69, 73].

Despite the wide prevalence of flower color change and the well-developed 
hypotheses offered to explain this trait’s adaptive nature, this phenomenon has 
been experimentally examined in only a few species [40, 73] with results showing 
varying physiological mechanisms responsible for changes in color such gain or loss 
of pigments, change in pH, or movement of the floral part such as curling of petals 
[56, 61, 73, 74]. One of the first theories used to explain red and blue coloration was 
based on the pH change by Willstatter and Everest [75], where plants would exhibit 
blue coloration under alkaline conditions and red when acidic [61]. The rivaling 
theory was by Shibata et al., who proposed the metal complex theory that showed 
the yellow pigments of plants, flavone, and the flavonal series when reduced with 
compounds such as sodium amalgamate obtained red anthocyanin solutions [76].

In Angiosperms the location of color changes in fully turgid flowers are dependent 
on pollinator type [73]. These changes differ in the locations and may affect the 
entire whorl, several whorls or parts of whorls in combination, or wholly localized 
to specific areas [73]. For example, plants pollinated by bat or moths generally have 
color changes in the entire flower; butterflies, bees, and fly pollinated plants usually 
have localized changes and bird-pollinated flowers can encompass both types of 
changes [73]. However, regardless of the area affected, it provides crucial informa-
tion for pollinators that benefit both plant-communicator and animal-receiver with 
pre-change flowers signaling the provision of rewards and the availability of receptive 
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stigmas. Post-change flowers that are often retained are generally unrewarding and 
sexually inviable, plants benefit from larger floral displays that attract pollinators over 
long distances and indicating, at close range, pre-change flowers that are still viable 
[68, 73, 77]. For example, as seen in Lungworth flowers (Pulmonaria collina) which 
change from red to blue with age [40] or Sweet sage (Lantana camara) with one day 
old yellow flowers offering the heighest wards, while older orange and scarlet flowers 
offer little or no rewards [69, 78, 79]. The results of a more recent study by Maharaj 
and Bourne specifically suggested that L. camara use two strategies to visually attract 
pollinator from both short and long distances i.e. 1) honest signaling, as the rewards 
offered reliably correlated with color stage and 2) billboards communication where 
multiple colored inflorescences with centrally located scarlet flower buds are sur-
rounded by yellow, orange, red flowers [22]. In addition to color to signal change in 
reward, plants such as Quisqualis indica, with flowers that change color, may be linked 
with a shift from moth (white flowers) to butterfly (pink/red flowers) pollination 
[71]. As such, it can be postulated that floral color change is an adaptive trait that ben-
efits both the plant and its insect pollinators by cuing the insects to visit the flowers at 
the optimal reproductive stage and with the greatest reward [68].

4. Visual systems

Among terrestrial animals, only vertebrates and arthropods have color vision i.e., 
only these taxa possess the ability to discriminate wavelengths independent of color 
intensity [48]. One explanation origin of color vision is based the for the selective 
pressure of an organisms to detect green/yellow and UV wavelengths of light as light 
reflected from objects are of green/yellow middle energy wavelengths and lacks UV 
wavelengths. Therefore, if an organism can detect these wavelengths, it can tell the 
difference between an open space with high UV from a low UV space that can be 
potential habitats, food or other organisms. This theory is further supported by the 
presence of UV and green sensitive pigments of primitive  arthropods [80].

4.1 Visual systems: What does it comprise?

The compound eyes insects are made up of 8–9 photoreceptor cells surrounded by 
support and visual pigment cells organized uniquely in optical units called omma-
tidia [80], see Figure 3. Ommatidia are classified as either open, fused, or tiered 
based on their rhabdoms’ structure, which affects the spectral sensitivities of the 
photoreceptor cells [23]. If open, there is a broader spectral sensitivity, as receptor 
cells 1–6 each have their rhabdomere that receives its image, if fused, there is narrow-
ing spectral sensitivity as rhabdomeres which have different photopigments act as 
lateral filters and if tiered, the distal photoreceptor cells filter light from the proximal 
cells, narrowing the spectral sensitivity [23, 80]. In addition to visual pigments, 
screening/filtering pigment found surrounding the rhabdom varies in spectral 
absorption and distribution and affects the eye’s spectral sensitivity. However, the 
interaction between these pigments is not clearly understood [23]. For example, 
in Papilio butterflies, their UV screening pigments superimpose onto their UV or 
green-sensitive opsins, causing an increase in spectral sensitivity allowing these but-
terflies to detect six different colors; UV, violet, two kinds of green, and red [80].

Regardless of all the factors that affect the color sensitivity of the eye, for color 
vision of any kind to exist, opsin genes, which encode visual pigments sensitive to 
different wavelengths of light, are obligatory [81–84]. Visual pigments are made of two 
components; a light-sensitive retinal base chromophore (e.g., 11-cis-3- hydroxyretinal) 
[85] attached by a Schiff- base linkage to an opsin protein [23].
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An opsin belongs to the family of G-protein-couple receptors, and they contain 
transmembrane domains, which form a binding pocket within which the chromo-
phore is located [23]. Through the chromophore’s interaction with critical amino 
acid residues spectral tuning of the visual pigment to the wavelength of peak 
absorbance, λ max, is achieved. A diversity of λ max values is achieved through 
changes in the polarity of amino acids in the chromophore-binding pocket of opsins 
affect the distribution of electrons in the chromophore π-electron system. However, 
although the amino acid sequence and the chromophore both affect the maximum 
absorption λ max, most organisms make a single chromophore, therefore the diver-
sity of the visual pigment absorption spectra primarily depends on the amino acid 
of the visual pigments [23]. As such, selection for amino acid substitutions at these 
key sites has led to the spectrally diverse array of visual pigments present in differ-
ent classes of photoreceptor cells [86]. Thus, these amino acid sites may be under 
positive selection from selective pressures, such as the organism’s light environ-
ment, and the need to identify and find food, shelter, oviposition sites (butterflies), 
mates, and conspecifics [81, 84].

4.2 Visual systems: How did it evolve?

Phylogenetic analyses confirm that opsin genes were duplicated many times 
before the metazoans’ radiations giving rise to several protein subfamilies [81]. 
In Arthropods, five visual r-opsin families have been identified viz., long-wave-
length-sensitive (LW) 1, LW2, middle-wavelength-sensitive (MW) 1, MW2, and 
short-wavelength-sensitive (SW) [84], with most butterflies possessing three, 

Figure 3. 
A. Schematic of an ommatidium. B. Opsin mRNA expression patterns. The cross-sections of three ommatidia 
are shown. Numbers refer to the photoreceptor cells (R1–R8) (modified from Frentiu et al. [81]).
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as in most insects. Peak sensitivities of these opsins include the ultraviolet (UV, 
300–400 nm), blue (B, 400–500 nm), and long-wavelength (L, 500-600 nm) part 
of the light spectrum [87, 88]. Although some butterflies also have a red-sensitive 
receptor that is also seen in Odonata and Hymenoptera [87].

In bees, moths, and most butterflies, each ommatidium has six or seven recep-
tors expressing long wavelength opsins and two receptors that express two blue and 
short-wavelength opsins or just one of each [89]. The spectrum visible to butterflies 
(ultraviolet through the red) is one of the broadest in the animal kingdom [27], 
making them ideal study specimens in color vision studies. Most butterflies possess 
the three major spectral classes encoded by ancient duplications, which produced 
distinct UVRh, BRh, and LWRh opsin genes [27, 84]. Although all butterflies share 
this similarity, butterfly eyes are incredibly diverse in terms of their spectral orga-
nization [48, 90], as some have kept this ancestral arrangement while many other 
butterflies have many more [11, 91]. For example, swallowtail butterflies Papilio 
spp. have at least three L opsins expressed in the compound eye owing to repeated 
gene duplication events [92], whereas in the family Pieridae, B opsins are duplicated 
[93]. Overall, it has been found that representative species of each butterfly fam-
ily have different numbers of opsins due to lineage specific duplication events of 
the three basic opsins classes [94]. Butterflies also show diversity in terms of their 
photopigments’ spectral sensitivities and their intraocular filters [11].

Butterflies of the genus Heliconius (Nymphalidae) are considered examples 
of adaptive radiation due to the spectacular diversity of mimetic wing color pat-
terns that evolved in species and races throughout Mexico and Central and South 
America [95]. They also have unique visual systems because, besides the pressures 
of finding food, they must also recognize mates from the multitudinous arrays 
of mimics [12, 13]. As such, they exhibit remarkable radiation of photoreceptor 
sensitivities [11]. These butterflies have eyes that contain three or more spectrally 
distinct rhodopsins, one/two ultraviolet, one blue, and one long-wavelength, as 
seen in Figure 3. Examples are seen in Dryas iulia, that have three rhodopsins with λ 
max = 385, 470, and 555 nm, Heliconius erato has eyes that contain four rhodopsins, 
UVRh1 (UV Rhodopsin 1), UVRh2 (UV Rhodopsin 2), BRh (Blue Rhodopsin), 
and LWRh (Long wavelength Rhodopsin, with λ max = 355, 398, 470, and 555 nm 
[90, 94]. This diversity of the eye design reflects the diversity of its evolution and 
of the lifestyles of the different species as some Lepidoptera use color vision for 
either feeding, motion vision, oviposition and phototaxis [84, 96]. More specifi-
cally, we see a clear link between the evolution of opsins and behavioral preferences 
e.g., the gene duplication events such as that of the UVRh into UVRh1 and UVRh2 
opsin genes have occurred at the same time that UV–yellow pigments of the wings 
appeared [90] suggesting that the duplicate UV opsin genes has evolved for species 
recognition and by extension mate selection, in Heliconiid group [90, 94].

5. Conclusion

Generally, photoreceptor sensitivities are adapted for universal vision and do 
not focus on specific communication signals [11]. However, this is not the case for 
Heliconiid butterflies that possess a wide diversity of photoreceptors, owing to its 
multitudinous uses, such as recognition of green leaves for oviposition, yellow, blue, 
among other color flowers for feeding [84, 97–99], yellow for mate recognition 
[27, 90, 94] among others.

Bodies of work showing clear-cut evidence for the co-evolutionary relationship 
between butterfly receptors and mating signals have been substantial. It is also 
shown that butterflies exhibit innate color preferences associated with feeding [100], 
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and the color of flowers plays a vital role in attracting pollinators [12]. Additionally, 
Angiosperms employ various strategies to encourage pollinators to approach; color 
and changing color appear to be particularly important for flower recognition 
[3, 15]. In particular, the flowers of Angiosperms exhibit tremendous diversity in 
color that ranges across the UV and visible spectrum [13]. These flowers also differ 
from pale to nearly black in intensity with closely related sister species or populations 
of the same species differing in the intensity, hue, or patterning of the corolla [13, 53] 
caused by numerous evolutionary transitions attributed to pollinator-mediated 
selection [13, 53].

This review highlights gaps in literature in terms of interrelated research that 
examine relationships and correlations among communication signals used among 
and between taxa for conspecific identification, mate selection and plant-pollinator 
communication, especially in light of Ryan and Cumming’s [16] recent review link-
ing the color biases for food and sex in other taxa and van der Kooi et al. [84] dem-
onstrating the clear link with the insect behavior and color vision. It also highlights 
the need for future research in the field of non-hymenopteran plant-pollinator 
visual communication and the role changes in color play in conveying messages 
and affecting decision and subsequently behaviors. This research will facilitate an 
increase in knowledge in the area of signal theory that has, historically, been biased 
towards epigamic signals.
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