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Preface

Invasive alien species (IAS) are non-native species to a particular locality and 
have the tendency to spread very quickly when they have successfully established 
themselves in the new invaded areas. IAS include plants, insects, birds, nematodes, 
fish, frogs, cats, snakes, turtles, toads, and pathogens. The stages of invasiveness
of these species include introduction pathways, establishment, and dispersal. 
Invasive species are found in all ecosystems including terrestrial, marine, and other
aquatic ecosystems, and they can be introduced into new areas either accidentally
or intentionally through anthropogenic activities. Introduction pathways of IAS 
include agricultural trade and accidental transport of adults and pre-imaginal stages
of insects, plant seeds, and vegetative parts in containers and vehicles. Infested 
fruits and planting materials are the key introduction pathways for several invasive
insect species including palm weevils, fruit flies, emerald ash borer (EAB), mealy
bugs, spider mites, western flower thrips, tomato pinworm, the brown marmorated 
stinkbug, the fall armyworm, and others. IAS can spread by cars, trucks, ships, 
aircrafts, and other means of travel and transportation of goods. Increasing trade
through globalization facilitates the spread of invasive species. Climate change
also hastens the spread of IAS and renders ecosystems more vulnerable to invasion
by non-native or exotic species. Insects are among the most numerous invasive
species worldwide and the number of new invasions is increasing exponentially, 
representing a threat to the economy and the environment. Insects represent about
87% of invasive species and cost the global economy more than 70 billion US$ 
annually, according to the International Union for Conservation of Nature (IUCN). 
It is extremely difficult and sometimes near impossible to eradicate invasive
species completely once they have established themselves in a new habitat. In most
cases, exotic species flourish in their new habitat due to prevailing congenital 
environmental conditions and the absence of their natural enemies.

The impact of IAS on ecosystems may include endangering biological diversity
through completion and niche displacement, vectoring of serious human and 
animal diseases, and increasing the risk of native species extinction. Inter-regional 
immigration through introduction of alien plant species may lead to hybridization, 
which is likely to increase the threat of species extinction due to introgression. IAS 
could also alter phylogenetic diversity across communities, modify trophic chains, 
and change ecosystem functioning and delivery of ecosystem services by changing 
nutrients and contaminants’ cycling.

In the time of globalization, invasive species are gaining an increasing economic and
ecological significance. There is a need for more research and comprehensive edited
volumes on the impact of IAS on global agricultural activities as well as on the
different ecosystems, particularly with the increasing evidence of climate change
and global warming. This book addresses issues pertaining to invasive insect and
plant species with emphasis on their introduction pathways, bionomics, dispersal,
risk assessment, economic impact, possible management, and control options.

The book contains nine chapters over two sections; section one is about invasive
insect species and includes five chapters, while section two deals with invasive plant
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species and contains four chapters. Sections one gives comprehensive information 
on the red palm weevil, which has emerged as the most serious and damaging 
pest of palm species grown for production of dates, coconuts, and oil. The Canary 
Island palm, mainly used for landscaping, is also severely injured by palm weevils. 
Included in this section are the tomato pinworm, which is threatening tomato 
production worldwide, and the emerging spotted wing Drosophila. Section two 
contains four chapters dealing with the hybridogenic activity of invasive species 
of Asteraceae and economic utilization of invasive weeds as forages and animal 
feed. The section also contain two chapters dealing with the economic aspects 
of some invasive species in the family Cactaceae, namely, Opuntia ficus-indica. 
Economic utilization of invasive species represents one important option for their 
management and raises the debatable question of whether invasive species are 
friends or foes. The information included in this book will benefit researchers, 
university teachers, ecologists, students, policymakers, and environmental activists. 

I would like to thank all chapter authors for writing and submitting their 
excellent works. It would have been difficult to produce this book without their 
contributions. Other contributors who deserve thanks and acknowledgements are 
Author Service Manger Dolores Kuzelj, Commissioning Editor Kristina Jurdana, 
and other staff at IntechOpen for their unlimited assistance during the preparation 
of this book. I would also like to thank Marcos Soto-Hernandez, Jorge Reyes-Rivera, 
Agustin Maceda-Rodriguez, and Mariana Palma-Tenango who helped by reviewing 
and editing Chapters 8 and 9. The effort exerted by Commissioning Editor Martina 
Usljebrka Kauric at IntechOpen in reviewing Chapters 8 and 9 is appreciated and 
sincerely acknowledged. 

Sincere and heartfelt thanks are due to my wife Nawal, son Ayman, and daughters 
Hiba, Hala, Safa, and Lojain for their understanding, continuous support, and 
encouragement. I dedicate this book to my colleagues at the Date Palm Research 
Center of Excellence, King Faisal University, and my colleagues, students, and 
friends at the Department of Crop Protection, University of Khartoum, Sudan. 

Dr. Hamadttu A. F. El-Shafie
Research Entomologist,

Date Palm Research Center of Excellence,
King Faisal University,
Al-Ahsa, Saudi Arabia

Department of Crop Protection,
University of Khartoum,

Shambat, Sudan
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Chapter 1

Red Palm Weevil Rhynchophorus 
ferrugineus (Coleoptera: 
Curculionidae): Global Invasion, 
Current Management Options, 
Challenges and Future Prospects
Hamadttu Abdel Farag El-Shafie and Jose Romeno Faleiro

Abstract

The red palm weevil (RPW) Rhynchophorus ferrugineus (Coleoptera: 
Curculionidae) also known as the Asian palm weevil is a key pest of palms 
(Arecaceae) in diverse agro-ecosystems the world over. During March 2017, the Food 
and Agricultural Organization of the UN through its ‘Rome Declaration’ called for the 
urgent need to combat RPW by collaborative efforts and commitments at the country, 
regional and global levels to stop the spread of this devastating pest. There exist 
gaps and challenges in almost all the components of the current RPW-IPM strategy, 
particularly with regard to early detection, developing and implementing phytosani-
tary measures, lack of effective biological control agents in the field and poor farmer 
participation in the control programmes, which have made RPW control and eradica-
tion extremely difficult. This chapter gives an overview of the global invasion, current 
management options, challenges and future prospects for its effective control.

Keywords: invasive species, red palm weevil, IPM, introduction pathways, 
quarantine insect

1. Introduction

The red palm weevil (RPW) Rhynchophorus ferrugineus (Coleoptera: 
Curculionidae) also known as the Asian palm weevil is an invasive key pest of palms 
(Arecaceae) in diverse agro-ecosystems the world over. The Food and Agriculture 
Organization of the UN has designated RPW as a category-1 pest in the Middle East 
and North Africa (NENA region), where it is a threat to the livelihood security of 
date palm farmers in rural communities [1]. During March 2017, FAO organized a 
‘Scientific and High-Level Meeting on the Management of RPW’ and through ‘Rome 
Declaration’ called for the urgent need to combat RPW by collaborative efforts and 
commitments at the country, regional and global levels to stop the spread of this 
devastating pest. The pest has its home in South and South East Asia, where it is a 
key pest of coconut, Cocos nucifera. The cryptic behaviour and the intrinsic biological 
traits of the weevil have made it difficult to detect and therefore difficult to manage. 
Now, there are so many gaps and challenges in the components of RPW management 
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strategies. These include early detection of the weevil infestation, limitation of its 
biological control agents under field conditions and lack of farmers’ participation in 
the control operations [2]. The aim of this chapter is to give a consolidated informa-
tion on gaps and challenges in current RPW management as well as future prospects.

2. Global RPW invasion: an update

During the mid-1980s, RPW was reported on date palm Phoenix dactylifera L. 
from the United Arab Emirates in the Gulf region of the Middle East. Subsequently, 
first reports of RPW invasion came from the other Gulf countries of the Middle 
East. During 1993, RPW attack was reported on date palm in Egypt in North Africa, 
and later during 1995, it was detected for the first time on P. canariensis from Spain 
in Europe. During the next two decades, the pest spread rapidly in the Gulf region 
of the Middle East, some Maghreb countries in North Africa and the Mediterranean 
basin countries in Europe (Figure 1). RPW has rapidly expanded its geographical 
range during the last three decades, and ecological niche modeling [3] suggests that 
the pest is likely to expand its geographical range still further. Recent reports of RPW 
invasion suggest that the pest is establishing in East Africa in Djibouti on date palm 
and also in the Caucasian region where it is detected in Abkhazia on the canary island 
palm in the Republic of Georgia. During 2019, RPW was detected in Bulgaria in the 
Black Sea Basin region and also in Bosnia-Herzegovina in Southeastern Europe.

The only report of RPW invasion in the American continent comes from Aruba 
and Curacao islands in the Caribbean region [4]. Although RPW was reported from 
California, USA, during 2010 [5], molecular studies at the University of California, 
USA, subsequently characterized the pest as R. vulneratus [6], a closely related spe-
cies of R. ferrugineus predominant on coconut in the South East Asia. Similarly, the 
previous R. ferrugineus reports from Australia and countries in the Oceanic region 
have now been attributed to other species of the Rhynchophorus group of weevils. It 
is pertinent to point out that although RPW moves through infested offshoots in the 
date palm-growing countries, another important route of transmission/movement 
of the pest is through palms shipped for ornamental gardening.

Figure 1. 
Current Geographical Distribution of RPW (Source- EPPO 2020; https://gd.eppo.int/taxon/RHYCFE/
datasheet).
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The recent R. ferrugineus data sheets of the European Plant Protection 
Organization [7] reports that RPW exists in 49 countries including 15 in Europe 
(Albania, Bosnia-Herzegovina, Croatia, Cyprus, France, Georgia, Greece, Italy, 
Malta, Montenegro, Morocco, Portugal, Russia, Spain and Turkey), six in Africa 
(Djibouti, Egypt, Libya, Mauritania, Morocco and Tunisia), 26 in Asia (Bahrain, 
Bangladesh, Cambodia, China, India, Iran, Iraq, Israel, Japan, Jordan, Kuwait, 
Lebanon, Malaysia, Myanmar, Oman, Pakistan, the Philippines, Qatar, Saudi 
Arabia, Sri Lanka, Syria, Taiwan, Thailand, the United Arab Emirates, Vietnam and 
Yemen) and two in the American continent (Aruba and the Netherlands Antilles).

3. Host range and introduction pathways

As the geographical range of the pest expanded, so did the host range of RPW. 
During the mid-1950s, RPW was reported from just four palm species, viz. C. 
nucifera, P. dactylifera, Metroxylon sagu and Corypha umbraculifera [8]. RPW is cur-
rently reported on 40 palm species worldwide [7, 9, 10], including Areca catechu L., 
Arenga saccharifera Labill, A. engleri Becc., A. pinnata (Wurmb), Bismarckia nobilis 
Hildebrand and Wend, Borassus flabellifer L., B. sp., Brahea armata S. Watson, 
B. edulis, Butia capitata (Mart.) Becc., Calamus merrillii Becc., Caryota cumingii 
Lodd., C. maxima Blume, Cocos nucifera, Corypha utan Lamk., (= C. gebanga,  
C. elata), C. umbraculifera L., Chamæerops humilis, Elaeis guineensis, Livistona aus-
tralis (R.Br.) Mart., L. decipiens Becc., L. chinensis Jacq.R. Br., L. saribus (= L. cochi-
nchinensis) (Lour.) Merr., Metroxylon sagu Rottb., Oncosperma horrida (Scheff.), 
O. tigillarium (Ridl.), Phoenix canariensis (Chabaud), P. dactylifera, P. roebelinii 
O’Brien, P. sylvestris Roxb, P. theophrastii Greuter, Pritchardia pacifica Seemann and 
Wendland, P. hillebrandii (Kuntze) Becc., Ravenea rivularis Jumelle and Perrier, 
Roystonea regia (Kunth.), Sabal umbraculifera (Jacq.) Martius, Trachycarpus 
fortunei (Hook), Washingtonia filifera (L. Lindl), W. robusta H. Wendl. and Syagrus 
romanzoffiana (Cham.). The non-palm hosts are the century plant Agave americana 
and sugarcane Saccharum officinarum [9].

Considering such a wide host range of this pest, it is imperative to ensure 
proper phytosanitary measures are in place before palms are transported/shipped. 
Recently, FAO has published the detailed guidelines on phytosanitary regulations 
to be adopted to ensure the movement of RPW free planting material within 
national borders and from one country to another [11]. Import and movement of 
infested plant material within a country are the main pathways to the introduction 
and spread of R. ferrugineus. Short-distance spread is possible by adult flight. The 
pest can be spread over long distances in infested palms for planting of host palms 
[7]. Flight mill studies have demonstrated that RPW being a sizeable population 
is short-distance fliers (<100 m) which would explain the aggregated/clumped 
distribution of infestation. RPW has the capacity to fly up to 50 km in a day with 
flight activity being predominantly diurnal [12–14].

4. Biology and symptoms of damage

Understanding the biology of the pest is essential in developing, implementing 
and sustaining management practices. RPW is a hidden pest, with all its life stages 
developing inside the palm except for the adult stage, which is partly exposed when 
adult weevils fly out of the brood in search of the host or on occasions to find a mate.

Recently, Al-Ayedh [15] in the FAO guidelines on RPW management and EPPO 
[7], using RPW data sheets, has summarized the literature on the biology of this pest. 
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is pertinent to point out that although RPW moves through infested offshoots in the 
date palm-growing countries, another important route of transmission/movement 
of the pest is through palms shipped for ornamental gardening.

Figure 1. 
Current Geographical Distribution of RPW (Source- EPPO 2020; https://gd.eppo.int/taxon/RHYCFE/
datasheet).
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The recent R. ferrugineus data sheets of the European Plant Protection 
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Malta, Montenegro, Morocco, Portugal, Russia, Spain and Turkey), six in Africa 
(Djibouti, Egypt, Libya, Mauritania, Morocco and Tunisia), 26 in Asia (Bahrain, 
Bangladesh, Cambodia, China, India, Iran, Iraq, Israel, Japan, Jordan, Kuwait, 
Lebanon, Malaysia, Myanmar, Oman, Pakistan, the Philippines, Qatar, Saudi 
Arabia, Sri Lanka, Syria, Taiwan, Thailand, the United Arab Emirates, Vietnam and 
Yemen) and two in the American continent (Aruba and the Netherlands Antilles).
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Hildebrand and Wend, Borassus flabellifer L., B. sp., Brahea armata S. Watson, 
B. edulis, Butia capitata (Mart.) Becc., Calamus merrillii Becc., Caryota cumingii 
Lodd., C. maxima Blume, Cocos nucifera, Corypha utan Lamk., (= C. gebanga,  
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romanzoffiana (Cham.). The non-palm hosts are the century plant Agave americana 
and sugarcane Saccharum officinarum [9].

Considering such a wide host range of this pest, it is imperative to ensure 
proper phytosanitary measures are in place before palms are transported/shipped. 
Recently, FAO has published the detailed guidelines on phytosanitary regulations 
to be adopted to ensure the movement of RPW free planting material within 
national borders and from one country to another [11]. Import and movement of 
infested plant material within a country are the main pathways to the introduction 
and spread of R. ferrugineus. Short-distance spread is possible by adult flight. The 
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[7]. Flight mill studies have demonstrated that RPW being a sizeable population 
is short-distance fliers (<100 m) which would explain the aggregated/clumped 
distribution of infestation. RPW has the capacity to fly up to 50 km in a day with 
flight activity being predominantly diurnal [12–14].
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Understanding the biology of the pest is essential in developing, implementing 
and sustaining management practices. RPW is a hidden pest, with all its life stages 
developing inside the palm except for the adult stage, which is partly exposed when 
adult weevils fly out of the brood in search of the host or on occasions to find a mate.

Recently, Al-Ayedh [15] in the FAO guidelines on RPW management and EPPO 
[7], using RPW data sheets, has summarized the literature on the biology of this pest. 
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There are several previous reports on the biology of RPW on natural and artificial diets 
[8, 16–23]. Figure 2 depicts the life stages with the probable duration of each stage.

RPW takes about 3–4 months to complete its life cycle. Volatiles released from 
fresh wounds/cuts on the palm helps in egg laying by attracting adult RPW female 
weevils. Gravid females lay eggs in cracks and crevices on soft palm tissue. In coconut 
and date palm, oviposition usually occurs in young palms below 20 years old. There is 
a weak relationship between Oryctes sp. infestations and RPW attack in coconut and 
date palm [24, 25]. An adult female lays over 200 eggs. Oviposition is strongly affected 
by temperature [22]. On hatching, the legless larvae start feeding and move towards 
the interior of the palm. In areas with a mean annual temperature (MAT) below 15°C, 
one generation per year can be expected, while more than two generations in those 
with MAT above 19°C. Several overlapping generations of the pest may occur inside 
a single infested palm. Further, in the Mediterranean region, the larval stage can get 
prolonged up to 160 days in winter-spring seasons [22]. Upon completion of the larval 
period (7–16 instars), mature larvae pupate in cylindrical fibrous cocoons, leading 
to the emergence of adult weevils (Figure 2). When RPW was reared in the labora-
tory on a meridic diet, some of the larvae successfully pupate and develop to adults 
without construction of cocoons (Figure 3) (El-Shafie, unpublished data).

Date palms below the age of 20 are more susceptible to attach by RPW. 
Infestation is found more common on the trunk within 1 m from the ground; how-
ever, infestation can occurs on aerial offshoots and the crown of male palms [26]. 
Damage symptoms on Date palm (Phoenix dactylifera) have been described in detail 
[26–28]. The main symptoms include the following:

i. Oozing of brownish viscous fluid together with frass (palm tissue excreted 
by feeding grubs) which has a typical fermented odour

ii. Drying of outer leaves and fruit bunches and drying of infested offshoots

Figure 2. 
Schematic Diagram Depicting the Life Cycle of RPW (Source: Faleiro and Al-Shawaf 2018; http://hdl.handle.
net/20.500.11766/8914).
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iii. Topping of the trunk in case of severe and extensive tissue damage

iv. Presence of adults and pupae at the base of the fronds and on the ground 
near infested palms

Figure 3. 
Successful emergence of a viable RPW adult from a pupa without fibrous cocoon (Photo: Hamadttu A. F. 
El-Shafie).

Figure 4. 
Drying or withering of aerial offshoots, the fronds of which can be easily pulled out (left). Oozing out of brown 
viscous unpleasant liquid from wounds in the trunk (right) (Photo: Hamadttu A. F. El-Shafie).
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Visual symptoms of damage on palms are used for early detection of RPW 
infestation. Thus, it is of paramount importance for field inspectors and palm 
growers to understand these symptoms (Figures 4 and 5). On Canary Island palm 
(Phoenix canariensis), infestation and damage occur in the crown. The larvae tunnel 
in the developing leaves (fronds) and severe infestation may lead to palm mortality. 
Early symptoms include the presence of holes in the fronds, which look chewed 
and broken. Wilting and drying of developed fronds and absence of new emerging 
fronds cause asymmetrical growth of the crown that later collapse. As is the case 
with date palm, different stages of the weevil can be seen at the crown particularly 
when infestation is more severe [29].

5. Current RPW management programmes

In areas where the pest does not exist but under the potential risk of infestation 
occurring, it is essential to emphasize on quarantine, monitoring/surveillance and 
capacity building.

A new infestation report calls for immediate removal and destruction (eradication) 
of the RPW infested palm right at the sight/farm where the infestation is detected. 
Subsequently, a surveillance programme based on a regular inspection to detect infes-
tation and monitor trapping to capture emerging adults needs in the demarcated area 
to ensure effective control, containment and eradication of the pest. Chouibani [11] in 
the FAO guidelines proposed to identify the infested zone where the presence of RPW 
is confirmed and also a buffer zone extending at least 10 km beyond the boundary 
of the infested zone. A strict vigil is to be maintained on the movement of palms and 
plant nurseries within the demarcated area. The demarcated area will be declared free 
from RPW if, during three consecutive years, RPW has not been detected [11].

Geographic information system (GIS) provides a very valuable tool in moni-
toring, predicting, managing and fighting the spread of pests and diseases, and 

Figure 5. 
Ejection of chewed-up fibers from the crown of an infested young date palm (left). Smashed internal palm 
tissue due to feeding of grubs (Photo: Hamadttu A. F. El-Shafie).

9

Red Palm Weevil Rhynchophorus ferrugineus (Coleoptera: Curculionidae): Global Invasion…
DOI: http://dx.doi.org/10.5772/intechopen.93391

GIS-based techniques are increasingly used to enhance and support decision-
making capabilities in RPW management [30–33]. This tool offers opportunities 
for cost-effective and efficient targeting of control interventions. In monitoring, 
GIS can be used to determine the spatial extent of a pest, to predict the projected 
spread, to provide input for risk assessment models. The first and essential step for 
efficient use of GIS techniques at a larger scale is a protocol for data collection. This 
will help to have a grip of the situation and is essential to periodically validate the 
RPW control programme, where data on infestation reports and trap captures are 
important. Fajardo et al. [33] proposed the following with regard to the use of GIS 
in area-wide RPW management programmes:

• Maintain a field map of each operational area indicating the basic data (number 
of palms, year of planting, number of traps, number of infested palms, palms 
removed, palms treated, etc.).

• Register the GPS co-ordinates of all the palms in a geographical data base if pos-
sible. The more important fields to be included are: date, area, height and state 
(not infested, infested and palms removed with GPS co-ordinates). It is also 
recommended to register the coordinates of the already removed palm trees.

• Data on the geo-reference localization of the palms, the RPW-IPM components 
and their evolution over time using GIS to elaborate maps and analysis need to 
be developed.

• FAO has proposed a real-time database and a web portal for the management 
of RPW at the local, national and Near East and North Africa (NENA) region. 
Furthermore, a mobile app for android and iOS smartphones to record geo-
referenced data at the field location on a standard form needs to be developed. 
FAO has made initiatives in this regard both at the regional (NENA) and global 
levels [34, 35].

In any area-wide IPM programmes, the means (resources) to control the pest 
can be correlated with the intensity of the pest. Ferry et al. [36] visualized three 
scenarios to exist in the current RPW-IPM strategy depending on the resources 
available to control the RPW, considering that the organization and techniques are 
optimum and similar for the three scenarios:

1. The means are superior to the needs: here the resources are adequate and the 
pest is controlled/eradicated.

2. The means remain more or less equal to the needs: here there is a prolonged 
effort to control the pest over several years with little or no success and the pest 
is always ahead with the IPM strategy trying to catch up. Such a scenario is not 
sustainable in the long run.

3. The means are inferior to the needs: here the pest is not controlled and pro-
liferates rapidly. The control means are inadequate.

It has been seen is several countries that providing adequate man power and 
material is a major challenge in all area-wide RPW control programmes. It is 
essential to provide adequate resources right at the beginning of the first record of 
this pest so that RPW can be efficiently controlled and eradicated when the pest is 
confined to a few farms/small area.
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Figure 6 depicts the components of the current RPW-IPM strategy at four 
levels. At level-1, the strategy realizes the control components at the operational 
level on a daily basis in the field. The area-wide management of RPW needs careful 
planning and timely intervention of the control techniques, able supervision and 
periodic performance analysis of the RPW-IPM strategy, besides the desired techni-
cal, human, intuitional, organizational and coordination capacities for effective 
planning, delivery, monitoring and management of RPW in the field.

At level-1 of the strategy, the RPW-IPM components connected with the day-
to-day operations in the field are highlighted [37].

5.1 Detection of infested palms

Success of an RPW-IPM programme lies in the early detection of infested palms, 
and currently, visual inspection of palms is widely adopted to locate infested palms. 
Here, it is essential to break the cycle of the pest by locating an infested palm before 
adults emerge. A well-trained person can inspect 200–300 date palms per day depend-
ing on the terrain, palm density and field sanitation techniques adopted. In this 
context, a regular 45-day interval inspection of date palms in the susceptible age group 
of less than 20 years old is necessary. Vidyasagar [38] and Jaques [29] have detailed the 
protocols for visual inspection of the date and Canary island palms, respectively, in the 
FAO guidelines for RPW management. Research is underway in several countries to 
develop a cost-effective and user-friendly early detection device. Advanced techniques 
such as detecting chemical signatures, acoustic detection, use of infrared cameras, 
thermal imaging and satellite imaging/IoT are being researched upon [39–43]. 
However, farmers have to rely on visual (manual) inspection to detect an RPW infested 
palm, as these techniques are limited by their cost and the need for installing sophisti-
cated hardware that is not easy to operate and requires specialized staff to operate.

5.2 Pheromone trapping

Ever since Hallett et al., [44] discovered the male-produced aggregation phero-
mone (ferrugineol) for RPW, food-baited (natural kairomone) bucket traps have 

Figure 6. 
RPW-IPM strategy implemented (Updated from http://www.fao.org/3/a-ms665e.pdf).
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been widely used in monitoring and mass trapping programmes in the field. Over 
the years, trapping protocols with respect to trap design, trap colour, lures, release 
rate, food bait, trap servicing (periodic change of food bait), role of co-attractants, 
etc. have been researched in several countries [29, 45–50]. Pheromone trap cap-
tures help optimizing/prioritizing the inspection of palms to detect infestations. 
Depending on the availability of human resources, palms around the traps with 
higher weevil captures should be inspected on priority. El-Shafie and Faleiro [51] 
reported through the controlled olfactometer studies that only a part of the adult 
population is attracted to the pheromone lure, which calls for the integration of 
pheromone trapping with other RPW-IPM techniques. There is a tendency of over-
dependency on pheromone trapping and neglecting other RPW-IPM components, 
which leads to the build up and proliferation of the pest. Although the four-window 
black coloured bucket traps are popular, the dome-shaped conical Picusan™ is also 
used in several European countries.

It is of utmost importance to adopt the best trapping protocols with respect to 
trap design, trap colour, density, servicing (periodic renewal of food bait), trap 
placement, lure attraction and longevity, etc., for food-baited RPW pheromone 
traps. Sub-standard trapping protocols would adversely impact the trapping 
efficiency and consequently limit the success of the control programme [52, 53]. In 
some countries, the food bait and water are placed in a small container inside the 
bucket trap. Often this container is insufficient to hold the required amount of the 
bait or falls inside the bucket, emptying the water resulting in the food becoming 
dry, which consequently adversely impacts the performance of the trap due to poor 
bait-lure synergy. It is therefore recommended to place the required amount of the 
food bait (150–200 g of dates) directly in the water (1 L) inside the bucket trap. Of 
utmost importance is the fortnightly servicing (replacement of the food bait and 
water) in the trap. An economic rationale would demand that easily available locally 
sourced food baits with good attraction to be used as bait in the trap. Consequently, 
green coconut petiole pieces would do well in the coconut growing countries of 
South and South East Asia, low-grade dates in the Middle East and North Africa 
and palm tissue/petiole pieces in the Mediterranean region where the Canary Island 
palm is popular. Pheromone lures are known to last for 2–3 months in the field. 
Adding a small amount (1 g) of non-repellent insecticide granules (carbofuran/
lanate) to the water in the trap could be useful in preventing the escape of adult 
weevils that enter the trap. However, in several countries where thousands of traps 
are in the field, the addition of insecticide in the trap is not practiced in view of the 
toxic side effects to the environment and potential harm to the staff who service 
the traps. Pheromone lures with both high attraction and field longevity should be 
selected. Do not discard old lures in the field or carry old lures to the residences of 
staff working in the field. These are to be brought back to the operations unit and 
incarnated or buried deep in the ground. Co-attractants (synthetic kairomones) 
such as ethyl acetate/ethyl alcohol are known to enhance captures in RPW phero-
mone traps, but could also significantly increase the cost of an area-wide control 
programme [54–57].

As regards trap density, in surveillance programmes, set traps along the motor-
able roads @1 trap for every km. Depending on the pest intensity in mass trapping 
programmes, 1–4 traps/ha can be adopted [58]. Usually 1 trap/ha is deployed and 
if more traps are to be set in the field, use service-less trapping options (Attract 
and Kill; Dry trap-Electrap™) when trap density has to be enhanced beyond 1 
trap/ha. Set traps preferably on the ground under the shade with around half of 
the bucket trap inserted into the soil. Do not place traps directly on young palms. 
Numbering/geo-referencing of every trap in the field is indispensable for periodic 
review of the situation in the field and mobilizing resources around traps with high 
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Figure 6. 
RPW-IPM strategy implemented (Updated from http://www.fao.org/3/a-ms665e.pdf).
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been widely used in monitoring and mass trapping programmes in the field. Over 
the years, trapping protocols with respect to trap design, trap colour, lures, release 
rate, food bait, trap servicing (periodic change of food bait), role of co-attractants, 
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Depending on the availability of human resources, palms around the traps with 
higher weevil captures should be inspected on priority. El-Shafie and Faleiro [51] 
reported through the controlled olfactometer studies that only a part of the adult 
population is attracted to the pheromone lure, which calls for the integration of 
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programmes, 1–4 traps/ha can be adopted [58]. Usually 1 trap/ha is deployed and 
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weevil captures. It is important to emphasize that poor bait lure synergy due to 
sub-standard trapping protocols would end up in the palm smelling better than the 
trap and attracted weevils getting oriented to the palm instead of entering the trap. 
This is a very dangerous situation where a poorly maintained trap acts as a catalyst 
in creating new infestations.

Although the food-baited RPW pheromone trap is most popular, the periodic 
replacement of the food bait is cumbersome and not sustainable in the long run, 
especially in area-wide control programmes. In this context, bait and trap free 
technique of attract and kill has been tested and used to curtail the emerging adult 
RPW population [59, 60]. Another service-less RPW trapping option that works 
without the food bait/water is the dry Electrap™ [48]. The cost of incorporating 
these techniques in an area-wide control programme could be a factor to be con-
sidered and needs to be compared with the traditional food-baited pheromone trap 
before adoption. Large-scale control programmes would stand to benefit if smart 
traps capable of recording and transmitting weevil capture data on a 24×7 basis are 
developed. In this context, Potamitis et al. [61] and Aldhryhim and Al-Ayedh [62] 
have developed and tested smart traps for RPW, but these need advancement for 
large-scale deployment in the field. An ideal RPW pheromone trap would be the 
one that does not need servicing and automatically transmits weevil capture data on 
a 24×7 basis to the operations control unit.

5.3 Chemical treatments

Preventive and curative chemical treatments are essential for the efficient man-
agement of RPW [27, 63]. Fajardo [64] and Aldawood [65] have described protocols 
for these treatments in detail.

5.3.1 Preventive treatments

Preventive chemical treatments are often abused and deployed unnecessarily 
on a calendar basis resulting in drawbacks associated with these treatments, such 
as pest developing resistance to chemical pesticides, residues of the chemicals in 
the fruit (dates/coconut) and resurgence of secondary pests and contamination 
of the environment. Recent reports suggest that RPW is developing resistance to 
the several insecticides [66, 67]. Overdependence on pesticide application in date 
plantations has resulted in the residue level of certain insecticides and acaricides 
being higher than the maximum residue levels permitted in dates [68]. Preventive 
treatments should only be carried out in farms with high weevil activity as gauged 
from high infestation and the removal of infested palms/high trap captures/high 
seasonal activity in the Middle East during March–May and September–October. 
It is imperative to treat all fresh wounds on palm immediately after the frond and 
offshoot removal [26, 69–71]. These operations of cleaning the palm could be pref-
erably adopted during the peak winter months when temperatures are low and not 
conducive for egg hatch and larval development. The commonly used insecticides 
for preventive treatments are imidacloprid, thiamethoxam, avermectin, abamectin, 
chlorpyrifos and phosmet. It should be borne in mind that the preventive insecti-
cide treatments are often unnecessary and excessive, which would have negative 
impact on the environment as a whole.

5.3.2 Curative treatments

The curative insecticidal treatment of RPW-infested palms in the early stage of 
attack is an integral part of the control strategy. Such palms recover with insecticide 
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treatment [63, 72, 73]. Ferry [74] provided a detailed protocol of mechanically 
sanitizing palms in the early stage of attack, while Aldawood [65] presented a 
comprehensive protocol to inject palms with insecticide in the early stage of attack. 
Although pressure injectors are used to deliver the insecticide solution to the 
infested site inside the palm, this technique could damage the palm tissue if the 
pressure exceeds 2 bar. The diffusion method (gallon method) by cleaning the palm 
around the infested site on the palm, drilling 4–6 slanting holes 20 cm deep at an 
angle and pouring insecticide solution into each of the holes is simple, cost-effective 
and safe. Treat the palm again after 15 days. Once the palm recovers and if the infes-
tation site is close to the ground, cover the treated site with soil to facilitate rooting. 
For ornamental palms, including ornamental date palms, a new injection technique 
based on the microinfusion of avermectin insecticide allows to protect the palms at 
a very low cost over a period of 1 year [75]. Commonly used insecticides for curative 
treatments are the following: imidacloprid, thiamethoxam, avermectin and abam-
ectin. In organic date plantations, the proven plant origin insecticides would have to 
be used to treat RPW-infested palms. Several pressure injectors are available in the 
market which should be used with extreme caution (not >2 bar pressure), to avoid 
rupture of palm tissue that can lead to death of the treated palm. Ferry and Gomez 
[63] recommend that only a limited number of stem injections may be carried out 
in ornamental palms while prohibiting stem injection on a preventive basis in palms 
grown as food crops.

5.4 Removal of severely infested palms

Even in well-managed RPW-IPM programmes, a certain percentage of the 
infestations detected is in the advanced stage of attack, where such palms exhibit 
large tissue damage often harbouring adult weevils with overlapping generations 
of the pest and have to be removed (eradicated). Such palms disperse adult weevils 
in the field that result in new infestations which reverse the achievements made in 
controlling the pest. It is of utmost importance to detect infestations before adult 
weevils emerge and disperse. Al-Shawaf et al. [76] validated an area-wide RPW 
IPM programme in the Al-Ahsa oasis of Saudi Arabia using palm removal (eradica-
tion) data as a criterion to judge the success of the field operations. Palm eradication 
levels above 20% of the infested palms are not desirable, which reveals that the pest 
is proliferating and control tactics need adjustments.

Vidyasagar [77] outlined a detailed protocol for the safe removal and disposal of 
severely infested palms. The protocol broadly recommends to the following:

1. Identify the badly infested or damaged palms and mark all such palms with a 
distinct colour tape or spray paint, or a specific number of straps. Infestation 
due to RPW could be considered severe in date palms if more than 30% of the 
trunk tissue is damaged at the infestation site.

2. Initiate the removal process as soon as possible. Otherwise, the adults from 
these infested palms will make their way to healthy palms in the vicinity, 
making the task much more difficult.

3. As a prophylactic measure, soak, drench or shower the palm crown and also 
the trunk and bole regions with a recommended pesticide.

In many countries, shredding machines are used to destroy the severely 
infested palms at another site, where the severely infested palms are cut into logs 
and the palm pieces (fronds and trunk) are transported to the shredding site. 
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large tissue damage often harbouring adult weevils with overlapping generations 
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IPM programme in the Al-Ahsa oasis of Saudi Arabia using palm removal (eradica-
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levels above 20% of the infested palms are not desirable, which reveals that the pest 
is proliferating and control tactics need adjustments.

Vidyasagar [77] outlined a detailed protocol for the safe removal and disposal of 
severely infested palms. The protocol broadly recommends to the following:
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Utmost care needs to be taken that there are no escapes of the adult weevils during 
transportation, for which the palm pieces are to be wrapped in plastic wrapping 
that is sealed with a tape or transported using enclosed trucks. This is a very 
expensive process and therefore in-situ (on farm site) removal and disposal of 
severely infested palm tissue by cutting into small pieces (20 × 10 cm) and soaking 
with insecticide is recommended [75]. In some countries, the removal of severely 
infested palms is outsourced to private agencies. Here, bureaucratic procedures in 
issuing work orders to contractors often result in delay which in turn leads to the 
spread of the weevil.

Abandoned and neglected plantations also harbour the pest and have to be closely 
monitored for incidence of RPW by intensive inspection campaigns and installing 
monitor traps. Farmer cooperation to assist in tackling the pest in neglected gardens 
should also be sought through persistent awareness programmes. The technique of 
attract and kill is suited for such plantations. If the plantation is dry with no irriga-
tion and the palm tissue is hard, in all probability, RPW will not prefer such a garden. 
If there is no pest in an abandoned plantation, these palms should not be removed as 
palm volatiles emitted during the removal process may attract the pest.

5.5 Validating the control programme

In an area-wide RPW IPM programme, the judicious use of resources (men and 
material) is vital. Often scarce labour and resources have to be used where most 
required and the control strategy has to be adjusted by providing resources where 
most needed. In this context, data on weevil captures in traps, infestation reports 
and removal of severely infested palms could be used to gauge the situation. Faleiro 
[26] proposed an assumed action threshold of 1% infestation in large plantations. 
He developed sequential sampling plans to accurately assess the pest status in 
coconut and date palm [78, 79] based on infestation reports where in the action 
threshold, the aggregation index of RPW and the risk of making the wrong decision 
are built into the plan. The sampling plans are efficient tools in decision-making, 
particularly at very low and high levels of infestation and can be used to assess the 
performance of RPW- IPM programmes that are in progress. Al-Shawaf et al. [76] 
analysed the monthly trap capture data, the infestation reports on the removal of 
severely infested palms and the above sampling plan [79] to categorize infestation 
in 15 operational areas (4000 ha) in the Al-Ahsa date palm oasis of Saudi Arabia 
for a period of 6 months between March and September 2011. They found that the 
IPM strategy adopted had the desired impact in the East of the oasis, but needed 
minor adjustments in the centre and called for major reinforcement in the North 
of the Al-Ahsa oasis. Similarly, Hoddle et al. [80] assessed the impact of phero-
mone trapping, pesticide applications and eradication of the infested date palms 
for a period of 5 years between 2007 and 2012, for RPW management in 1104 ha 
in Al Ghowaybah, of the Al-Ahsa oasis in Saudi Arabia. They concluded that the 
enhanced RPW management programme that commenced in 2009 had a significant 
impact against the pest.

GIS-based models can also be developed to validate the strategy at periodic 
intervals based on trap captures and infestation reports [32, 33]. This helps to 
judiciously use the resources where most required. FAO has proposed a real-time 
database and a web portal for the management of RPW at the local, national and 
NENA region. Furthermore, a mobile app for android and iOS smart phones to 
record geo-referenced data at the field location on a standard form needs to be 
developed. FAO has initiated the process to validate the SusaHamra app to assist 
farmers in better monitoring and managing the RPW. A global platform is being 
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established for mapping field data and analytics for better decision-making. 
Furthermore, remote sensing is being combined with artificial intelligence to map 
palm trees for the improved monitoring of RPW spread at both the regional and 
global levels ([34, 35]; http://www.fao.org/news/story/en/item/1184673/icode/).

At level-2, the RPW-IPM strategy is to be supported by a robust plant quaran-
tine/phytosanitation regime.

5.6 Quarantine/phytosanitation

Over two decades ago, Abraham et al., [27] first highlighted the importance of 
quarantine treatments to check the spread of RPW through the infested date palm 
offshoots and recommended to dip the bole of offshoots before transportation in 
0.1% chlorpyrophos for 10 min. In Egypt, quarantine and certification programmes 
recommend zero tolerance for RPW to block the spread of the pest to secondary 
foci within planted acreage [81]. Later Faleiro [27] proposed to stop movement 
of planting material from infested plantations within the country and from one 
country to another. Wherever this was not possible, it was proposed to implement 
strict pre- and post-entry quarantine regimes, wherein only pest-free and certified 
planting material can be transported. Besides date palm offshoots transported for 
farming, the movement of large palms intended for ornamental gardening contrib-
utes largely to the spread of this deadly pest [28]. Hence, it is of utmost importance 
to keep a strict watch on the movement of planting material (offshoots/palms) for 
both farming and landscape gardening so that only a treated and pest-free mate-
rial is allowed to be transported within national boundaries [26, 37]. Al-Shawaf et 
al. [82] recommended to dip date palm offshoots in 0.004% Fipronil for 30 min 
before transporting to ensure the complete mortality of the hidden larval stages, 
if any, and complete certification and transport of the treated offshoots to the new 
planting site within 72 h of treatment. Studies carried out in Spain in P. canariensis 
suggest that a dose of 1.14 g aluminum phosphide/m3 for 3 days is enough to kill all 
the stages of RPW in an infested palm tree, and is recommended as a quarantine 
protocol provided the dose is not phytotoxic to the treated palms [83]. A sound 
protocol for the treatment of large palms for ornamental gardening needs to be 
developed.

Although regulations/decrees to regulate the movement of palms for planting 
exist in several countries, implementing the decrees in letter and spirit is often 
lacking [37, 84]. In this context, some European Union (EU) guidelines that could 
be useful are the following: delimitation of survey and demarcated areas, three 
monthly official inspections of palm nurseries, annual crop declaration, application 
of phytosanitary treatments, registration of planting material movement and use of 
plant passport to monitor the trade of palms. Developing certified palm propagation 
programmes (certified seed) through tissue culture would go a long way ensuring the 
propagation of a pest-free material. Recently, Chouibani [11] in the FAO guidelines 
on RPW management outlined detailed phytosanitary protocols for the movement 
of palms in context of stopping the spread of RPW within national and international 
borders and proposed to identify the infested zone where the presence of RPW is 
confirmed and also a buffer zone extending at least 10 km beyond the boundary of 
the infested zone. A strict vigil is to be maintained on the movement of palms and 
plant nurseries within the demarcated area. The demarcated area will be declared 
free from RPW if, during the three consecutive years, RPW has not been detected. 
Chouibani [11] further recommends that ornamental palm trees originating  
from recognized nurseries should be imported. Nurseries should be authorized, 
certified, mapped and regularly inspected by the NPPO of the exporting country.  
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established for mapping field data and analytics for better decision-making. 
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borders and proposed to identify the infested zone where the presence of RPW is 
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the infested zone. A strict vigil is to be maintained on the movement of palms and 
plant nurseries within the demarcated area. The demarcated area will be declared 
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Chouibani [11] further recommends that ornamental palm trees originating  
from recognized nurseries should be imported. Nurseries should be authorized, 
certified, mapped and regularly inspected by the NPPO of the exporting country.  
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As regards date palm, only those propagated in vitro in test tubes by laboratories that 
are officially certified to propagate such materials should be imported.

The RPW-IPM strategy at level-3 outlines the prospect of palm tolerance to RPW 
and encourages the use of biological control to combat the pest, besides emphasiz-
ing the importance of adopting good agronomic practices.

5.7 Palm resistance to RPW

In perineal crops, such as palms, farmers prefer to cultivate commercial 
cultivars that are well established and popular in the area/region. These cultivars/
varieties are often the most susceptible to RPW. Host plant resistance has not 
been fully studied and exploited with regard to RPW in spite of some preliminary 
research that has characterized palm cultivars in terms of tolerance/susceptibility 
to RPW [20, 85, 86]. The screening techniques to identify resistant RPW cultivars 
and parental material for use in breeding programmes need to be developed. The 
molecular markers-assisted breeding programme for the development of RPW 
resistant cultivars is another avenue that could be pursued. Advanced molecular 
techniques such as RNAi could hasten the utilization of host plant resistance 
against RPW [70].

5.8 Agro-techniques and RPW management

Palm density, irrigation methods and protection of tissue immediately after 
the frond and offshoot removal are probably the most important agro-techniques 
related to RPW management [87–89].

5.8.1 Palm density

Traditional date palm plantations have palms planted at a close spacing, often 
restricting sunlight penetration resulting in the build up of in-groove humidity 
conducive for the development of RPW [90]. Dense planting coupled with flood 
irrigation and inadequate drainage accelerates the build up of in-groove humidity. 
In this context, it is recommended to plant new plantations at the recommended 
spacing to allow sunlight penetration.

5.8.2 Impact of irrigation

In flood-irrigated palms, often, the water touches the trunk at the ground, which 
encourages adult weevils to oviposit in the collar region of such palms, resulting 
in new infestations. It is therefore recommended that drip irrigation systems be 
installed as a precaution for RPW control [87]. Care should be taken to see that 
palms receive adequate irrigation water as the scarcity of water may result in the 
incidence of the date palm stem borer Jebusaea hammerschmidti [91].

5.8.3 Protecting fresh wounds

Adult weevils are attracted to palm volatiles emitted from the fresh wounds of 
palm tissue after the frond and offshoot removal. This calls for the immediate treat-
ment of wounds on the palm to mask the emitting palm volatiles and avoid the gravid 
female weevil getting attracted to these sites for oviposition. As a precaution, these 
pruning activities could be carried out during winter when temperatures are low 
which adversely impacts the egg hatch and larval development [22]. No oviposition 
was observed for females kept below 15°C [92].
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5.9 Biological control

Biological control is an integral part of several sustainable IPM programmes the 
world over. Biocontrol could play a significant role in augmenting the existing pher-
omone-based RPW-IPM strategy. Conventional control measures against RPW such 
as mass pheromone trapping and chemical treatments for preventive and curative 
purposes have not given the desired level of control. A wide range of RPW natural 
enemies, viz. insects, bacteria, fungi, viruses, yeasts, entomopathogenic nematodes 
(EPN) and birds have been reported from several countries [26, 93]. Mazza et al. 
[94] enlisted more than 50 biological control agents against the Rhynchophorus 
group of weevils. Al-Deeb et al. [95] reported the presence of phoretic mites of 
the genera Uropoda, Uroobovella and Curculanoetus on RPW in UAE. Whether 
these mites cause a pathological effect on the weevil need to be investigated. In 
this respect, it has been found that an unidentified species of phoretic mite could 
cause high mortality among RPW pupae, as well as attenuation of adult weevils 
(El-Shafie, unpublished data) (Figure 7). Yasin et al. [96] reviewed the potential 
role of potential microbial agents in the control of RPW and concluded that strains 
of the fungi Beauveria bassiana and Metarhizium anisopliae, isolated from naturally 
infected RPW, could contribute to biological control of this pest. There are several 
publications to show the efficacy of entomopathogenic nematodes (EPN) and the 
entomopathogenic fungi (EPF) in the laboratory and semi-field assays [96–101].

Laboratory and semi-field cage studies showed the possibility of infecting RPW 
adults with B. bassiana using pheromone traps [100]. Reports from Spain suggest 
that the EPN, Steinernema sp. [99], and the EPF, B. bassiana [102], are promising 
in the field. The role of parasitic tachinid flies from South America against the 
Rhynchophorus group of weevils could also be another potential avenue to explore 
[103, 104]. The current RPW-IPM programme could be significantly strengthened 
if the known biological control agents could be delivered to the target site and also 
sustained in the field.

At level-4, the strategy mainly visualizes capacity building, robust extension 
programmes to sensitize all stakeholders and farmer participation in the control 
programme.

Figure 7. 
Unidentified phoretic mite on RPW adult (left) and pupa (right) (Photo: Hamadttu A. F. El-Shafie).
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5.10 Capacity building and extension programmes

Building the capacity of farmers, home owners and officials is an essential 
component of the RPW control programme [37]. Dissemination of the latest infor-
mation on RPW-IPM among all the stakeholders through the electronic and print 
media can go a long way in strengthening the area-wide RPW-IPM strategy.

5.11 Farmer participation in RPW control

In several countries, an extensive state support is provided while implementing 
the RPW-IPM programme, keeping the farmers’ involvement either bare minimum 
or almost nil [37]. This makes it very difficult for the authorities to implement the 
programme. Closed farms, for example, often develop as breeding sites for RPW, 
diluting the success achieved in controlling the pest in the vicinity of such planta-
tions/home grooves [27]. Farmers’ participation and cooperation are vital for any 
IPM programmes to succeed [105]. Abdedaiem et al. [106] emphasized the need to 
take up socio-economic studies for better understanding and improving the farmers’ 
involvement in the RPW control programme.

The spread of the pest in vast stretches of date plantations has resulted in 
outsourcing area-wide RPW-IPM programmes to private companies in some 
countries. This needs careful planning, implementation and supervision. Here, the 
lack of experienced staff to oversee operations in the field is a major constraint. 
Government authorities need to efficiently supervise, monitor and evaluate the 
control programme implemented by the private company, on a regular basis. Delay 
in providing necessary inputs (pheromones, insecticides, etc.) where the RPW 
control is entrusted to private agencies is another major concern. Often there is a 
delay in finalizing the tender/quotation for the subsequent period before the expiry 
of the on-going tender resulting in the stoppage of field operations. Any break in 
the control operations will result in the proliferation and spread of the pest.

6. Challenges of RPW management and future prospects

As a prelude to the scientific consultation and high level meeting on RPW 
management held in Rome during March 2017, FAO prepared a base document 
([1]; http://www.fao.org/3/a-ms664e.pdf) on the current situation of RPW in the 
NENA region where in the present management practices, challenges/weaknesses 
and available research and technologies for its improvement are outlined. There 
are several gaps and challenges in the core components of the current RPW-IPM 
strategy. The current RPW-IPM programmes based on pheromone trapping and 
other techniques have been implemented with limited success. Gaps and challenges 
in almost all the components of the strategy, particularly with regard to early detec-
tion of the pest, developing and implementing phytosanitary measures, limited 
efficacy of biological control agents in the field, lack of farmer participation in the 
programmes and scarcity of data on socio-economic issues among several other 
factors have made RPW control and eradication extremely difficult. On the positive 
side, the pest has been eradicated in the Canary Islands and is approaching eradica-
tion in Mauritania. Eradication has also been obtained in various oasis, but new 
introductions of infested palms have reversed the success achieved [2].

At level-1 of the strategy, the main challenge in early detection is to provide the 
farmer with a low cost and efficient detection device. There are several laboratories 
all over the world that have worked on advanced techniques such as detecting 
chemical signatures, acoustic detection, use of infrared cameras, thermal imaging, 
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satellite imaging/IoT, etc. [39–43]. Meanwhile, the visual inspection of palms to 
detect infested palms will continue to stay to detect RPW infested palms.

With regard to pheromone trapping, the need to regularly service the food-
baited traps to change the food bait, water and record weevil captures is cumber-
some and is the main constraint. Trap and bait-free trapping (attract and kill) and 
dry trapping (Electrap™) have addressed the challenge to some extent although 
data collection on weevil captures continues to be a gap that needs to be addressed. 
Ideally a dry trap that automatically records and transmits weevil capture data is a 
prospect for the future. Besides attract and kill, other semiochemical mediated con-
trol methods against RPW such as ‘push-pull’, involving the use of repellents and 
attractants [107], and ‘attract and infect’, involving the spread of biological control 
agents (EPFs) using pheromone traps [100], needs to be refined and worked upon.

As regards chemical treatments, there is an overdependence on the use of 
chemical insecticides for both preventive and curative treatments. Research on the 
efficacy of natural insecticides against RPW needs to be enhanced so that these 
can be encouraged and incorporated in the control strategy. It is observed that 
in well-managed plantations, the preventive insecticidal treatments on a regular 
calendar basis are not required. Furthermore, for curative treatments are pressure 
injectors really required? These are expensive and need to be operated under the 
supervision of trained personnel due to the possibility of rupturing the palm tissue 
leading to death of the palm if the pressure exceeds 2 bar. Instead the methodology 
for mechanical sanitization coupled with ‘drill and inject’ using the simple diffusion 
technique has to be standardized.

The removal and safe disposal of severely infested palms is also another huge 
challenge. In several countries, this aspect of the strategy is constrained by the use 
of costly shredding machines that need trained personnel to operate. Besides, there 
is a danger of the weevils escaping during transportation of the eradicated palm 
to the shredder outside the farm to the shredding site. In this context, Ferry [74] 
recommends the processing/destruction of severely infested palms right at the farm 
itself. The possibility of using small portable shredders needs to be looked into.

Area-wide RPW-IPM programmes generate a huge amount of data that needs to 
be collected, processed and analysed. Periodic validation/performance analysis of 
the control programme is vital to have a grip of the situation and use the resources 
judiciously and is an important challenge that has to be met. Any meaningful vali-
dation of the control programme calls for meticulous record keeping, particularly 
of the weevil captures in the traps and the number and location of palms infested, 
palms treated and removed (eradicated). Record keeping is to be facilitated by 
having field maps of the operational areas wherein the position of the traps and 
infested palms can be plotted. Numbering of each trap in the field is vital in addi-
tion to geo-referencing all the traps and infestations reported. In the absence of 
professional GIS specialists in the programme, spatial and temporal spread sheets 
can be prepared periodically by plotting on the maps (use different colours) for 
weevil captures in traps and infested palms detected. High weevil captures or 
removal of too many infested palms indicates that the strategy is not doing well and 
needs adjustments.

Systematic geographic information system (GIS)-linked data collection is indis-
pensable, e.g., by using a large number of mapped (traps and weevil catches), the 
temporal as well as geographical changes in pest distribution can be monitored and 
infested palms detected by various means can be localized [41]. The future prospect 
for data collection, compiling and analysing in area-wide RPW-IPM programmes 
would be to develop and validate mobile apps for smartphones to record geo-
referenced data at the field location on a standard form. Recently, FAO has initiated 
the process to validate the SusaHamra app to assist farmers in better monitoring and 
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detect infested palms will continue to stay to detect RPW infested palms.

With regard to pheromone trapping, the need to regularly service the food-
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supervision of trained personnel due to the possibility of rupturing the palm tissue 
leading to death of the palm if the pressure exceeds 2 bar. Instead the methodology 
for mechanical sanitization coupled with ‘drill and inject’ using the simple diffusion 
technique has to be standardized.

The removal and safe disposal of severely infested palms is also another huge 
challenge. In several countries, this aspect of the strategy is constrained by the use 
of costly shredding machines that need trained personnel to operate. Besides, there 
is a danger of the weevils escaping during transportation of the eradicated palm 
to the shredder outside the farm to the shredding site. In this context, Ferry [74] 
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managing the RPW. A global platform is being established for mapping field data 
and analytics for better decision-making.

At level-2 of the strategy, phytosanitation/quarantine is very important. The main 
gaps and challenges here are: (i) national/regional phytosanitary/quarantine regula-
tions against RPW are not adequately implemented; (ii) treatment protocols to treat 
palms prior to transportation and also after arrival at destination are not consistent; 
(iii) implementation of the regulations is weak due to insufficient staff that is often 
not trained; and (iv) certified planting material is difficult to get [2, 37]. Recently, 
Chouibani [11] has addressed these concerns in the FAO guidelines on RPW manage-
ment. Although chemical protocols available for quarantine purposes are available 
for date palm offshoots, the need to develop an effective treatment protocol to treat 
and sanitize large palms for ornamental gardening before transportation has to be 
addressed on priority. It is the responsibility of respective NPPOs to ensure imple-
mentation of the phytosanitary measures against RPW.

The lack of biological control agents against RPW that are field worthy is 
another major concern. Although there are known biological control agents for 
RPW, delivery to the target site inside the palm and sustainability of these agents 
needs to be addressed. Furthermore, the importance of adopting the best agro-
techniques related to palm density, frond and offshoot removal and irrigation 
practices is underestimated. There is scope to conduct research on these aspects to 
quantify the relationship between these factors and the incidence and severity of 
RPW. Host plant resistance against RPW is also not very well understood and offers 
a whole new area of exploration where the traditional plant breeding techniques 
coupled with advanced molecular based breeding techniques could be used to 
induce resistance against RPW in the popular palm cultivars. The entire genome of 
the date palm cultivar ‘Khalas’ has been sequenced [108, 109]. This could facilitate 
the integration of genetic engineering techniques into date palm breeding pro-
grammes that provide mechanisms to overcome the current constraints to conven-
tional breeding in date palm and help incorporate desirable traits of yield, quality 
and resistance to abiotic and biotic stresses in date palm [110].

In several countries, the RPW-IPM programme is implemented largely by the 
state where farmers’ participation is minimum or none. This impedes the per-
formance and success of the strategy. Mechanisms need to be devised to increase 
farmers’ participation in RPW-IPM programmes. In this context, Abdedaiem et al., 
[106] emphasized the need to take up socio-economic studies for enhancing farm-
ers’ involvement in the RPW control programme.

During the last few years, there are several publications that have generated data 
on the cutting-edge molecular aspects of RPW involving RNAi, gene expression, 
etc. [111–114]. Results of these studies need to be exploited in a way that the control 
strategy stands to benefit from such basic research.

Faleiro et al. [2] report that in recent years, a large number of new RPW-IPM 
tools (detectors, surveillance drones, pesticides, palm injectors, semiochemicals, 
biological control agents, palm shredders, microwave treatment devices, etc.) are 
available in the market. These IPM tools need proper testing and validation at the 
national and regional levels so that only field worthy technologies that are not costly 
and easy to use are made available to the farmers.

7. Conclusions

The red palm weevil remains to be the invasive key pest threatening palms 
survival around the world. International trading and transportation of infested 
planting material (palms) for plantations and landscape purposes are the main 
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introduction pathways into new non-invaded areas. Current management strategies 
against RPW depend on monitoring and mass trapping using pheromones, agro-
nomic and phytosanitary measures and to some extent biological control. Capacity 
building and quarantine measures are also among the RPW-IPM components. 
Despite major global efforts to combat the weevil, many gaps and challenges, in 
management strategies, need to be addressed. Such challenges include early detec-
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infested palms, overdependence on the use of insecticides and participation of 
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It can be concluded that managing RPW in the field is not an easy task but with 
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Abstract

Red palm weevil (RPW), Rhynchophorus ferrugineus (Olivier), is one of the most 
invasive pest species that poses a serious threat to date palm and coconut palm 
cultivation as well as the ornamental Canary Island palm. RPW causes massive 
economic losses in the date palm production sector worldwide. The most important 
challenge of RPW detection in the early stages of an infestation is the presence of a 
few externally visible signs. Infested palm shows visible signs when the infestation 
is more advanced; in this case, the rescuing of infested palms is more complicated. 
Early detection is a useful tool to eradicate and control RPW successfully. Until 
now, the early detection techniques of RPW rely mainly on visual inspection and 
pheromone trapping. Several methods to detect RPW infestation have recently 
emerged. These include remote sensing, highly sensitive microphones, thermal sen-
sors, drones, acoustic sensors, and sniffer dogs. The main objective of this chapter is 
to provide an overview of the modern methods for early detection of the RPW and 
discuss the most important RPW detection technologies that are field applicable.

Keywords: red palm weevil, date palm, early detection, remote sensing systems, 
acoustic sensors, ornamental palms

1. Introduction

Smart and precision agriculture are the most evolving trends in the modern agri-
culture industry. The electronic sensors can be embedded into the plants to obtain 
necessary data for aiding in decision-making to detect pest infestation or to improve 
crop quality. Concerning the date palm, there is an increasing demand to apply 
modern technology and smart agriculture for early detection of the RPW in the date 
palm plantations or other palms used for landscaping. RPW is the most dangerous 
pest for palms worldwide, which can cause irreversible damages, particularly at the 
late stage of infestation. Therefore, RPW, referred to as the palm cancer, is con-
sidered one of the most dangerous pests in the Mediterranean, Gulf Cooperation 
Council, part of Europe, and East Asia facing date and oil palm tree [1]. The most 
challenging problem in the control of RPW is the early detection of infestation, 
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which is difficult because symptoms caused by the weevil are only visible when an 
infestation is more advanced. The highly infested palms are often destroyed and 
removed [2]. For this purpose, there is a requirement to use advanced technology 
for the early detection of the RPW. Early detection is an effective solution to control 
and eradicate RPW successfully. So far, the RPW detection occurs depending on the 
visual inspection by laborers, which is entrusted by private or public organizations. 
The inspection by laborers is very costly for owners of private farms; it is likely not 
to be implemented due to the high cost [3]. Therefore, the frequent inspection has 
never been applied systematically and on a large scale, even when the inspections 
are compulsory [4]. Although, the early detection of the RPW presence could mean 
a significant economization in the capital, investment in the farms, and providing 
job opportunities for agricultural workers [2]. RPW early detection is a major chal-
lenge due to the cryptic nature of the weevil in most of its developmental stages. 
RPW larva is the most dangerous stage in the pest life due to the direct destruction 
it causes on the infested palms. Thus, most of the early detection methods con-
centrate on this stage of the RPW life cycle [2, 5], although the presence of RPW 
adults in the palm plantation is one of the most indicative proofs of the infestation. 
Governments have successfully and widely used pheromone traps as the primary 
protocol in the integrated management to control the RPW [6, 7]. For that, the 
aggregation pheromone traps of RPW were included in the integrated pest manage-
ment (IPM) as an essential technique to control RPW. There were unique develop-
ments in the trap designs, color, and trap density, besides the improvement of trap 
catching by the addition of kairomones in various forms. However, limited human 
resources and high transportation costs reduced the rate of monitoring and mass 
trapping of RPW adults [3]. Recently, there are strong ongoing efforts to develop 
a reliable and quick system for early detection of RPW using a combination of 
computer science, sensors, and modern electronic technologies. The most impor-
tant and promising technologies are X-ray [2, 8, 9], acoustic systems [5, 10–17], 
remote sensing systems [18–21], and radio telemetry [7]. To control the RPW, it is 
necessary to implement an innovative and practical early detection method leading 
to reduce the pest population as much as possible. This action is essential, as the 
early detection of infested date palm trees allows the owner of farms to sanitize or 
to eradicate them in the event of a severe infestation. The early detection followed 
immediately by the palm sanitization and eradication of infested palms’ parts 
allows to limit or prevent the RPW spread to the neighboring plantations, thus 
eliminating the RPW as quickly as possible [4]. The physical properties of different 
developmental stages of the weevil, such as sound, thermal and chemical emis-
sions, and images are used in the early detection technologies. The main objective 
of this chapter is to provide an overview and engineering information about the 
new trends in early detection of RPW and to discuss the basic principles of the most 
current and promising technologies for RPW detection.

2. Biology, ecology, and economic importance of RPW

The red palm weevil (RPW), Rhynchophorus ferrugineus (Olivier), is the most 
important invasive species in the genus Rhynchophorus that encompasses more 
than 10 species [22]. RPW is native to South and Southeast Asia, where it feeds on 
coconut, Cocos nucifera, as a key pest. During the past 30 years, the weevil invaded 
many countries around the world and is now found in 49 countries in Europe, 
Africa, Asia, and the American continent [23]. As far as the host range of RPW is 
concerned, 40 palm species are reported, including the date palm, Phoenix dacty-
lifera, and the Canary Islands palm, Phoenix canariensis (EPPO, 2020). Thus, the 
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international trade of palms for plantation and landscaping purposes had resulted 
in the vast spread of the weevil [24, 25]. The RPW has a complete metamorphosis 
development; it undergoes four stages, namely, egg, larva, pupa, and adult stages. 
The female may lay over 200 eggs in its lifetime. The eggs hatch in 2–6 days into 
larvae, which last 1–3 months undergoing as many as 8 or 16 larval instars. Fully 
grown larvae construct a cocoon from palm fibers and undergo pupation. The pupal 
stage lasts for 15–30 days, after which the adult emerges. The adult weevils can live 
for up to 3 months, depending on abiotic and biotic factors. Adult males can be 
distinguished from females by the presence of a tuff of bristles on the dorsal tip of 
the snout, which is not found in the female [24, 26]. RPW is a multivoltine species 
and has a high reproductive potential where many generations can be produced per 
year [26]. RPW infestation on date palms occurs on the trunk near the ground level 
as well as on young offshoots. Palms younger than 20 years are more susceptible 
to attack by RPW than older palms. Infestation on male palms occurs at the crown 
[24]. Symptoms of damage on date palms include oozing out of brown sticky fluid 
with fermented odor, drying of young offshoots, ejection of chewed palm tissues, 
and breakage of the trunk in advanced severe infestation (Figure 1).

On the other hand, infestation on Canary Island palm is exclusively at the crown 
level, and the symptoms of damage include the presence of holes on the fronds, 
asymmetrical growth of the crown, and eventual collapse of the palm in severe 
infestation [26]. No recent estimate of economic losses on palms in the world due 
to the invasive RPW is available. However, the severe killing of palms in invaded 
areas has been reported [24, 25, 27]. The ecological characteristics of high fecun-
dity, high adaptation to the environment, high mobility, and the international 
trade of infested planting material mediated the introduction and spread of RPW. 
The weevil is highly invasive and more difficult to control due to the cryptic and 
endophagous behavior of the immature stages and the partial cryptic behavior 
of the adult weevils [24]. The concealment of all developmental stages inside the 
palms makes early detection of the weevil at an early stage of infestation extremely 
difficult. Currently, the integrated management strategies adopted against RPW 
include early detection of infested palms, pheromone mass trapping, preventive 
and curative chemical treatment, removal of severely infested palms, and phytos-
anitary measures (Figure 2) [24]. Phytosanitary measures, public participation in 
control, and awareness campaigns reduce the probabilities of RPW infestation [28]. 
Any successful pest invasion passes through three important stages: introduction, 

Figure 1. 
Visual symptoms of red palm weevil damage on a young date palm.
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establishment, and spread. Quarantine regulations, invasion monitoring, and eradi-
cation are the main management strategies to prevent the establishment and spread 
of RPW. Eradication of an invasive species depends largely on correct identification 
and early detection before the species is fully established in the ecosystem.

3. Early detection technologies

Individual visual inspection of palms in public areas or commercial plantations 
is unfeasible, inaccurate, and highly laborious (Figure 3). The direct inspection 
may be impossible sometimes due to palm trees being not accessible or in cases 

Figure 2. 
Conventional pheromone-food-bait trap for detection and monitoring of adult red palm weevil.

Figure 3. 
Visual inspection and removal of date palm highly infested by the red palm weevil.
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where the infestations occur below the crown of palm trees. This condition requires 
general scale, areawide detection techniques. Below, we present recently developed 
detection methods and the ongoing efforts based on the promising technologies for 
the early detection of the RPW infestations in the palm trees. In particular, we focus 
here on the most promising technologies such as acoustic systems, remote sensing 
systems, and the X-ray.

3.1 Acoustic technology

Overview: The acoustic waves have longitudinal and transverse motion shapes 
in the solid and involve mechanical movements of molecules or atoms, unlike 
electromagnetic waves that have transverse waves motion in nature and involve 
the oscillation of magnetic and electric fields. Acoustic waves show numerous 
properties, including frequency, wavelength, amplitude, and period; through 
these properties, the sound can be distinguished. The acoustic waves are heard by 
the human ear as sound at a frequency ranging from 20 Hz to 20 kHz. They can be 
defined as longitudinal mechanical waves that occur by the pressure oscillation that 
moves through a gas, solid, or liquid in the pattern of a wave [29]. This definition 
is extended to the solids where the waves are described as infrasound, sound, or 
ultrasound based on whether the wave frequency is below, in the range, or higher 
than the audible limit. In widespread usage, the expression of acoustics refers to all 
mechanical wave types in gases, liquids, and solids. Ultrasonic is a sound wave that 
has a frequency higher than the human hearing range. Ultrasonic energy is pro-
duced by a longitudinal mechanical wave with a vibration frequency of over 20 kHz 
with one-dimensional propagation, as shown in Figure 1. The signal of acoustic 
occurs in the field from several sources such as the insect movements and chewing 
during its feeding, the turbulence of air and gases, flowing of fluids, the impact of 
solid, and plant movements due to the air. The acoustic waves are a natural phe-
nomenon; it may include just individual frequency as a pure steady-state sine wave 
(Figure 4) or contain multiple frequencies, such as the noise generated by several 
sound sources [30]. An acoustic sensor is an electronic tool that produces an output 
signal in response to a specific sound input. The output signal of the acoustic sensor 
is usually digital voltage pulse stream, electrical current or analog voltage, or an 
oscillated voltage with frequency suited with the input quantity value. The acoustic 
sensors are characterized in many various methods, such as sensitivity, accuracy, 
and selectivity. These characteristics determine the quality of the acoustic sensor 
in terms of the magnitude measuring of the output signal generated in response to 
a delivered magnitude input and the minimum limit of change in the input signal 
that measures and characterizes it. The development of integrated circuits (ICs) 
decreased the sensor and computing costs and produced economic systems sophis-
ticated to deal with signals from the different acoustic sensors [31]. The detection 

Figure 4. 
Sound spectrum.
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systems are based on acoustic sensors, due to the insect activities’ sound inside the 
tree, which can be heard by humans. Moreover, under reasonable noise levels, the 
sound frequency of the insects can be isolated from the background noise sound 
and regular environment acoustic. The current models of RPW detection princi-
pally insert the acoustic probe in the palm trunk to obtain RPW sound in real time. 
The variations among these models are essentially in signal processing procedures, 
but all involved systems demand field monitoring. Field location has various back-
ground noises; the acoustic inspections must be performed in a quiet background, 
typically early in the day to improve detectability. With this procedure adoption, 
acoustic technology has been successful in detecting RPW in field inspections in 
many countries [3, 15].

Application of acoustic technology: Acoustic technology has the potential to 
be used in RPW early detection. The most applicable methods of acoustic detection 
for RPW depend on identifying the gnawing sounds of RPW larvae, which occurs 
during their movement and chewing inside the infested palm trees. The sounds of 
the RPW and the sound emitted from the healthy palm trees and the other sound 
sources are usually difficult to separate. There are many efforts to solve this prob-
lem; for example, a research was conducted to develop signal processing software 
devices that identify signal features and selectively magnify insect-produced 
sounds that distinguish sounds produced by the target insect from those produced 
by other sources [14]. However, the workers must recognize where to insert probes 
of acoustic and must use complicated signal analyses to help identify RPW sounds 
from other noise of background and insects. The recent decrease in the costs of 
microcontroller systems and increases in computing power have produced great 
solutions in the application of acoustic technology for RPW early detection using 
the acoustic probes [3]. Therefore, a mathematical method was developed to auto-
matically detect the acoustic activity of RPW in palm offshoots and to implement it 
in a prototype setup. The algorithm successfully obtained detection rates as high as 
98.9%. The results show that it is possible to detect the larvae of RPW sounds using 
the mathematical method using commercial recording devices and speech recogni-
tion [32]. Rach et al. designed a bioacoustic sensor, which was placed in the palm 
tree. The designed sensor was ready to analyze the captured sound signal through 
long periods. The sound results were connected wirelessly to the control station for 
stored and finally processed. The prototype was programmed to send warning mes-
sages when the sound signal reached the predefined alarm thresholds. The advan-
tage of this prototype is to allow the supervisors to monitor the status of the palm 
trees orchards online with achieving detection rates over 90% [10]. A piezoelectric 
sensor was applied in the field to detect the sound of RPW larvae. The results were 
concluded that the detection using this sensor was efficient in detecting infested 
trees with the RPW with a sensitivity of 80% [33]. Mao et al. used an optical fiber 
distributed acoustic sensor as a solution to early detection of the RPW in the lab 
environment as a condition similar to the farms that include a palm tree infested 
with RPW. They recorded the sound of RPW through a loudspeaker set inside the 
palm trunk. For the noise sources, they used a fan to blow the air toward the palm 
tree and used a loudspeaker to make sounds of the birds around the palm tree. 
Under these laboratory conditions, they mentioned that the acoustic system could 
detect the sound of RPW at different positions along with the optical fiber [15]. The 
optical fiber distributed acoustic sensor has also been used in the Kingdom of Saudi 
Arabia (KSA) as an alternative technology for the early detection of RPW. The 
applied sensitive sensor exposes the feeding sound detection created by 12-day-old 
RPW larvae in the infested palm tree. In comparison with the commonly suggested 
technologies, this sensing system represents a noninvasive alternative, cost-
effective method that could provide monitoring for 1000 palms or even more in real 
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time, for the whole day [5]. The acoustic emissions created by the RPW inside the 
date palm were measured and recorded successfully. The time-frequency techniques 
were utilized to carry out the analysis procedure [34]. In another study, the acoustic 
system was used to detect the infestations of date palm trees by RPW. The system 
was evaluated in terms of its ability to detect the RPW in the early stage inside the 
tested palm tree. The technique of signal processing, known as the time-frequency 
analysis, was assessed in terms of the accuracy of the system in recognizing the 
RPW acoustic signature after the acoustic signal acquisitions were completed. The 
system experimented in the laboratory first then operated in the field on infested or 
suspected palm trees. The results showed that the acoustic monitoring procedure, 
besides the technique of signal processing, is very hopeful for the early detection 
of the RPW larva and the adult in the date palm trees [16]. A signal processing 
system was developed to detect the infestation of RPW based on the bioacoustic 
characteristics of their feeding sound. The developed system was investigated and 
had higher than 94% efficiency and can effectively detect the RPW feeding sound 
in a sound stream of 5 min. The results indicate the effectiveness of the developed 
system with the selected characteristics, functions of the window, and period of the 
frame to detect the RPW through the sound of its feeding [35]. In another study, the 
electronic device based on acoustic sensors was also developed for early detection of 
RPW larvae in the interior of the date palm trees. The developed device was based 
on specific frequencies rationally correlated to the larvae of RPW feeding activity. 
The finding concluded that it is possible to detect larvae activity (2-week old) by 
investigating the sound intensity of about 2250 Hz in the date palms infested (only 
with five individuals) under controlled environmental conditions. The other insect’s 
activity artificially located in the interior of date palms did not affect the device’s 
response [13]. The infested palms were detected using a developed acoustic system 
with accuracy over 97%. Four infested positions of palm trees (at the bases of the 
two lowermost leaves and at either side of the palm base) were recognized with 
high accuracy. The device contains a sensor to obtain the sounds of red palm weevil 
larvae, a set of headphones to receive the output sound by the user, and an elec-
tronic unit that processes the received sounds, and it can be installed on the palm 
[17]. A study was carried under the hypothesis that temporal features and charac-
teristic spectral features in sounds of RPW larvae can be mixed to create improved 
indicators for automated detection of date palm infestations. For this objective, a 
signal processing system was developed with the available acoustic technology to 
detect the presence of RPW larva in the palm tree through its sounds of feeding. 
The features were extracted, including alternative features such as temporal slope, 
spread, and roll-off. The results validate the effectiveness of the developed system 
to detect the existence of the RPW. The economic damage due to RPW in the date 
palm could be decreased significantly by the bioacoustic identification in an earlier 
stage of RPW infestation and by applying the suitable treatment [11].

3.2 Remote sensing system

Overview: The remote sensing system has been classified into five groups 
(Figure 5) based on remote sensors. Most of these sensors have been used for plant 
pest detection to provide information on the processes of physiological and plant 
chemical parameters under stress resulting from the pest infestation. The thermal 
remote sensing technology or thermography is a nondestructive method used to 
define the thermal characteristics of any object. The principle of thermography 
is dependent on converting invisible radiation patterns (infrared radiation) of 
any object into visible thermal images [18, 20]. All objects emit infrared radiation 
energy when it has a temperature above absolute zero. Consequently, irrespective 
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systems are based on acoustic sensors, due to the insect activities’ sound inside the 
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typically early in the day to improve detectability. With this procedure adoption, 
acoustic technology has been successful in detecting RPW in field inspections in 
many countries [3, 15].

Application of acoustic technology: Acoustic technology has the potential to 
be used in RPW early detection. The most applicable methods of acoustic detection 
for RPW depend on identifying the gnawing sounds of RPW larvae, which occurs 
during their movement and chewing inside the infested palm trees. The sounds of 
the RPW and the sound emitted from the healthy palm trees and the other sound 
sources are usually difficult to separate. There are many efforts to solve this prob-
lem; for example, a research was conducted to develop signal processing software 
devices that identify signal features and selectively magnify insect-produced 
sounds that distinguish sounds produced by the target insect from those produced 
by other sources [14]. However, the workers must recognize where to insert probes 
of acoustic and must use complicated signal analyses to help identify RPW sounds 
from other noise of background and insects. The recent decrease in the costs of 
microcontroller systems and increases in computing power have produced great 
solutions in the application of acoustic technology for RPW early detection using 
the acoustic probes [3]. Therefore, a mathematical method was developed to auto-
matically detect the acoustic activity of RPW in palm offshoots and to implement it 
in a prototype setup. The algorithm successfully obtained detection rates as high as 
98.9%. The results show that it is possible to detect the larvae of RPW sounds using 
the mathematical method using commercial recording devices and speech recogni-
tion [32]. Rach et al. designed a bioacoustic sensor, which was placed in the palm 
tree. The designed sensor was ready to analyze the captured sound signal through 
long periods. The sound results were connected wirelessly to the control station for 
stored and finally processed. The prototype was programmed to send warning mes-
sages when the sound signal reached the predefined alarm thresholds. The advan-
tage of this prototype is to allow the supervisors to monitor the status of the palm 
trees orchards online with achieving detection rates over 90% [10]. A piezoelectric 
sensor was applied in the field to detect the sound of RPW larvae. The results were 
concluded that the detection using this sensor was efficient in detecting infested 
trees with the RPW with a sensitivity of 80% [33]. Mao et al. used an optical fiber 
distributed acoustic sensor as a solution to early detection of the RPW in the lab 
environment as a condition similar to the farms that include a palm tree infested 
with RPW. They recorded the sound of RPW through a loudspeaker set inside the 
palm trunk. For the noise sources, they used a fan to blow the air toward the palm 
tree and used a loudspeaker to make sounds of the birds around the palm tree. 
Under these laboratory conditions, they mentioned that the acoustic system could 
detect the sound of RPW at different positions along with the optical fiber [15]. The 
optical fiber distributed acoustic sensor has also been used in the Kingdom of Saudi 
Arabia (KSA) as an alternative technology for the early detection of RPW. The 
applied sensitive sensor exposes the feeding sound detection created by 12-day-old 
RPW larvae in the infested palm tree. In comparison with the commonly suggested 
technologies, this sensing system represents a noninvasive alternative, cost-
effective method that could provide monitoring for 1000 palms or even more in real 
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time, for the whole day [5]. The acoustic emissions created by the RPW inside the 
date palm were measured and recorded successfully. The time-frequency techniques 
were utilized to carry out the analysis procedure [34]. In another study, the acoustic 
system was used to detect the infestations of date palm trees by RPW. The system 
was evaluated in terms of its ability to detect the RPW in the early stage inside the 
tested palm tree. The technique of signal processing, known as the time-frequency 
analysis, was assessed in terms of the accuracy of the system in recognizing the 
RPW acoustic signature after the acoustic signal acquisitions were completed. The 
system experimented in the laboratory first then operated in the field on infested or 
suspected palm trees. The results showed that the acoustic monitoring procedure, 
besides the technique of signal processing, is very hopeful for the early detection 
of the RPW larva and the adult in the date palm trees [16]. A signal processing 
system was developed to detect the infestation of RPW based on the bioacoustic 
characteristics of their feeding sound. The developed system was investigated and 
had higher than 94% efficiency and can effectively detect the RPW feeding sound 
in a sound stream of 5 min. The results indicate the effectiveness of the developed 
system with the selected characteristics, functions of the window, and period of the 
frame to detect the RPW through the sound of its feeding [35]. In another study, the 
electronic device based on acoustic sensors was also developed for early detection of 
RPW larvae in the interior of the date palm trees. The developed device was based 
on specific frequencies rationally correlated to the larvae of RPW feeding activity. 
The finding concluded that it is possible to detect larvae activity (2-week old) by 
investigating the sound intensity of about 2250 Hz in the date palms infested (only 
with five individuals) under controlled environmental conditions. The other insect’s 
activity artificially located in the interior of date palms did not affect the device’s 
response [13]. The infested palms were detected using a developed acoustic system 
with accuracy over 97%. Four infested positions of palm trees (at the bases of the 
two lowermost leaves and at either side of the palm base) were recognized with 
high accuracy. The device contains a sensor to obtain the sounds of red palm weevil 
larvae, a set of headphones to receive the output sound by the user, and an elec-
tronic unit that processes the received sounds, and it can be installed on the palm 
[17]. A study was carried under the hypothesis that temporal features and charac-
teristic spectral features in sounds of RPW larvae can be mixed to create improved 
indicators for automated detection of date palm infestations. For this objective, a 
signal processing system was developed with the available acoustic technology to 
detect the presence of RPW larva in the palm tree through its sounds of feeding. 
The features were extracted, including alternative features such as temporal slope, 
spread, and roll-off. The results validate the effectiveness of the developed system 
to detect the existence of the RPW. The economic damage due to RPW in the date 
palm could be decreased significantly by the bioacoustic identification in an earlier 
stage of RPW infestation and by applying the suitable treatment [11].

3.2 Remote sensing system

Overview: The remote sensing system has been classified into five groups 
(Figure 5) based on remote sensors. Most of these sensors have been used for plant 
pest detection to provide information on the processes of physiological and plant 
chemical parameters under stress resulting from the pest infestation. The thermal 
remote sensing technology or thermography is a nondestructive method used to 
define the thermal characteristics of any object. The principle of thermography 
is dependent on converting invisible radiation patterns (infrared radiation) of 
any object into visible thermal images [18, 20]. All objects emit infrared radiation 
energy when it has a temperature above absolute zero. Consequently, irrespective 
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of ambient light, the thermal cameras can detect all objects. The spectrum and the 
amount of thermal radiation depend directly on the object’s surface temperature, 
the possibility of the thermal imaging camera to detect the object temperature. The 
emissivity of the object also influences radiation, which limits the accuracy of the 
system. On the other hand, the radiation absorption by the atmosphere and the radi-
ation that originates from the surroundings can all affect the accuracy of the thermal 
imaging. In thermal remote sensing, the patterns of objects’ radiation are converted 
into visible images named thermal images. The thermal images can be obtained by 
connecting portable thermal sensors with optical systems mounted on an airplane or 
a satellite. The thermal imaging can be classified depending on the excitation of the 
samples as two types, namely: active thermography and passive thermography. In 
the active thermography, an external source is applied to excite the test sample, thus 
producing temperature variation among the non-defective and defective sections 
within the sample. The excitation can be achieved through mechanical-, optical-, 
electromagnetic-, heating-, and convection-based cooling or heating. In the passive 
thermography, the natural emission of infrared from the object is used to detect any 
differences in its structure. The temperature difference among the defective objects 
and their surroundings is used to detect it [36].

Application of remote sensing system and thermal imaging: Remote sensing 
system and thermal imaging applications are the most alternative approaches for 
RPW detection, monitoring the physiological changes happening in the palm tree 
due to RPW infestations [3, 18, 37]. Farquad proposed the use of thermal remote 
sensing technology (thermography) for RPW early detection in order to take 
remedial actions at the earliest possible stage for date palm loss reduction [20]. The 
thermal detection is applied based on two monitoring types: the first type occurs by 
monitoring the local temperature in the infested part, and the second type occurs 
by monitoring the water stress of the palm tree. The first type depends on monitor-
ing the local temperature in the palm tree caused by the intensive fermentation of 
plant tissues due to the feeding activity of the RPW larvae [38]. Unfortunately, this 
monitoring type is based on the change in the temperature that occurs only inside 
the palm or in the crown center. Due to the fermenting of the tissues in the heavy 
infestations. Due to the natural insulation is given by the palm’s tissue, the outside 
surface temperature equilibrates with the ambient temperature causing difficulty in 
monitoring the internal temperature changes. The internal temperature changes can 
only be monitored via temperature probes inserted into the palm in the infested 
part. The second type depends on monitoring the water stress of the palm tree due 
to injuries in the vascular system of the palm created by larvae tunneling in the 
palm tissue. The decrease in stomatal conductance of the palm tree increases in the 
temperature of the palm canopy that can be thermally detected. The temperature 
changes of the palm canopy were successfully used to detect the RPW infestation in 
the date palms through the thermal portion inspection of the reflected irradiation 
spectrum before any appearance of visible detected signs that resulted from RPW 
infestation. The thermal images of the palm canopy can be obtained remotely by 
aerial photography using airplanes or drones. Generally, advanced thermal 
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technology offers the potential to obtain spatial data to facilitate the mapping of the 
wide area at one aerial imaging operation for palm canopy temperatures. Thus, the 
palm map based on water stress distribution can be provided to recognize palm 
trees assumed of being infested [3, 39, 40]. Remote detection by thermal imaging 
based on the irradiation emitted from the thermal spectrum of the physiological 
changes in infested palms and palm tree canopy can produce great outcomes. The 
systems of thermal imaging and their application are considered within the 
promising technology on the RPW early detection. Therefore, the deployment of 
thermal image systems can obtain a good solution to RPW detection [36]. El-Faki 
et al. investigated thermal aspect potentials of date palm infested by RPW in early 
detection. The artificial infestation using males and females of RPW was done for 
date palm trunk. The effects of three infestations were examined during a 24-day 
period. The replicated measures analysis indicated that the temperatures of the 
healthy palms during two seasons were 31.83 and 27.56°C and the temperatures of 
infested palms through the two seasons were 33.22 and 30.08°C. While the corre-
sponding ambient temperatures were 31.83 and 28.03°C, respectively. They men-
tioned that the study provides important information for developing a system based 
on a real-time sensor for nondestructive early detection of RPW [38]. Bannari et al. 
conducted a study on palm trees using water stress indices to discriminate among 
different stages of RPW stress attacks. They assessed the different water stress 
indices using the technology of Worldview-3 data. Based on field identification, five 
palm tree categories were studied: healthy trees, infested with RPW (treated), 
infested with RPW (untreated), severely infested, and dead. Spectral determina-
tions were obtained for every sample using the analytical spectral devices. The 
results revealed that the water stress indices are sensitive to palm water agitation 
produced by RPW infestation. Based on their results, remote sensing using the 
Worldview-3 data is a promising alternative technology for RPW detection based 
on water stress indices [19]. Koubaa 2019 et al. developed a prototype-based smart 
palm tree monitoring that allows monitoring palm trees remotely using smart 
agriculture sensors and provides early detection of the RPW. This prototype enables 
the users to follow their palm farms for early detection of RPW infestations through 
interactions with date palm farms using mobile and web applications. They used the 
“Elm company IoT platform” to interface among the user layer and sensor layer. 
They have collected data utilizing sensors of accelerometer and applied the process-
ing of signal and statistical methods to analyze collected data and to determine the 
infestation fingerprint [37]. Ghulam Rasool et al. evaluated the efficacy of some 
noninvasive optical devices including a thermal camera, digital camera, resistto-
graph, Tree Radar Unit (TRU™), magnetic, near-infrared spectroscopy (NIR), and 
DNA biosensor to detect RPW infestation (under field conditions) in date palm 
trees in the Kingdom of Saudi Arabia. They mentioned that after the date palm trees 
were inspected with the different devices, each tree was dissected in detail to 
validate each device’s accuracy. The results found that the visual RPW detection 
approach presented the highest accuracy of 87%, followed by accuracies of 77, 73, 
73, 61, and 52% for devices of Radar 2000, Radar 900, resistograph, thermal 
camera, and digital camera, respectively. Absorption spectra produced during 
near-infrared for the samples of date palm tissue that were infested, wounded, and 
in control showed a difference in the corresponding peak gradient between 
1850 and 1950 nm. Another experiment by Ghulam Rasool et al. also determined 
the DNA biosensor efficiency for detecting RPW adults as 100%, followed by 83% 
for pupae, 63% for larvae, 60% for eggs, and 39% for control. Based on the tested 
device’s efficiency, the near-infrared spectroscopy (NIR) and resistograph have the 
best potential to detect the infestation by RPW in the date palm trees [41]. Massimo 
et al. also tested a similar noninvasive approach (thermal camera, digital camera, 
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of ambient light, the thermal cameras can detect all objects. The spectrum and the 
amount of thermal radiation depend directly on the object’s surface temperature, 
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ation that originates from the surroundings can all affect the accuracy of the thermal 
imaging. In thermal remote sensing, the patterns of objects’ radiation are converted 
into visible images named thermal images. The thermal images can be obtained by 
connecting portable thermal sensors with optical systems mounted on an airplane or 
a satellite. The thermal imaging can be classified depending on the excitation of the 
samples as two types, namely: active thermography and passive thermography. In 
the active thermography, an external source is applied to excite the test sample, thus 
producing temperature variation among the non-defective and defective sections 
within the sample. The excitation can be achieved through mechanical-, optical-, 
electromagnetic-, heating-, and convection-based cooling or heating. In the passive 
thermography, the natural emission of infrared from the object is used to detect any 
differences in its structure. The temperature difference among the defective objects 
and their surroundings is used to detect it [36].

Application of remote sensing system and thermal imaging: Remote sensing 
system and thermal imaging applications are the most alternative approaches for 
RPW detection, monitoring the physiological changes happening in the palm tree 
due to RPW infestations [3, 18, 37]. Farquad proposed the use of thermal remote 
sensing technology (thermography) for RPW early detection in order to take 
remedial actions at the earliest possible stage for date palm loss reduction [20]. The 
thermal detection is applied based on two monitoring types: the first type occurs by 
monitoring the local temperature in the infested part, and the second type occurs 
by monitoring the water stress of the palm tree. The first type depends on monitor-
ing the local temperature in the palm tree caused by the intensive fermentation of 
plant tissues due to the feeding activity of the RPW larvae [38]. Unfortunately, this 
monitoring type is based on the change in the temperature that occurs only inside 
the palm or in the crown center. Due to the fermenting of the tissues in the heavy 
infestations. Due to the natural insulation is given by the palm’s tissue, the outside 
surface temperature equilibrates with the ambient temperature causing difficulty in 
monitoring the internal temperature changes. The internal temperature changes can 
only be monitored via temperature probes inserted into the palm in the infested 
part. The second type depends on monitoring the water stress of the palm tree due 
to injuries in the vascular system of the palm created by larvae tunneling in the 
palm tissue. The decrease in stomatal conductance of the palm tree increases in the 
temperature of the palm canopy that can be thermally detected. The temperature 
changes of the palm canopy were successfully used to detect the RPW infestation in 
the date palms through the thermal portion inspection of the reflected irradiation 
spectrum before any appearance of visible detected signs that resulted from RPW 
infestation. The thermal images of the palm canopy can be obtained remotely by 
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technology offers the potential to obtain spatial data to facilitate the mapping of the 
wide area at one aerial imaging operation for palm canopy temperatures. Thus, the 
palm map based on water stress distribution can be provided to recognize palm 
trees assumed of being infested [3, 39, 40]. Remote detection by thermal imaging 
based on the irradiation emitted from the thermal spectrum of the physiological 
changes in infested palms and palm tree canopy can produce great outcomes. The 
systems of thermal imaging and their application are considered within the 
promising technology on the RPW early detection. Therefore, the deployment of 
thermal image systems can obtain a good solution to RPW detection [36]. El-Faki 
et al. investigated thermal aspect potentials of date palm infested by RPW in early 
detection. The artificial infestation using males and females of RPW was done for 
date palm trunk. The effects of three infestations were examined during a 24-day 
period. The replicated measures analysis indicated that the temperatures of the 
healthy palms during two seasons were 31.83 and 27.56°C and the temperatures of 
infested palms through the two seasons were 33.22 and 30.08°C. While the corre-
sponding ambient temperatures were 31.83 and 28.03°C, respectively. They men-
tioned that the study provides important information for developing a system based 
on a real-time sensor for nondestructive early detection of RPW [38]. Bannari et al. 
conducted a study on palm trees using water stress indices to discriminate among 
different stages of RPW stress attacks. They assessed the different water stress 
indices using the technology of Worldview-3 data. Based on field identification, five 
palm tree categories were studied: healthy trees, infested with RPW (treated), 
infested with RPW (untreated), severely infested, and dead. Spectral determina-
tions were obtained for every sample using the analytical spectral devices. The 
results revealed that the water stress indices are sensitive to palm water agitation 
produced by RPW infestation. Based on their results, remote sensing using the 
Worldview-3 data is a promising alternative technology for RPW detection based 
on water stress indices [19]. Koubaa 2019 et al. developed a prototype-based smart 
palm tree monitoring that allows monitoring palm trees remotely using smart 
agriculture sensors and provides early detection of the RPW. This prototype enables 
the users to follow their palm farms for early detection of RPW infestations through 
interactions with date palm farms using mobile and web applications. They used the 
“Elm company IoT platform” to interface among the user layer and sensor layer. 
They have collected data utilizing sensors of accelerometer and applied the process-
ing of signal and statistical methods to analyze collected data and to determine the 
infestation fingerprint [37]. Ghulam Rasool et al. evaluated the efficacy of some 
noninvasive optical devices including a thermal camera, digital camera, resistto-
graph, Tree Radar Unit (TRU™), magnetic, near-infrared spectroscopy (NIR), and 
DNA biosensor to detect RPW infestation (under field conditions) in date palm 
trees in the Kingdom of Saudi Arabia. They mentioned that after the date palm trees 
were inspected with the different devices, each tree was dissected in detail to 
validate each device’s accuracy. The results found that the visual RPW detection 
approach presented the highest accuracy of 87%, followed by accuracies of 77, 73, 
73, 61, and 52% for devices of Radar 2000, Radar 900, resistograph, thermal 
camera, and digital camera, respectively. Absorption spectra produced during 
near-infrared for the samples of date palm tissue that were infested, wounded, and 
in control showed a difference in the corresponding peak gradient between 
1850 and 1950 nm. Another experiment by Ghulam Rasool et al. also determined 
the DNA biosensor efficiency for detecting RPW adults as 100%, followed by 83% 
for pupae, 63% for larvae, 60% for eggs, and 39% for control. Based on the tested 
device’s efficiency, the near-infrared spectroscopy (NIR) and resistograph have the 
best potential to detect the infestation by RPW in the date palm trees [41]. Massimo 
et al. also tested a similar noninvasive approach (thermal camera, digital camera, 
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Tree Radar Unit TRU™, a densitometer, and a penetrometer) to detect RPW in Italy 
and KSA. In Italy, the thermal camera showed a high accuracy of 96.29% and the 
digital camera showed an accuracy of 92.6% compared to close visual inspection. 
Tree Radar Unit and densitometer additionally showed great accuracy of 83.33 and 
88.9%, respectively. In the Kingdom of Saudi Arabia, the thermal camera showed an 
accuracy of 77.7% compared to invasive determination. While the digital camera 
revealed a lower accuracy of 66.7%. TRU™ also provided an accuracy of 74.7% 
compared to invasive diagnosis. The satisfying conclusions taken using the applica-
tion of remote sensing are good as a starting point to develop an integrated protocol 
for the early detection of RPW and control strategies [40]. A study was conducted 
to analyze the fitness of “8-band WorldView-2 satellite imagery” for detecting the 
tree infested by bark beetle at two intensity stages of dead and green attack versus 
the healthy trees. The results showed that “WorldView-2 satellite” information 
might be helpful for large-scale applications aiming at early detection of bark beetle 
infestation with the remote sensing data. Despite this, the information seemed 
uncertain to identify each tree at the green attack of the infestation stage, but this 
information can be used for the remotely sensed maps of bark beetle infestation, 
which can be used also positively as a contributor to the bark beetle modeling 
community. The remotely sensed maps can be used also as an alternative application 
to cost-intensive record data for GIS modeling approaches [42].

3.3 X-ray

Overview: X-rays are forms of electromagnetic radiation (similar to visible 
lights), as shown in Figure 6, but unlike the visible light, X-rays have higher energy 
and can pass through most materials and objects including the material to be tested 
due to its high frequency (1018 Hz) and low wavelength (10−10 m). X-rays are used in 
a quick nondestructive test that produces images of the different objects and struc-
tures inside the material. The beams of X-ray pass through the material, and they are 
absorbed in different amounts in the materials they pass through depending on the 
density of each material. Whenever the material is dense, it appears as white color, 
while the fatty objects appear as gray shades, and the empty spaces show up as black. 
X-rays are used to create images of objects, hole space, and tissues in the trunk of 
palm trees. When X-rays pass through the material, it will also pass through a detec-
tor of the X-ray on the other side, creating an image based on the shadows, which are 
formed by the objects, tissues, and empty spaces inside the material. In agricultural 
applications, types of detectors of X-rays that produce digital images are used. The 
digital X-ray image produced from this case is defined as “radiograph” [43].

Application of X-rays: To detect the RPW using a radiograph, two X-rays parts 
(X-ray source and X-ray detector) are placed around the trunk of the palm tree (in 
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a completely facing) so that the part of the tree to be imaged is located between 
the source and detector of X-rays. The X-rays will move through the trunk tissues, 
tunnels (made by insects), and the RPW body (larvae, pupae, or adult stages). 
Depending on the radiological density of each tissue, the X-rays pass through it; 
the X-ray will be absorbed in various amounts. Both the atomic number (proton’s 
number in the nucleus of atoms) and the material density to be imaged limit 
the radiological density. The objects, such as the RPW, contain protein and fatty 
substances in all stages, which have a higher atomic number than the trunk’s tissues. 
Therefore, the RPW’s body will absorb X-rays and produce more contrast than any 
tissue on the X-ray detector; thus, the adult, pupae, or larvae of RPW will appear 
whiter than all other tissues on the radiograph detector.

On the other hand, when the X-rays move quickly through less radiologically in 
the material, such as the wood materials and trunk tissue, the material is displayed 
in shades of dark gray on the radiograph. On the contrary, when the X-rays pass 
through empty holes and tunnels resulted from the insects, the X-rays do not absorb 
it, and these holes will be displayed in black color on the radiograph. Alghamdi 
mentioned that using X-ray imaging systems can present direct and easy results 
with some modifications where the sensitivity is very low for light elements [44]. 
Ma et al. carried out a simulation using X-rays CT applied for small size RPW detec-
tion with the Monte Carlo method; the simulation demonstrated that the cone-
beam CT reconstruction from the projections’ finite number might be sufficient for 
the RPW detection. They determined that the technique is applicable in the farms 
with a simple modification of the available X-ray apparatus [2]. Haff and Slaughter 
constructed a high-resolution X-ray imaging system using a low-energy X-ray image 
intensifier, CCD camera connected with a PC, and a high-resolution real-time 
X-ray (low-energy and high-current X-ray source) to detect the granary weevil in 
the wheat kernels. The field of view was 6 cm2, which is enough to inspect approxi-
mately 350 grains in a single frame with exposure time of 149 ms. The percentage of 
images correctly classified averaged 90.2% for the film observations compared to 
84.4% for the real-time system [9].

4. Conclusion

Red palm weevil (RPW) causes massive economic losses in the date palm 
production sector as well as ornamental palms used in landscape worldwide. The 
most important challenges of RPW detection in the early stages are the presence of 
a few externally visible signs upon which detection can be based. Early detection 
is essential to initiate a rapid response to the eradication and effective treatment of 
RPW. The most effective techniques currently used for early detection of the RPW 
rely mainly on visual inspection and pheromone trapping. Dependence on the tra-
ditional method of visual inspection of palm trees to detect the RPW and other pest 
infestations is both time consuming and laborious. Additionally, visual inspection 
is only effective in a more advanced stage of infestation. Recently, the emphasis has 
been on using the modern technologies and development of systems and devices for 
early detection of the infestations in palm trees, especially the infestation by RPW. 
The most important applications of experimented technology were X-rays, remote 
sensing systems, acoustic sensors and software, bioacoustic applications, thermal 
image, X-rays, CT, etc. Modern alternative techniques have been undertaken for the 
early detection of the RPW infestations to reduce the dependence on visual inspec-
tion, which is expensive and requires highly trained labor. Most modern detection 
methods have their strength and weaknesses. However, an effective, applicable, and 
direct method for early detection of RPW, at all life stages inside the palm trees, 
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Tree Radar Unit TRU™, a densitometer, and a penetrometer) to detect RPW in Italy 
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3.3 X-ray
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due to its high frequency (1018 Hz) and low wavelength (10−10 m). X-rays are used in 
a quick nondestructive test that produces images of the different objects and struc-
tures inside the material. The beams of X-ray pass through the material, and they are 
absorbed in different amounts in the materials they pass through depending on the 
density of each material. Whenever the material is dense, it appears as white color, 
while the fatty objects appear as gray shades, and the empty spaces show up as black. 
X-rays are used to create images of objects, hole space, and tissues in the trunk of 
palm trees. When X-rays pass through the material, it will also pass through a detec-
tor of the X-ray on the other side, creating an image based on the shadows, which are 
formed by the objects, tissues, and empty spaces inside the material. In agricultural 
applications, types of detectors of X-rays that produce digital images are used. The 
digital X-ray image produced from this case is defined as “radiograph” [43].

Application of X-rays: To detect the RPW using a radiograph, two X-rays parts 
(X-ray source and X-ray detector) are placed around the trunk of the palm tree (in 
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a completely facing) so that the part of the tree to be imaged is located between 
the source and detector of X-rays. The X-rays will move through the trunk tissues, 
tunnels (made by insects), and the RPW body (larvae, pupae, or adult stages). 
Depending on the radiological density of each tissue, the X-rays pass through it; 
the X-ray will be absorbed in various amounts. Both the atomic number (proton’s 
number in the nucleus of atoms) and the material density to be imaged limit 
the radiological density. The objects, such as the RPW, contain protein and fatty 
substances in all stages, which have a higher atomic number than the trunk’s tissues. 
Therefore, the RPW’s body will absorb X-rays and produce more contrast than any 
tissue on the X-ray detector; thus, the adult, pupae, or larvae of RPW will appear 
whiter than all other tissues on the radiograph detector.

On the other hand, when the X-rays move quickly through less radiologically in 
the material, such as the wood materials and trunk tissue, the material is displayed 
in shades of dark gray on the radiograph. On the contrary, when the X-rays pass 
through empty holes and tunnels resulted from the insects, the X-rays do not absorb 
it, and these holes will be displayed in black color on the radiograph. Alghamdi 
mentioned that using X-ray imaging systems can present direct and easy results 
with some modifications where the sensitivity is very low for light elements [44]. 
Ma et al. carried out a simulation using X-rays CT applied for small size RPW detec-
tion with the Monte Carlo method; the simulation demonstrated that the cone-
beam CT reconstruction from the projections’ finite number might be sufficient for 
the RPW detection. They determined that the technique is applicable in the farms 
with a simple modification of the available X-ray apparatus [2]. Haff and Slaughter 
constructed a high-resolution X-ray imaging system using a low-energy X-ray image 
intensifier, CCD camera connected with a PC, and a high-resolution real-time 
X-ray (low-energy and high-current X-ray source) to detect the granary weevil in 
the wheat kernels. The field of view was 6 cm2, which is enough to inspect approxi-
mately 350 grains in a single frame with exposure time of 149 ms. The percentage of 
images correctly classified averaged 90.2% for the film observations compared to 
84.4% for the real-time system [9].

4. Conclusion

Red palm weevil (RPW) causes massive economic losses in the date palm 
production sector as well as ornamental palms used in landscape worldwide. The 
most important challenges of RPW detection in the early stages are the presence of 
a few externally visible signs upon which detection can be based. Early detection 
is essential to initiate a rapid response to the eradication and effective treatment of 
RPW. The most effective techniques currently used for early detection of the RPW 
rely mainly on visual inspection and pheromone trapping. Dependence on the tra-
ditional method of visual inspection of palm trees to detect the RPW and other pest 
infestations is both time consuming and laborious. Additionally, visual inspection 
is only effective in a more advanced stage of infestation. Recently, the emphasis has 
been on using the modern technologies and development of systems and devices for 
early detection of the infestations in palm trees, especially the infestation by RPW. 
The most important applications of experimented technology were X-rays, remote 
sensing systems, acoustic sensors and software, bioacoustic applications, thermal 
image, X-rays, CT, etc. Modern alternative techniques have been undertaken for the 
early detection of the RPW infestations to reduce the dependence on visual inspec-
tion, which is expensive and requires highly trained labor. Most modern detection 
methods have their strength and weaknesses. However, an effective, applicable, and 
direct method for early detection of RPW, at all life stages inside the palm trees, 
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remains to be developed. Therefore, to increase the overall reliability and efficiency 
of early detection, there is a need for further research and experiments to develop 
and produce reliable, easy-to-handle, and cost-effective portable detection systems 
for RPW early detection. Based on the findings of previous studies, we particularly 
mention promising technologies such as acoustic and remote sensing systems, 
thermal imaging, and the X-rays.
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Abstract

Invasive alien species (IAS) is an exotic species that becomes established in 
natural or seminatural ecosystems or habitats. It is an agent of change and threatens 
native biological diversity. Invasive insects in India have been a major threat to 
household commodities, human health, agricultural produce and environment. 
India is highly diversified in its weather and climate, which supports the establish-
ment of various introduced insects from other parts of the world. Furthermore, 
globalisation has facilitated numerous introductions of invasive insect pests. 
There have been 23 invasive alien insects reported from India to date. This chapter 
exclusively deals with the characteristics of insects that make them invasive, the 
common pathways of entry of the invasive insects, the steps through which the 
introduced insect has established itself in the foreign land and finally the ways to 
manage them.

Keywords: India, invasive, insects, biological control

1. Introduction

India is the seventh largest country in the world with a total area expanse 
of 3.2 million square kilometres (appox.) [1]. It measures 3214 km from north 
to south and 2933 km from east to west. India is the largest peninsula, whose 
three parts are covered with water, viz. the Arabian Sea in the west, the Bay of 
Bengal in the east and the Indian Ocean at the south. India, being such a huge 
landscape, bears various climatic conditions, soils and vegetations all around 
the country. This makes India one of the richest diversities in the world. The 
country has 15 agro-climatic zones comprising of mountains, plateaus, deserts, 
river, lakes, oceans and grasslands [2]. Apart from that 21.54% of the total area 
is covered by dense forests [3]. Hence, the complex topography, diversified 
climate and vegetation make India one of the favourite venues for alien species 
invasion. Furthermore, India being one of the fastest-growing economies has 
contributed an export of $330.07 billion in 2014 to as many as 190 countries 
in the world. On the other hand, the import statistics reveal an importation of 
$462.9 billion from around 140 countries around the world. This excessive trade 
among nations has made India an opportunistic target for the entry of the alien 
species [4].

Biological invasion can be well regarded as a biological pollution which causes 
maximum losses to the biodiversity [5]. Invasive species are threats to agricultural 
biodiversity as well as human and animal health. These species are non-native 
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or exotic species which have great power of dispersal and adaptation. They are 
introduced unintentionally into a new area where they get a favourable climate 
increase in number and establish. Furthermore, the new area will be devoid of its 
natural enemy which unleashes the invasive species’ growth without any limita-
tion. According to the International Union for Conservation of Nature (IUCN), 
an invasive alien species (IAS) is an exotic species which becomes established in 
natural or seminatural ecosystems or habitats, is an agent of change and threatens 
native biological diversity. India has harboured a total of 173 invasive species 
including 47 invasive species of agricultural ecosystem, out of which 23 are 
insects [6].

2. Pathways of invasion

Pathways are the predicted routes helping the invasive species in transit to 
new environments. There is a long history regarding the classification of these 
pathways. The most common pathways include the sea, land or air. There have been 
several examples of entry of various species through these pathways into India. For 
example, cashew which is considered as one of the most important cash crops of 
India was introduced in the sixteenth century by the early Portuguese purposefully 
realising its importance, through their sea voyages [7]. Today, due to globalisation, 
the frequency of invasion and its consequences has increased exponentially. Some 
of the species were knowingly transported to a new ecosystem, while some are a 
matter of ignorance.

i. Introduced as contaminants. The trade of logs is considered to be one of the 
most profitable businesses. It provides a huge foreign exchange, but it comes 
with the consequence of introduction of alien species also. Being stored in 
godowns for a long period without any treatment makes these logs store 
house of many insects and pathogens. The importation of these logs also 
transmits their residing alien species [8].

There has been an importation of various food products and seeds to India 
from foreign countries. In the past when there was a lenient legal restriction for 
importation of food products, an admixture of contaminants in the food lot have 
been proven to be detrimental to the importing country. For example, the importa-
tion of food grains from the USA under the US PL 480 scheme (a food assistance 
programme of the US government to India) also brought Parthenium hysterophorus 
along with it [9].

ii. Living industry pathway. Living industry implies the trade of living 
organisms including landscaping or horticultural crops, agriculture, 
aquaculture/aquarium, pet trade and live seafood trade. There is every 
possibility that these living entities escort their respective pests while 
being exported. For example, Apple woolly aphids have been predicted to 
enter India through the importation of apple rootstock from England [10].

iii. Transportation related. India being rich in its cultural heritage attracts 
numerous tourists every year. The foreign tourist arrival rate has increased 
from 2.54 million per annum in 2001 to 10.56 million per annum in 2018 
[11]. The increase in number of tourists has increased the chances of inva-
sion by the following ways:
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• Accidental introduction of insects or other organisms [12]

• Unintentional transit of alien species from one place to another

• Cargo shipments by air, land and water [13, 14]

• Food trade [15, 16]

• Infested fruits or vegetables carried by tourists [17]

There has been enhanced domestic conveyance with enriched networks of 
railways, highways, airways and harbours which further facilitate the easy spread 
of the introduced insects all over the country mostly by unintentional transit along 
with passengers.

3. Characteristics of an invasive species

• Very resilient

• Short life cycle

• Broad host range

• High dispersal ability

• Ability to withstand many environmental conditions

• High fecundity

• Voracious feeders

• Benefits from mutualist interaction

4. Steps in invasion

The process of invasion of an alien species follows certain sequential steps, viz. 
introduction, establishment, spread and naturalisation [18].

i. Introduction. In order to become a habitant of a new locality, beyond 
the natural ranges, the insect must have to first move or get itself moved 
from its current habitat. This movement of the insect is called as passive 
transport which is brought about by vectors. The most common vectors 
nowadays are humans or human consignments. Passive transports of 
these invasive species are very common and are difficult to control. Even 
after strong quarantine inspections, it is difficult to detect the cryptic 
early stages of the insect which might be transported through the tour-
ists. The transportation of a single gravid female insect also has the 
ability to create havoc in the introduced environment since it is a prolific 
breeder and lacks its natural enemy. One of the most common examples 
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of passive transportation of insect is the occurrence of timber beetles 
(Cerambycidae) in Antarctica which is predicted to be introduced through 
transported logs to one of the base camps [19].

Sometimes insects themselves have an inherent capacity of migration to long 
distances. Hence any deviations from the favourable condition make them migrate 
from that place. Fall armyworm, Spodoptera frugiperda, is one of the recent inva-
sive insect pests in India. They are excellent fliers [20, 21] and can fly almost 100 
kilometres in certain hours; hence they are believed to have fled from Africa to the 
Indian subcontinent, but still the mode of arrival of the invasive pest is uncertain. 
Another example is the Monarch butterfly, Danaus plexippus (Nymphalidae), native 
to North America which has been found migrating to Australia in the early nine-
teenth century [22].

ii. Establishment. Short colonisation is very common, but the insect cannot 
be regarded as an invasive one unless it has established itself in the new 
environment which is possible only when the invaded insect overcomes 
the environmental barriers. Unlike local colonisation, establishment of an 
invasive species is dependent on the amount of propagule introduced. It 
is believed that the establishment is promoted by disturbances conducted 
at the receiving environment. Disturbance promotes establishment either 
because native species are poorly adapted to the frequency, intensity or 
timing of human-mediated disturbances or because IAS are often adapted 
to disturbance and thus predisposed for colonisation in such environments 
[23]. Insects are more prone to invasiveness due to increased resource avail-
ability and decreased biotic resistance.

Global warming is another cause of rapid invasiveness of the insects. Global 
warming has modified the resource availability and habitat suitability, thereby 
deteriorating biological regime of the native insects, hence favouring the establish-
ment of the alien insects [24]. However some of the regions might be least affected 
by climate change as far as the invasiveness is concerned, whereas climate change 
always affects negatively the native species [25].

iii. Spread. Spreading is the process where the initially established species spreads 
to other areas. Spreading is guided by environmental factors such as weather 
conditions, microclimate and habitat quality [26]. The community context of 
spreading includes interspecific competition and predators also. The decision 
for spreading in an individual insect is also brought about either by its behav-
ioural responses (aggressiveness or sociality of the insect) or morphological 
responses (wing development as in the case of aphids). Apart from that the 
established insect can also spread through human-mediated transportation. 
The latter conserves energy for the invasive insect since the human-mediated 
transports are quick but the success rate of the spread is highly dependent on 
the habitat permeability of the habitat to which the lien insect spread [27].

5. Current status of invasive insects in India

There are 173 invasive species introduced to India including 54 terrestrial plants, 
56 aquatic organisms, 47 organisms having agricultural importance and 14 organ-
isms of island ecosystem. On the other hand, there are 23 insect pests introduced to 
India (Table 1) [6].
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of passive transportation of insect is the occurrence of timber beetles 
(Cerambycidae) in Antarctica which is predicted to be introduced through 
transported logs to one of the base camps [19].

Sometimes insects themselves have an inherent capacity of migration to long 
distances. Hence any deviations from the favourable condition make them migrate 
from that place. Fall armyworm, Spodoptera frugiperda, is one of the recent inva-
sive insect pests in India. They are excellent fliers [20, 21] and can fly almost 100 
kilometres in certain hours; hence they are believed to have fled from Africa to the 
Indian subcontinent, but still the mode of arrival of the invasive pest is uncertain. 
Another example is the Monarch butterfly, Danaus plexippus (Nymphalidae), native 
to North America which has been found migrating to Australia in the early nine-
teenth century [22].

ii. Establishment. Short colonisation is very common, but the insect cannot 
be regarded as an invasive one unless it has established itself in the new 
environment which is possible only when the invaded insect overcomes 
the environmental barriers. Unlike local colonisation, establishment of an 
invasive species is dependent on the amount of propagule introduced. It 
is believed that the establishment is promoted by disturbances conducted 
at the receiving environment. Disturbance promotes establishment either 
because native species are poorly adapted to the frequency, intensity or 
timing of human-mediated disturbances or because IAS are often adapted 
to disturbance and thus predisposed for colonisation in such environments 
[23]. Insects are more prone to invasiveness due to increased resource avail-
ability and decreased biotic resistance.

Global warming is another cause of rapid invasiveness of the insects. Global 
warming has modified the resource availability and habitat suitability, thereby 
deteriorating biological regime of the native insects, hence favouring the establish-
ment of the alien insects [24]. However some of the regions might be least affected 
by climate change as far as the invasiveness is concerned, whereas climate change 
always affects negatively the native species [25].

iii. Spread. Spreading is the process where the initially established species spreads 
to other areas. Spreading is guided by environmental factors such as weather 
conditions, microclimate and habitat quality [26]. The community context of 
spreading includes interspecific competition and predators also. The decision 
for spreading in an individual insect is also brought about either by its behav-
ioural responses (aggressiveness or sociality of the insect) or morphological 
responses (wing development as in the case of aphids). Apart from that the 
established insect can also spread through human-mediated transportation. 
The latter conserves energy for the invasive insect since the human-mediated 
transports are quick but the success rate of the spread is highly dependent on 
the habitat permeability of the habitat to which the lien insect spread [27].

5. Current status of invasive insects in India

There are 173 invasive species introduced to India including 54 terrestrial plants, 
56 aquatic organisms, 47 organisms having agricultural importance and 14 organ-
isms of island ecosystem. On the other hand, there are 23 insect pests introduced to 
India (Table 1) [6].
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6. Management of invasive insects

The process of management of invasive insects (Figure 1) includes management 
at three different levels of invasion of pest:

a. When the pest has not been introduced: Preventive measures are taken to avoid 
the entry of the invasive insect, viz. pest risk analysis (PRA), quarantine and 
monitoring. This is the best way in managing the invasive species.

b. When the species is introduced but is not spread to nearby areas: 
Postquarantine measures are taken in such cases such as rejection of the 
consignment from which the pest has introduced and eradication by means of 
fumigation of the consignment lot.

c. When the introduced insect has established itself: Various curative measures 
such as cultural, biological and chemical means of management are adopted.

The Indian government has framed certain laws to cope with the invasive spe-
cies. The formulation of laws to prevent the entry of invasive species ages back to 
1914 when the Destructive Insects and Pests Act 1914 was framed [45]. With the 
elapse of time, these laws were modified from time to time. Presently, the primary 
plant quarantine concerns of India are dealt by the Plant Quarantine Order 2003. 
The Plant Quarantine Order 2003 includes new import policies with required statu-
tory measures which aim to restrict the import of infested plants or plant products. 
The order advocates a prior PRA to estimate the phytosanitary measures required to 
protect plant resources against the invasive pest [46].

Plant quarantine facilities include:

• An integrated information management system

• An integrated pest risk analysis system and a national pest risk analysis unit for 
conducting an integrated pest surveillance

• An integrated phytosanitary border control system

• A national phytosanitary database

• A national management centre for phytosanitary certification to continuously 
review the national standards for export phytosanitary certification

Figure 1. 
Management of invasive insects.
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i. Monitoring. There is a total of 71 plant quarantine stations across major and 
minor ports (34 seaports, 12 airports, 14 land frontiers and 11 foreign post 
offices) in India [47] which deals exclusively on restricting the import of any 
foreign contaminants. One of the major approaches for managing the inva-
sive insects is its early detection. But the problem lies with the exact identi-
fication of the insect (to species level). Identification of the species requires 
expertise in insect taxonomy which is a limiting constraint in India [48]. 
Hence the government of India has established molecular diagnostic facilities 
across the quarantine station for easy and rapid detection of invasive insects 
[49]. Apart from molecular techniques, monitoring is also done by the use of 
chemical pheromones (sex pheromones and attractants) or by physical with 
the help of yellow sticky traps, light traps, etc.

ii. Biological. The boom reproduction of invasive insects in a new environment 
is because of non-availability of their natural enemy and unlimited food 
supply [50]. Biological control is an ancient practice to control introduced 
pests, which deals with a timely introduction (classical biological control), 
augmentation (mass release of native or exotic natural enemies) and conser-
vation (habitat management) of natural enemy (predators and parasitoids) 
from their (invasive insect’s) native places in hope that they may reduce the 
invasive pest population to non-harming levels [51]. There are many exam-
ples of biological control which are listed above (Table 1). Biological control 
is sufficient to control the alarming invasiveness if once the natural enemy is 
established, has long-term effects and is cost-effective too [52]. Sometimes 
the biological control comes with a consequence which should be pre-anal-
ysed before the introduction of the bioagent [53]. For example, Zygogramma 
bicolorata was introduced in India to manage Parthenium hysterophorus which 
ended up as a pest of sunflower [54]. There must be prior research to prevent 
such introduction of natural agents which may have a negative impact.

iii. Chemical control. Prevention is always better than cure. Hence, strict 
quarantine is the best solution for the management of invasive insects, that 
is, a thorough investigation of all kinds of imported goods and products in 
order to hamper the introduction of dangerous species. However, after the 
breaching for this barrier, the next prompt control measure is pesticides 
(chemicals). Pesticides are quick acting and are very efficient in reducing 
or eradicating the invasive insects. But prior knowledge about the insec-
ticide regarding its mode of action, selectivity and residual effect is very 
much essential while applying an insecticide to manage the invasive insect.

7. Conclusion

Globalisation has enriched us beyond belief, but it too comes with a consequence. 
Increased connectivity due to globalisation has resulted in the introduction of 
numerous invasive insect pests to India which not only have devastated several 
agricultural crops but also have caused huge monetary loss. This situation further 
got worse with the advent of global warming and climate change which favoured the 
establishment and spread of the invasive species. Hence, management of the invasive 
insects is a challenge. Minimising the loss caused by invasive insects requires an 
“international management approach” with strict legislation laws and better coop-
eration among countries with respect to exchange of information regarding the inva-
sive species and their natural enemies. Moreover, there should be a hierarchical setup 



Invasive Species - Introduction Pathways, Economic Impact, and Possible Management Options

58

6. Management of invasive insects

The process of management of invasive insects (Figure 1) includes management 
at three different levels of invasion of pest:

a. When the pest has not been introduced: Preventive measures are taken to avoid 
the entry of the invasive insect, viz. pest risk analysis (PRA), quarantine and 
monitoring. This is the best way in managing the invasive species.

b. When the species is introduced but is not spread to nearby areas: 
Postquarantine measures are taken in such cases such as rejection of the 
consignment from which the pest has introduced and eradication by means of 
fumigation of the consignment lot.

c. When the introduced insect has established itself: Various curative measures 
such as cultural, biological and chemical means of management are adopted.

The Indian government has framed certain laws to cope with the invasive spe-
cies. The formulation of laws to prevent the entry of invasive species ages back to 
1914 when the Destructive Insects and Pests Act 1914 was framed [45]. With the 
elapse of time, these laws were modified from time to time. Presently, the primary 
plant quarantine concerns of India are dealt by the Plant Quarantine Order 2003. 
The Plant Quarantine Order 2003 includes new import policies with required statu-
tory measures which aim to restrict the import of infested plants or plant products. 
The order advocates a prior PRA to estimate the phytosanitary measures required to 
protect plant resources against the invasive pest [46].

Plant quarantine facilities include:

• An integrated information management system

• An integrated pest risk analysis system and a national pest risk analysis unit for 
conducting an integrated pest surveillance

• An integrated phytosanitary border control system

• A national phytosanitary database

• A national management centre for phytosanitary certification to continuously 
review the national standards for export phytosanitary certification

Figure 1. 
Management of invasive insects.

59

Invasive Insects in India
DOI: http://dx.doi.org/10.5772/intechopen.91986

i. Monitoring. There is a total of 71 plant quarantine stations across major and 
minor ports (34 seaports, 12 airports, 14 land frontiers and 11 foreign post 
offices) in India [47] which deals exclusively on restricting the import of any 
foreign contaminants. One of the major approaches for managing the inva-
sive insects is its early detection. But the problem lies with the exact identi-
fication of the insect (to species level). Identification of the species requires 
expertise in insect taxonomy which is a limiting constraint in India [48]. 
Hence the government of India has established molecular diagnostic facilities 
across the quarantine station for easy and rapid detection of invasive insects 
[49]. Apart from molecular techniques, monitoring is also done by the use of 
chemical pheromones (sex pheromones and attractants) or by physical with 
the help of yellow sticky traps, light traps, etc.

ii. Biological. The boom reproduction of invasive insects in a new environment 
is because of non-availability of their natural enemy and unlimited food 
supply [50]. Biological control is an ancient practice to control introduced 
pests, which deals with a timely introduction (classical biological control), 
augmentation (mass release of native or exotic natural enemies) and conser-
vation (habitat management) of natural enemy (predators and parasitoids) 
from their (invasive insect’s) native places in hope that they may reduce the 
invasive pest population to non-harming levels [51]. There are many exam-
ples of biological control which are listed above (Table 1). Biological control 
is sufficient to control the alarming invasiveness if once the natural enemy is 
established, has long-term effects and is cost-effective too [52]. Sometimes 
the biological control comes with a consequence which should be pre-anal-
ysed before the introduction of the bioagent [53]. For example, Zygogramma 
bicolorata was introduced in India to manage Parthenium hysterophorus which 
ended up as a pest of sunflower [54]. There must be prior research to prevent 
such introduction of natural agents which may have a negative impact.

iii. Chemical control. Prevention is always better than cure. Hence, strict 
quarantine is the best solution for the management of invasive insects, that 
is, a thorough investigation of all kinds of imported goods and products in 
order to hamper the introduction of dangerous species. However, after the 
breaching for this barrier, the next prompt control measure is pesticides 
(chemicals). Pesticides are quick acting and are very efficient in reducing 
or eradicating the invasive insects. But prior knowledge about the insec-
ticide regarding its mode of action, selectivity and residual effect is very 
much essential while applying an insecticide to manage the invasive insect.

7. Conclusion

Globalisation has enriched us beyond belief, but it too comes with a consequence. 
Increased connectivity due to globalisation has resulted in the introduction of 
numerous invasive insect pests to India which not only have devastated several 
agricultural crops but also have caused huge monetary loss. This situation further 
got worse with the advent of global warming and climate change which favoured the 
establishment and spread of the invasive species. Hence, management of the invasive 
insects is a challenge. Minimising the loss caused by invasive insects requires an 
“international management approach” with strict legislation laws and better coop-
eration among countries with respect to exchange of information regarding the inva-
sive species and their natural enemies. Moreover, there should be a hierarchical setup 
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recruiting expertise personnel having sound knowledge on insect identification, 
preliminary risk assessment and monitoring of insects and their eradication. Besides, 
several public awareness campaigns can be conducted to educate the common people 
which will definitely reduce the chances of an accidental invasion.
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by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Abstract

The spotted wing drosophila Drosophila suzukii Matsumura (Diptera: 
Drosophilidae) is endemic in Asia. This species was first reported in Chile in early 
2017 in the region of La Araucanía, Los Ríos, and Los Lagos, but it has dispersed to 
other regions of the south-central area of the country, currently being in the category 
of plague present with restricted distribution. D. suzukii is a polyphagous pest, and it 
infests a wide range of fruit crops, including grapes, cherries, as well as an increasing 
number of wild fruits. Chile is the main cherry-producing country in the south of the 
world, providing mainly to the Asian market, so, although the pest is not a quaran-
tine problem for this destination of the fruit, its potential damage is high due to the 
decrease in yield, fruit deterioration, and increased pre- and postharvest rot. The 
local productive reality also provides various hosts to the plague, allowing its expres-
sion and adaptation, for example, in blueberry orchards. This report summarizes the 
first signs of economic damage and explores the first results of control delivered by 
various insecticides: alpha-cypermethrin, acetamiprid, chlorantraniliprole, cyantra-
niliprole, emamectin benzoate, lambda- and gamma-cyhalothrin, spinetoram, and 
spinosad. Also, repellent effect of other compounds was studied.
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1. Introduction

Drosophila suzukii Matsumura (Diptera: Drosophilidae) is classified by the 
European and Mediterranean Plant Protection Organization (EPPO) as an emerg-
ing and invasive pest [1]. This insect is native to east and southeast Asia, although 
its real geographical origin is still discussed [2]. It has been introduced in several 
Hawaiian Islands [2], North America [3], Europe [4], and recently in Iran [5], 
Argentina [6], and later Chile [7], reflecting its high adaptive capacity. Its relevance 
is due to high economic importance because of the severity of the damage it causes 
in various productive crops [8–15]. It is a very polyphagous pest, with more than 50 
hosts reported in literature [16].

In contrast with Drosophila melanogaster, the spotted wing fruit fly develops in 
mature and undamaged fruits, injecting its eggs into fruits when they preferably 
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begin to turn color [17]. The larvae develop inside the fruits, finally pupating on or 
inside them [15, 17]. If there is not enough healthy fruit, it can also attack fallen or 
damaged fruit [18].

Since only 2 years ago its presence was reported in Chile, until now there was 
no corroboration of its productive impact in the country. At the same time, for the 
design of the management proposals, there was only external literature; however, 
the objective of this work was to monitor the economic damage caused by the 
plague in cherry and blueberry orchards and also evaluate the control achieved 
with insecticides of different chemical groups: alpha-cypermethrin, acetamiprid, 
chlorantraniliprole, cyantraniliprole, emamectin benzoate, lambda- and gamma-
cyhalothrin, spinetoram, and spinosad.

The possible repellent effect of garlic and chili-based products, as well as an 
extract of Chenopodium ambrosioides, was also investigated.

2. Methodology

2.1 Fruit damage monitoring

Five commercial orchards were selected from localities Cachapoal and Culenar, 
Ñuble Region, in areas with positive D. suzukii detections since 2017. From the 
newly formed fruit state, in September 2019, cherry orchards and blueberry 
orchards were monitored three times per week until January 2020. Production areas 
of more than 10 hectares were addressed and with at least 10 years of operation. The 
orchards correspond to conventional production, with drip technified irrigation 
and with similar agricultural management conditions with each other.

Three varieties of cherries (Lapins, Santina, and Regina) and two of blueber-
ries (Brigitta and Elliot), as also material from live fences of Aristotelia chilensis, 
Rubus ulmifolius, and Prunus cerasifera, were included in this monitoring. From each 
substrate and on each occasion, 100 random fruits were collected, and some insect 
individuals were selected for analysis with traditional taxonomy and/or PCR analy-
sis for the larva and pupa states extracted from the samples. The monitoring record 
was carried in parallel to the climate record of temperature and relative humidity.

At harvest, losses associated with the pest were estimated in orchard and 
prepackaged fruit inspection.

2.2 Efficacy test

Once the start of the attack of D. suzukii on fruits was determined, the cherry 
orchard with the highest severity of attack was selected to perform efficacy stud-
ies. In this step, a cherry orchard of cv. Regina (1200 plants/ hectare) was used. 
Insecticides from five chemical groups were compared [19]: group 3A (pyrethroids: 
alpha-cypermethrin and lambda- and gamma-cyhalothrin), group 4A (neonic-
otinoids: acetamiprid), group 5 (spinosyns: spinetoram and spinosad), group 6 
(avermectins: emamectin benzoate), and group 28 (diamides: chlorantraniliprole 
and cyantraniliprole).

The treatments evaluated were Mageos® (15% w/w alpha-cypermethrin dis-
persible granulated formulation; 15 g of commercial product/100 L) (Basf Chile 
S.A); Bull® (6.12% w/v gamma-cyhalothrin encapsulated suspension; 10 mL of 
commercial product/100 L) (FMC Chemical Chile Ltd); Karate® Zeon (5% w/v 
lambda-cyhalothrin encapsulated suspension; 20 mL of commercial product/100 L) 
(Syngenta S.A); Mospilan® (20% w/w acetamiprid soluble powder; 50 g/100 L) 
(Basf Chile S.A); Success® 48 (45% w/v spinosad concentrated suspension; 
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14 g/100 L); Delegate® (25% w/w spinetoram concentrated suspension; 16 g/100 L); 
Proclaim® Forte (5% w/w emamectin benzoate dispersible granulate: 30 g/100 L) 
(Syngenta S.A); Coragen® (20% w/v chlorantraniliprole concentrated suspension; 
20 mL/100 L) (FMC Chemical Chile Ltd); and Exirel® (10% w/v cyantraniliprole 
suspoemulsion; 75 mL/100 L) (FMC Chemical Chile Ltd). A control without insecti-
cide was included.

A completely randomized design was used, with four repetitions of each treat-
ment. The experimental unit corresponded to groups of 10 plants of the same row 
treated with 4 isolation plants between them.

All applications were performed once, on November 15 (when fruit begins 
to take color), with a conventional hydraulic sprayer (Line Patasa 2000) with 
1800 L of water per hectare. A control treatment without insecticide applications 
was considered.

Two parameters of relevance were evaluated: the incidence of damage (estab-
lished as mean of fruits damaged by the pest) and the severity of the damage 
(wound or presence of live larvae) on samples of 100 fruits collected randomly 
within each experimental unit. Fruits were reviewed at 3, 5, 7, 10, 12, and 14 days 
after application (DAA). The cutoff criterion to stop evaluations was unified when 
the incidence of damage was equal to or greater than 20%.

The data obtained from field and laboratory measurements was subjected 
to analysis of variance (ANOVA) by taking appropriate transformations. Mean 
comparisons in significant ANOVAs were performed with a Tukey’s test. Statistical 
analyses were conducted using the software Minitab®16.1.0 (Minitab Inc.).

2.3 Repellency test

In a cherry orchard of var. Regina located in the town of Culenar, the possible 
effect of repellency (expressed as a lower incidence of eggs laid of D. suzukii on 
cherries) achieved by the use of two commercial products based on natural com-
pounds, Amarex® (Captiva® Prime) which is formulated by 7.60% v/v capsicum 
oleoresin extract, 23.40% v/v garlic oil, and 55% v/v canola oil (Gowan Chile SpA) 
and Requiem® Prime which is formulated by 9.1% w/v α-terpinene, 3.4% w/v 
p-cymene, and 2.73% w/p d-limonene (Bayer S.A), was studied. Both were applied 
three times every 5 days as fruit starts to change color.

Treatment with Amarex® was applied at 200 mL/100 L, and treatment with 
Requiem® Prime was applied at 240 mL/100 L, using a conventional hydraulic 
sprayer (Line Patasa 2000) with 1800 L of water per hectare. One check control 
using only water treatment was included.

All treatment had four repetitions of 10 plants, randomly drawn inside the 
orchard. Evaluations were performed at 3 days between applications and at 3 and 
7 days after the last application.

On each occasion the frequency of egg of D. suzukii laid in fruits was evaluated, 
in samples of 100 fruits collected at random.

After each evaluation involved in the present work, the destruction of the 
contaminated material was carried out via freezing at -30C for 5 days.

3. Results

All monitored hosts showed damage and development of immature states 
of the pest from the beginning of fruit maturity. The above adds A. chilensis, a 
Chilean native plant, and Prunus cerasifera (Figure 1) to the list of secondary hosts 
of the pest.
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The period of greatest incidence of the pest was at the beginning of fruit color 
breakage and increases as it approaches maturity. Development persists in remnants 
of the orchard after harvest (Figures 2 and 3).

There were no indications of preference of attack of one fruit variety over 
another nor signs of preference among fruit species when comparing the incidence 
between cherry trees and blueberries in similar conditions. The foregoing could 
vary according to different pesticides or nutritional programs or driving manage-
ment used among these crops, but at least the records collected suggest that similar 
precautions should be handled in these fruit trees.

There was no rainfall in the period of pest incidence, and daily temperatures 
ranged from 6 to 36°C. Relative humidity varied from 40 to 65%, that is, adjusted 
to favorable climatic requirements for the development of the pest [20]. The area of 
cherries in Chile currently exceeds 27,000 hectares, concentrated in areas that have 
favorable climatic conditions for this pest, a situation that is even more marked in 
the case of blueberry production.

Figure 2. 
Percentage (%) of cherry fruits attacked by D. suzukii separated by cultivar.

Figure 1. 
Inmature stages of D. suzukii collected from fruits of Prunus cerasifera.
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Since Chile is a country focused on the export of fruits, the damages observed 
until now can be categorized in two categories: complete loss of the fruit 
(Figure 4) or loss of quality due to deterioration or damage to the skin of the 
fruit (Figure 5).

In the monitored cases, for cherries, the first category reached between 10% 
and15% of the production (approximately 10% Santina, 12% Lapins, and 15% 
Regina), that is, the equivalent of 1, 2.16, and 2.7 ton/ha. Economically speaking, it 
is a loss equivalent to 5,000–17,550 USD/hectare. The second item is still difficult to 
quantify. The second item was estimated at 1–2%.

In the case of blueberries, the percentage of compromised fruit was close to 8%, 
which could increase as the plague increases its local population. This corresponds 
to the equivalent of 1–1.5 ton/ha or a loss equivalent to 4,000 USD/hectare.

In fruits of live fences (A. chilensis, R. ulmifolius, and P. cerasifera), at the end of 
the season, the recorded frequency was greater than 60%, possibly since they do not 
receive pesticide treatments and not necessarily because there is a greater attraction 
or preference to those substrates. Unfortunately, at least two of these three species 
are widely distributed in the country, such as ornamental plants or live fences, 
which contribute to the spread of the pest.

Figure 3. 
Percentage (%) of blueberry fruits attacked by D. suzukii separated by cultivar.

Figure 4. 
Losses caused in cherry trees by massive attack of D. suzukii.
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Secondary damage due to attempts to lay eggs occurred in some sectors that 
received certain insecticidal treatments and allowed the fruit to be redirected to the 
domestic market, although at a significative lower return value than expected in an 
export fruit. Concordant with what happened in other countries, greater complex-
ity is expected from the point of view of the increase of residues present in fruit due 
to the management of this pest [21].

Control delivered by the microencapsulated pyrethroid treatments, both spino-
syns, and cyantraniprole was highly efficient not only in reducing the incidence of 
infestation (Figure 6) but also in decreasing the severity of the attack (Figure 7).

Spinosyns and some pyrethroids such as l-cyhalothrin are indicated with high 
efficacy in the control of damage of this pest, at short intervals of application to 
avoid egg postures [22].

In the case of acetamiprid, emamectin benzoate, and chlorantraniliprole, these 
showed weaker insecticidal action than the previous group, considering that the 
control action was only expressed once the fruit was affected by the pest. Even so, 
because they show a significant decrease in the incidence of damage for an approxi-
mate period of 5 days, future work may focus on complementing these mechanisms 
of action with others (such as repellents) that allow reducing the severity of the 
damage. These results are consistent with what was raised by specialists in the 
United States [23]. Nevertheless, despite being promising in management, the high 
rate of dispersal, reproduction, and adaptation of the pest is consistent with the 
high risk of economic damage reported globally [24].

Figure 6. 
Mean percentage (%) of fruits damaged by D. suzukii days after each insecticide treatment.

Figure 5. 
Cherries showing damage by egg laying attempts.
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On the other hand, although the history of efficient biological control has been 
weak [23], several authors agree on the need to advance in the integral knowledge of 
the management of this insect, including predators, parasitoids, repellents, insecti-
cides, and cultural management [25–30].

Regarding the effect granted using products based on natural compounds, both 
Requiem® Prime and Amarex® demonstrated at least the decrease in the severity 
of attack of the pest under conditions of use in the orchard (Figure 8). However, 
it should be considered that the only use of these treatments may not be enough to 
reduce the economic impact when faced with increased D. suzukii pressure. More 
studies should be realized about their possible contribution inserted in a program 
or in mixture with conventional insecticides in order to contribute to complement 
mode of action.

The mode of action as insecticide reported for Requiem® Prime are explained 
because the active ingredient cause degradation of soft insect cuticles results in the 
disruption of insect mobility and respiration [31]. In the case of Amarex®, its action 
would also be explained by destruction of membranes added to the repellent effect [32].

4. Conclusions

The results of the monitoring of damage in fruits and its evolution during the 
season reflect that the potential risk of the plague in a country with the productive 
reality of Chile is high and that locally D. suzukii has found new shelters that allow 
it to spread and maintain its development. Although, in the search for its control, 
adequate tools were determined to reduce its damage, a greater understanding of 

Figure 7. 
Mean of wound/or live larvae of D. suzukii in fruits days after each insecticide treatment.

Figure 8. 
Severity of attack (frequency of D. suzukii egg position).
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the mechanism of action of each product is required in order to position it properly, 
in order to reduce the potential damage of the insect.

Given the high-quality requirement presented by the export fruit, there is a high 
risk of selection of less sensitive individuals of the pest, and those cases of viola-
tions of the maximum limits of pesticide residues occur due to an overheating of 
applications. For this reason, future work should consider other integrated man-
agement edges. In this line, it is necessary to investigate locally the use of possible 
mixtures of repellents with insecticides, the use of biological controllers in parallel 
to a management program, and the use of mass capture traps.

For now, two formulated products (Requiem® Prime and Amarex®) have 
promising results to achieve a lower severity of damage without adding residues to 
the fruit, which can be complementary to the use of insecticides aimed primarily at 
the management of adults of this pest.

Of the insecticides compared, the control delivered by cyantraniliprole and both 
spinosyns stands out. All microencapsulated pyrethroids showed stable control for 
at least 7 days. Acetamiprid, emamectin benzoate, and chlorantraniliprole were 
not efficient in reducing the attempt to lay eggs but were enough to decrease the 
incidence of damage. Therefore, in the short term, in Chile there are adequate tools 
for the management of this insect, but adequate use should be provided in order to 
preserve food safety.

Caution should also be taken with the selection of less sensitive individuals of 
the pest, because, due to the characteristics of the species, the expression of resis-
tance to insecticides can enhance their economic damage.
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Chapter 5

Tuta absoluta (Meyrick) 
(Lepidoptera: Gelechiidae): An 
Invasive Insect Pest Threatening 
the World Tomato Production
Hamadttu Abdel Farag El-Shafie

Abstract

The South American tomato pinworm or tomato leaf miner (TLM), Tuta 
absoluta (Meyrick) (Lepidoptera: Gelechiidae), is a serious invasive and destruc-
tive insect pest of tomato (Solanum lycopersicum L.) worldwide. The moth can 
cause 100% damage in tomato crop in both greenhouses and open fields if control 
measures are not carried out. Due to the high reproduction potential, dispersal 
ability, and tolerance to environmental conditions, the TLM invaded most tomato-
producing countries in Europe, Africa, and Asia. The tomato leaf miner originated 
in South America and was first introduced in Spain in 2006 and from where it 
spread to other part of the world. This chapter consolidates the rich literature on 
the pest with emphasis on invasion history, economic significance, and possible 
management options adopted worldwide.

Keywords: tomato leafminer, Solanum lycopersicum, invasive potential, management, 
Gelechiidae, quarantine pest

1. Introduction

Biological invasion has occurred for millennia, but increased globalization in recent 
decades has accelerated it [1]. Invasive insect species reduce crop yield, increase cost 
of production especially pest control costs, increase reliance on pesticides, and disrupt 
preexisting integrated pest management (IPM) programs. Invasive insect species cause 
considerable damage to agriculture, horticulture, and forest industries worldwide [2, 
3] with an estimated annual economic loss of about 70 billion US$ [4]. Transportation 
and international trade are increasing rapidly, thus facilitating the spread and dis-
persal of invasive species [5]. The tomato (Solanum lycopersicum L.) is an important 
horticultural vegetable crop that is only second to potato. The total world production 
of tomato is about 180 million tons grown in areas of approximately 4 M ha. The top 10 
tomato-producing countries in the world are China, India, USA, Turkey, Egypt, Italy, 
Iran, Spain, Brazil, and Mexico. China, India, and Turkey, account for almost half of 
the land area covered worldwide with tomato crops, that is, 31, 11, and 7%, respec-
tively [6]. Tomato is the sixth most valuable cultivated crop in the world worth US$ 
87.9 billion in 2016. The tomato leaf miner Tuta absoluta (Lepidoptera: Gelechiidae) is 
threatening about 87% of this production worldwide [3, 6, 7]. T. absoluta has several 
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common English names in the literature. These are the South American tomato 
pinworm, the South American tomato leaf miner, the South American tomato moth, 
the tomato pinworm, the tomato borer, and the tomato leaf miner. For consistency, 
the tomato leaf miner (TLM) will be used throughout this chapter. The TLM has been 
considered as a key pest of tomato, in recent years, causing a reduction in tomato yield 
that can reach 100% if no management action is taken [1]. Increasing of global trade of 
tomato in the absence of strict quarantine measures and proper surveillance in many 
tomato-producing countries are the reason behind the vast spread of this pest.

Due to the significance of TLM, the Journal of Pest Science has recently pub-
lished a special issue on this pest, which was edited by Biondi and Desneux [5]. The 
special issue gave more consolidated and updated information on the moth biology, 
population dynamics, chemical and trophic ecology, and novel control technolo-
gies. This chapter gives concise information on T. absoluta biology and bionomics, 
economic significance, geographical distribution, invasive potential, natural 
enemies, and available management options.

2. Origin, morphology, and taxonomic position

T. absoluta originated in the Peruvian Central highlands from where it spread 
to other areas of Peru and then to the rest of Latin American countries during 
the 1960s [3]. TLM is small moth with body length of 5–7 mm and wingspan of 
10–14 mm [8]. The moth has silvery-gray scales and black spots on the forewings. 
The antennae are long, filiform with black and brown scales (Figure 1). Shashank 
et al. [9] described the male and female genitalia as well as the pupal genital 
aperture as useful distinguishing character for sexing of the moth. Egg is small 
(0.36 mm long and 0.22 mm wide) with elliptical shape and creamy white to bright 
yellow color. Larva is whitish in first instar (0.9 mm long) and becomes greenish 
or light pink in the second and fourth instar (7.5 mm). Pupa is obtect with greenish 
coloration at first, turning to chestnut brown and dark brown near adult emergence 
[8] (Figure 2). Tabuloc et al. [10] studies the genome of T. absoluta to generate and 
design a panel of 21 SNP markers for the species identification instead of depending 
only on morphological identification and symptoms of damage on the host plants.

Tuta absoluta was originally described as Phthorimaea absoluta (Meyrick, 1917) 
in Peruvian Andes. The genus was changed to Gnorimoschema [11] and then to 
Scrobipalpula [12] and Scrobipalpuloides [13]. Povolny [14] corrected the currently 

Figure 1. 
Adult moth of tomato leafminer, Tuta absoluta (photo: Antonio Biondi).
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used name Tuta absoluta. The EPPO code and phytosanitary categorization for 
T. absoluta are GNORAB and EPP A1 action list no. 321, respectively [8].

3. Biology and bionomics

The TLM has a complete metamorphosis type of reproduction, where it undergoes 
through four developmental stages, namely, egg, larva, pupa, and adult (Figure 3). 
Adults are nocturnal and hide between host leaves during the day. The female starts 
to release a sex pheromone 1–2 days after emergence to lure males for mating. The 
female sex pheromone is a mixture of tetradecatrienyl acetate and tetradecadienyl 
acetate in a ratio of 10:1, respectively [15, 16]. TLM is known to have multiple mating 
and the average number of mating per female is about 10.4. Both sexes are polyga-
mous with no refractory period. The female sometimes can exhibit deuterotoky 
parthenogenesis, which gives both females and males from unfertilized eggs [17]. 
Males use female sex pheromone to locate females and mating can last from few 
minutes to 6 hours. Female uses plant volatiles (kairomones) and leaf contact for 
oviposition. A single female can lay as many as 260 eggs during its life cycle, which 
may extend to 3 months [18]. About 92% of the total eggs are laid in the 1–3 days 
following mating [8]. Eggs are laid singly on the upper part of the plant (young leaves, 
stems, and sepals). The eggs hatch in 5–7 days depending on temperature and relative 
humidity. After hatching, the larvae go through four instars, which are completed in 
about 20 days. The mature larva then gets rid of all gut materials, constructs a silken 
cocoon, and turns into pre-pupa and pupa. Pupation may last for 10–11 days before 
adult emergence for female and male, respectively. Mature larvae leave the mines and 
build silken cocoon on the leaflet or in the soil. When pupation occurs in the mines 
or tomato fruit, the pre-pupa does not build cocoon. Adult longevity may extend for 
30–40 days [8]. The whole life cycle of the moth is completed in 29–38 days, depend-
ing on the environmental conditions (Figure 3). Moreover, about 10–12 generation 

Figure 2. 
Larva (top) and pupa (bottom) of Tuta absoluta (photo: Antonio Biondi).
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may be produced annually. The thermal constant from egg to adult has been esti-
mated to be 453.6 degree days (DD) [19]. TLM larvae do not enter diapause as long as 
food is available; however, it may overwinter as eggs, pupae, and adults [8, 18].

4. Host range

TLM is an oligophagous feeding on many related species of the family 
Solanaceae including tomato (Solanum lycopersicum L.), potato (Solanum tuberosum 
L.), eggplant (Solanum melongena L.), pepper (Capsicum annuum L.), sweet pepino 
(Solanum muricatum L.), tobacco (Nicotiana tabacum L.), the jimson weed (Datura 
stramonium L.), the African eggplant (Solanum aethiopicum L.), and the European 
black nightshade (Solanum nigrum L.) [1, 19, 20]. Sylla et al. [21] reported 12 host 
plants in the family Solanaceae, 2 in the Amaranthaceae, 2 in the Convolvulaceae, 
and 1 in the e in native South America, invaded Europe, and Africa. The two hosts 
in the Amaranthaceae are Chenopodium album L. and sugar beet, Beta vulgaris L., 
while the Fabaceae is represented by common bean, Phaseolus vulgaris.

TLM prefers tomato on which it is considered as a major pest while it is a minor 
pest on other alternative hosts. Host plant knowledge is essential for developing 
integrated pest management (IPM) against T. absoluta [21]. Sylla et al. [21] studied 
the oviposition acceptance, oviposition preference, and performance of two popu-
lation of TLM from France and Senegal on six solanaceous plants, namely, tomato, 
eggplant, Ethiopian eggplant, potato, sweet pepper, and pepper. Their findings 
suggest that there is differentiation in the host range of TLM across invaded areas. 
In this respect, it has been reported that the relation between the female preference 
(maternity care) and larval performance should be very tight, as the larvae can 
survive only on small number of host plants [21].

5. Damage and economic significance

TLM usually attacks the apical buds, flowers, and new fruits of tomato. Larvae 
make conspicuous mines and galleries on leaves and stems. Damage can occur at 

Figure 3. 
The life cycle of tomato leafminer, Tuta absoluta (photos: Antonio Biondi; design: Hamadttu A.F. El-Shafie).
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any stage of tomato growth from seedlings to mature plant [8]. The larvae feed on 
the mesophyll tissue, leaving the epidermis intact, thus creating irregular mines 
and galleries on the leaves (Figure 4). The mines and galleries may become necrotic 
with time. This mining activities lead to reduction of the photosynthetic potential of 
infested leaves [1]. Infested tomato with TLM show burnt up-like symptoms [9]. The 
galleries made by the larvae are wider than that caused by the dipteran leaf miner 
Liriomyza trifolii [9, 22]. Larvae can penetrate the axillary buds of young stems when 
at high density. Thus, it leads to plant withering and check of vegetative growth [8].

After fruit setting, the larvae excavate tunnels in the fruits, which may facilitate 
invasion by pathogenic agents, resulting in fruit rot (Figure 5). The larvae of TLM 
have a cryptic behavior and endophagous habit, which makes detection of infesta-
tion at an early stage difficult [1]. Damage on stems causes necrosis that reduces 
tomato plant growth and development. Feeding tunnels and holes in the fruits lower 
their quality and reduce their market value [1]. The serious damage on tomato, due 
to T. absoluta, is caused by the leaf-mining activities and to a lesser extent by tunnel-
ing in the fruits [5]. Damage on tomato can reach 100% if no action is taken against 
the moth. Estimation of economic losses is difficult due to the interaction of many 
factors including climate, production pattern (greenhouse versus open field), and 
production costs including seeds, insecticides, fertilization, and other resources. 
Most of the damage occurs at the early years of invasion, due to lack of farmers’ 
experience on how to manage the pest [1]. Han et al. [23] and Biondi and Desneux 
[5] summarized the damage of TLM into the following:

1. Production reduction due to injuries on leaves, stems, and fruits

2. Increase in cost of management practices (IPM) against the pest, particularly 
the purchase and application of insecticides

3. The ban or restriction of fresh tomato, from the side of non-invaded countries, 
which will affect the economy of countries where TLM is an endemic pest

4. Other costs include the disruption of preexisting integrated pest management 
(IPM) programs and disturbance of natural ecosystems [24].

Figure 4. 
Symptoms of damage appear as mines and galleries on tomato leaves caused by feeding of T. absoluta larvae 
(photos: Antonio Biondi).
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6. Invasive potential and global distribution

According to Begon et al. [25], any species distribution is limited and governed 
by three basic components:

1. The ability of the species to reach a potential site (introduction pathway)

2. Capacity to develop in specific environmental conditions (establishment)

3. The ability to compete with other species occupying the same habitat

TLM is a highly invasive insect pest of tomato crop [1, 6]. The moth was first 
reported in Europe (Eastern Spain) in 2006 [19]. The introduction in Spain is 
believed to be from a single population in Chile [26]. Three years later, it was 
reported in Turkey, the fourth largest producer of tomato in the world, in 2009 [27]. 
It spread then across Europe and North African countries [6, 28] and Asian countries 
[23]. According to Seebens et al. [29], most of the invasion occurred during the last 
40 years due to increased globalization and trading among continents. The possible 
introduction pathways for T. absoluta include tomato fruits, packing materials of 
tomato, eggplant and pepper, and planting material [30]. Santana et al. [31] studied 
the global geographic distribution of TLM using a combination of spatial distribu-
tion models as well as the current distribution of the pest. They showed that the suit-
able areas for T. absoluta include North and Central Americas, Africa, Europe, Asia, 
and Oceania at present time and in the future. Additionally, their model showed that 
large tomato-producing countries such as China, USA, and Mexico, where the moth 

Figure 5. 
Tunnels in ripe tomato fruits excavated by the larvae of Tuta absoluta (photos: Antonio Biondi).
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is not present, stand a high risk of being invaded by T. absoluta. Damme et al. [32] 
and Han et al. [23] listed important reasons explaining the vast and wide spread of 
T. absoluta around the globe. These reasons include the following:

1. The strong intrinsic invasiveness with high reproductive potential of the moth

2. The dispersal capacity and ability of TLM to adapt to the newly invaded areas. 
The adults can fly actively for several kilometers, which allows for short dis-
tance spread [33].

3. The multivoltine reproductive cycle coupled with high overwintering capacity 
in greenhouses

4. The strong heat tolerance in open fields

5. Ability of the moth to develop on relatively large number solanaceous and non-
solanaceous alternative hosts

The abovementioned reasons are pertaining to the biological traits of the pest. 
However, there are several reasons connecting human activities and measurements 
adopted by countries to curb the introduction, establishment, and spread of the 
pest that also contributed to the vast spread of T. absoluta [1, 4, 23, 34]. These 
reasons are as follows:

1. Weak and ineffective quarantine measures

2. Poor surveillance and phytosanitary measures

3. Bulk trade of untreated fresh tomato products

4. Rapid increase in the size of international trade and transportation of goods

5. Accidental transport of adults and other life cycle stages in consignments 
through containers and vehicles

6. Lack of joint efforts among affected countries in prevention and containment 
of the pest

7. Management

Because of its high invasiveness and economic significance, management of 
T. absoluta could be carried out at local, regional, and international levels. The 
management can be divided into pre-invasion and post-invasion measures. The 
former are mainly preventive including strict quarantine measures, inspection 
of tomato consignments, and treatment, when necessary, with proper fumigants 
before shipping. Endorsement, by countries, of T. absoluta as pest of a high risk in 
quarantine list is essential. T. absoluta population management in invaded countries 
could significantly lower the invasion risk to neighboring non-invaded ones [23, 35]. 
Establishment of regional network to connect research entomologists, policy-makers, 
and major stakeholders from all invaded as well as threatened countries [23]. Such 
network and platforms are supposed to coordinate joint research activities and valida-
tion of newly developed management technologies before being applied in the field.
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Figure 5. 
Tunnels in ripe tomato fruits excavated by the larvae of Tuta absoluta (photos: Antonio Biondi).
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is not present, stand a high risk of being invaded by T. absoluta. Damme et al. [32] 
and Han et al. [23] listed important reasons explaining the vast and wide spread of 
T. absoluta around the globe. These reasons include the following:

1. The strong intrinsic invasiveness with high reproductive potential of the moth

2. The dispersal capacity and ability of TLM to adapt to the newly invaded areas. 
The adults can fly actively for several kilometers, which allows for short dis-
tance spread [33].

3. The multivoltine reproductive cycle coupled with high overwintering capacity 
in greenhouses

4. The strong heat tolerance in open fields

5. Ability of the moth to develop on relatively large number solanaceous and non-
solanaceous alternative hosts

The abovementioned reasons are pertaining to the biological traits of the pest. 
However, there are several reasons connecting human activities and measurements 
adopted by countries to curb the introduction, establishment, and spread of the 
pest that also contributed to the vast spread of T. absoluta [1, 4, 23, 34]. These 
reasons are as follows:

1. Weak and ineffective quarantine measures

2. Poor surveillance and phytosanitary measures

3. Bulk trade of untreated fresh tomato products

4. Rapid increase in the size of international trade and transportation of goods

5. Accidental transport of adults and other life cycle stages in consignments 
through containers and vehicles

6. Lack of joint efforts among affected countries in prevention and containment 
of the pest

7. Management

Because of its high invasiveness and economic significance, management of 
T. absoluta could be carried out at local, regional, and international levels. The 
management can be divided into pre-invasion and post-invasion measures. The 
former are mainly preventive including strict quarantine measures, inspection 
of tomato consignments, and treatment, when necessary, with proper fumigants 
before shipping. Endorsement, by countries, of T. absoluta as pest of a high risk in 
quarantine list is essential. T. absoluta population management in invaded countries 
could significantly lower the invasion risk to neighboring non-invaded ones [23, 35]. 
Establishment of regional network to connect research entomologists, policy-makers, 
and major stakeholders from all invaded as well as threatened countries [23]. Such 
network and platforms are supposed to coordinate joint research activities and valida-
tion of newly developed management technologies before being applied in the field.
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The post-invasion management of T. absoluta is to try to eradicate the pest at an 
early stage of invasion if possible, otherwise a sustainable containment strategy 
based on integrated pest management is recommended.

In native and invaded areas in the world, current IPM components against TLM 
include the following:

1. Preventive measures and agronomic control

2. Semiochemically based control using female sex pheromone

3. Biological control

4. Biotechnological control

5. Chemical control by using selective insecticides

7.1 Preventive measures and agronomic control

Preventive and agronomic measures against TLM [36, 37] may include the 
following:

1. Destruction of previous crop remains to prevent the carryover of the pest

2. Removal of alternative hosts, particularly weeds from the genera Solanum, 
Datura, and Nicotiana

3. Exclusion of greenhouses with moth-proof sealing

4. Use pest-free planting material (transplants)

5. Screening of existing resistant tomato cultivars

6. Breeding transgenic resistant cultivars

7. Manipulation of soil trait and application of biofertilizers to enhance tomato 
plant resistance through bottom-up effects

8. Soil cultivation or covering with plastic mulch

7.2 Semiochemically based control

The female sex pheromone can be used in several ways for the management of 
TLM. These include the following:

1. Monitoring and surveillance. Pheromone-baited sticky traps can be used to 
monitor all stage of tomato production and across the production chain in 
nurseries, farms, greenhouses, and packaging and processing facilities [36]. 
Monitoring of TLM is performed by trapping males and/or by sampling eggs 
and larvae on infested tomato plants. The latter is however, tedious and diffi-
cult to perform over large areas. On the other hand, economic threshold based 
on male capture is not reliable because trapping process may be affected by 
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many factors such as population density of the moth, trap designs, and type of 
pheromone used. Light traps and water traps can also be used to capture both 
sexes.

2. Male annihilation by mass trapping of adults with pheromone traps (delta 
traps), which are usually efficient against newly introduced pest when popula-
tion density is low. For mass trapping, it is recommended to use 20–40 traps/ha.  
A threshold of 3–4 moths per trap per week need to be reached before the  
beginning of mass trapping [36].

3. Mating disruption by saturating the atmosphere with sex pheromone, which 
alters ability of males to locate and find females. This technique can be  
effectively applied in confined environment such as protected tomato in 
greenhouses. However, the performance of the technique was poor [17].

7.3 Biological control

Salas Gervassio et al. [38] critically reviewed the natural enemies’ complex 
in tomato agroecosystem. They determined the natural enemies that are suitable 
for augmentative and conservative strategies in South America and for classical 
biocontrol agents elsewhere in the world where T. absoluta has arrived. The authors 
reported that more than 50 species and morphospecies of Hymenoptera were 
associated with T. absoluta; however, only about 23 of them could be confirmed 
as parasitizing the moth. Augmentative biocontrol for T. absoluta is commercially 
available in South America using the parasitoid Trichogramma pretiosum, particu-
larly in Brazil, Chile, Colombia, Ecuador, and Peru [38]. The use of endogenous 
natural enemies for biocontrol of TPW is one of the key points of conservative 
strategies [39]. The Macrolophus basicornis (Stal) and M. pygmaeus (Hemiptera: 
Miridae) are potential biocontrol agents against (egg predators) TLM. The nymphal 
stage of the former can consume an average of 331 eggs per day, while the adult can 
feed upon as many as 100 eggs per day [40, 41].

The parasitoids Necremnus tutae and N. cosmopterix (Hymenoptera: Eulophidae) 
are potential biocontrol agents against TLM [42].

The predator Nesidiocoris tenuis (Hemiptera: Miridae) can be used for the 
management of other tomato pests including the whiteflies, thrips, leafminers, 
and aphids [43]. This predator has shown great potential in controlling TPW in 
Asia [23], Turkey [44], and India [45]. This predator is commercially produced and 
released against TPW.

Omnivorous mirids had been used against TLM after its arrival in Europe 
through augmentative and inoculative release in the field and plant nurseries. 
They are sometimes supplied by conservation strategies using banker plants [1]. 
The mirid predators Dicyphus bolivari Lindberg and D. errans (Wolff) Hemiptera: 
Miridae are potential biocontrol agents against TPW [46].

The generalist egg parasitoid, Trichogramma achaeae, is a potential agent for bio-
logical control of T. absoluta. This worldwide-distributed parasitoid is also attracted 
by volatiles produced by tomato plants whether uninfested or infested as well as by 
the sex pheromone of the moth [47]. Trichogramma evanescens (Westwood) was also 
used against TLM in Turkey [44]. The egg parasitoid, Trichogramma brassicae, is a 
potential biocontrol agent of TPW [48]. Hemipteran predators such as anthocorids, 
geocorids, mirids, nabids, and pentatomids have been identified to be biological 
agents against Tuta absoluta [49]. Since larvae of Tuta absoluta are endophagous, 
cryptically living and feeding inside mines or tunnels in tomato leaves and fruit, 
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respectively, their predation and parasitism by the natural enemies seem to be dif-
ficult. Nevertheless, numerous natural enemies can still be used in the management 
of this notorious pest. The eggs seem to be more vulnerable to predations and parasit-
ism because they are exposed on the surface of tomato growing points. However, the 
efficacy of natural enemies in suppressing T. absoluta populations may be altered by 
environmental abiotic factors through bottom-up effects triggered by agronomic 
practices such as irrigation and fertilization. Moreover, plant constitutive and/or 
induced resistance traits against T. absoluta are another source of bottom-up effects, 
which may interact with irrigation and fertilization and jointly affect the performance 
and population density of T. absoluta, and counterpart natural enemies and their 
interactions [37]. In addition to the arthropod biocontrol agents, microbial biocontrol 
agents such as entomopathogenic nematode (EPN) of the genera Steinernema and 
Heterohabditis have potential to kill larvae of TLM when they are outside their mines.

7.4 Biotechnological control

Recently, the transcriptome data showed that most of the core genes of RNAi 
pathway such as Dicer-like and Argonaute and putative orthologous Sid-1 genes are 
present in T. absoluta, suggesting the feasibility of RNAi for controlling this pest 
[50]. Full plant protection and high larval mortality of T. absoluta have not been 
achieved, probably due to a low expression of dsRNA in transgenic plants [51]. 
Novel management technologies for TPW include genetically modified crops (GM), 
for example, GM Bacillus thuringiensis (Bt) tomato [52]. RNA interference (RNAi) 
is a biological mechanism that leads to posttranscriptional gene silencing directed 
by the presence of double-stranded RNA (dsRNA) molecules [53]. Biotechnically, 
sterile insect technique (SIT) may also be used for the management of TLM [37]. 
However, this technique may be compromised if field populations of T. absoluta 
can reproduce by deuterotokous parthenogenesis [17]. It is worth to mention here 
that these authors reported tychoparthenogensis reproduction of T. absoluta under 
laboratory conditions. They stated that the origin of this type of reproduction could 
be considered as classical automictic tychoparthenogensis or due to the microbial 
manipulation by bacterial endosymbiont such as Wolbachia, which has recently 
been identified in T. absoluta [54].

7.5 Chemical control

Chemical control of the invasive TLM is difficult; however, its arrival to new 
invaded areas has been linked to an excessive application of broad-spectrum 
insecticides [1, 6, 55], in attempts to curb the outbreaks of the pest and to reduce 
yield losses in tomato crop. Currently, insecticides application seems to be the most 
commonly used strategy against T. absoluta worldwide in open fields of tomato [1, 
56–58]. The cryptic behavior and the endophagous habit of larvae make it extremely 
difficult to control TLM with insecticides [1, 19]. The possible reasons for difficulty 
of controlling TLM with insecticides, according to Biondi et al. [1] and Guedes et al. 
[58] include the following:

1. Infestation of tomato by the moth occurs at an early stage of plant growth

2. The multiple attacks by the pest on different plant parts (stems, leaves, buds, 
young fruit, and ripe fruit)

3. The morphology and architecture of tomato plant that provide protection for 
feeding larvae against insecticides
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Insecticides from different chemical classes were used against TLM in South 
America, Europe, and other parts of the world. These chemical classes include, 
but not limited to, organophosphate, pyrethroids, pyrrole, spinosyns, diamides, 
benzoylureas, and avermactins [54, 56, 59]. Spinosad, azadirachtin, and Bacillus 
thuringiensis toxins (Bt) have been to control TLM in organic tomato production 
systems [1, 56].

The excessive application of insecticides to prevent and control the outbreaks of 
T. absoluta, particularly in open fields lead to an increased selection pressure which, 
eventually reduce the effectiveness of such insecticides [58, 60]. For example, when 
the moth was introduced in Brazil, the farmers initially used insecticides at frequen-
cies of 10–12 applications per cropping season, which was later increased to 30 
applications [60]. In Turkey, the annual cost of chemical insecticides used against T. 
absoluta in 2014 was about 160 million Euros [27]. The frequent use of insecticides 
speeded the appearance of resistance in tomato leaf miner populations, which can 
migrate outside their geographical range into new invaded areas [1, 6, 56–59].

Guedes et al. [58] reported that enhanced levels of detoxification enzymes 
and altered target sites are the main resistance mechanisms commonly found in 
T. absoluta. In addition to the development of resistance in TLM populations, due 
to excessive use of insecticides, compromising of biological control, in tomato 
agroecosystems, is also not avoidable. In this respect, Soares et al. [43] studied the 
lethal and sublethal effects of five insecticides (spinetoram, chlorantraniliprole 
+ abamectin, triflumuron, tebufenozide, and abamectin) on adults and the third 
instar nymph of the predator Macrolophus basicornis. They concluded that abamec-
tin caused high mortality in both adult and nymphs. All tested insecticides caused 
negative effect on the predator.

To overcome the problems of insecticide resistance and other harmful effects 
on tomato ecosystem, due to the excessive use of insecticides, insecticide resistance 
management (IRM) strategies are needed to sustain production of tomato crop 
[1, 58]. Such strategies include adoption of alternative control options such as 
cultural control, semiochemically based control, biological control, and host plant 
resistance. All these alternative strategies and tactics would reduce the reliance on 
insecticides and accordingly the selection pressure on TLM populations [1, 58].

8. Conclusions

Recently, tomato leaf miner has emerged as a highly invasive key pest threaten-
ing the global production of tomato. The global commercialization and trade of 
fresh tomato fruit and transplanting material have accelerated the spread of the 
pest. The impact of T. absoluta on global tomato production industries and on the 
livelihood of small tomato farming communities in Africa and Asia might be more 
severe in the coming years, unless great efforts are made to contain its spread. 
Chemical control of T. absoluta with insecticides seems to be ineffective and not sus-
tainable; therefore, alternative management options such as biological control and 
semiochemically based control should be encouraged. The socioeconomic impact of 
this moth on subsistent agriculture need to be addressed in future studies.
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Chapter 6

Hybridogenic Activity of Invasive
Species of Asteraceae
Maria A. Galkina and Yulia K. Vinogradova

Abstract

We studied taxa from genus Bidens, Solidago, and Erigeron, sect. Conyza
(Asteraceae). By analyzing the nucleotide sequences of the internal transcribed
spacer (ITS1)-ITS2 site, the hybrid origin of the Bidens � decipiens, previously
attributed to the North American alien species B. connata, was confirmed. The
analysis of trnL-trnF sequences showed that the native B. cernua is the maternal
species and the invasive B. frondosa is the paternal species in all probabilities.
Diagnostic morphological features of the three Solidago taxa growing together in the
vicinity of Pskov have been studied: a native S. virgaurea, an invasive species of
North American origin S. canadensis, and their hybrid S. � niederederi. S. �
niederederi has an intermediate position between S. virgaurea and S. canadensis.
The hybrid origin of S.� niederederi is proven by molecular analysis of nuclear DNA
nucleotide sequences (ITS1-ITS2 site). It is not yet possible to unambiguously
answer the question which parent species is maternal and which is paternal. We also
studied invasive species of the genus Erigeron sect. Conyza in the Mediterranean.
Occasionally occurring in Southern Europe, individuals of E. canadensis �
E. sumatrensis with intermediate morphological features, described as “Conyza �
rouyana,” are likely unstable and soon “absorbed” by the parent species E.
sumatrensis. Contrary to the hypothesis by C. Elton explaining the success of
plant invasion in a new homeland by strengthening hybridization processes in the
secondary distribution range.

Keywords: hybrids, hybridization, invasive species, Bidens � decipiens,
Solidago � niederederi, Erigeron canadensis, E. sumatrensis, ITS1-ITS2 site, rpl32-trnL
intergenic spacer, trnL-trnF intergenic spacer

1. Introduction

There is a hypothesis that the strengthening of hybridization processes in the
secondary distribution range contributes to more successful existence of plants in
their new homeland [1, 2]. Under unusual conditions, alien species can form
hybrids with closely related native species, as well as with other alien plants
inhabiting a given area. Often, hybrids are better adapted to secondary distribution
range conditions than parent taxa [3–5], resulting in landscapes in a new home area.
Successful recombination of genetic traits of parent species reduces the lag phase (a
period of adaptation of an alien taxon to new conditions during which there is not
yet active introduction into natural phytocoenosis and expansion of the secondary
distribution range) and leads to the formation of new active “species transformers.”
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Cross-pollinated plant species are the most predisposed to hybridization. Sympatric
species are less likely to be cross-species hybridized than allopatric species or
populations [6]. The share of hybrid taxa among invasive species of Middle Russia
reaches 10% [7].

For a long time, the most important factor in limiting hybridization was geo-
graphical isolation, but nowadays closely related taxa come into contact with each
other through a multitude of anthropogenic “corridors” [8]. Thus, inter-regional
immigration occurs by means of the introduction of plants, which can be frequent
and repetitive, and therefore it significantly increases immigration flow [9]. If we
consider the situation where conditions for the hybridization of closely related taxa
already exist, there may be several possible developments that coexist: (a) New
hybrid taxon may appear, and (b) native taxon disappears. During hybridization,
genetic assimilation occurs, and new genes are injected into one or both parent
species. Hybrids, even being fertile, can, however, be reproductively isolated from
parent plants due to the effect of the selection on reproductive traits (allopoly-
ploidy, heterozygous translocations, recombination, mitochondrial DNA-specific
differences) and/or due to factors that predetermine crossing (flowering phenol-
ogy, separation of ecological niches). Interspecific hybridization may also facilitate
the naturalization of rare genotypes and cause an increase in their proportion by
inverse crossbreeding with alien parent taxa or hybridization between the hybrids
themselves. Greater selection advantages for alien alleles should lead to faster
replacement of natural alleles through hybridization and slower replacement with-
out hybridization [10]. The period of displacement (substitution) decreases signif-
icantly with increasing immigration flow and selective differentiation. Immigration
and selection operate in a variety of ways: increasing immigration levels result in the
substitution of native species by suppressing them, while increasing selective dif-
ferentiation in favor of an alien species results in the substitution of an alien species
by genetic assimilation without leaving “pure” native species. At moderate and high
immigration rates, the loss of native species can be rapid with or without hybridi-
zation. Given the high number of species introduced by humans, the loss of native
species can increase only as a result of hybridization [11].

Hybridization increases the threat of extinction of many species due to intro-
gression [12, 13]. High degree of introgression is often manifested by wind-
pollinated species such as oaks. Hybridization and introgression can lead to a hybrid
complex consisting of many hybrids due to a large number of loci. Thus, multiloci
seem to increase the number of hybrid types and genetic complexes and accelerate
the reduction of “pure” natural species. In addition, the large number of loci essen-
tially reduces the probability of having a “pure” individual of any parent origin [11].
Without introgression, hybrids, being reproductively isolated, can quickly form a
new species. With introgression, speciation slows down as inverse crosses with
parent lines occur. The impact of hybridization and introgression on the rate of
substitution of native species by closely related ones has been addressed by a
mathematical model involving a one-loop bipartite inheritance scheme with differ-
ent levels of cross-species hybridization [11]. Although the model did not take into
account vegetatively propagating hybrids, the results showed that the substitution
of natural taxa by alien ones could occur very quickly (in less than five generations).
According to the results, hybridization and introgression can increase the degree of
substitution of native species by non-native ones. Introgression increases species
substitution with low immigration, but prevents substitution when an indigenous
species has a significant advantage in selection as well as with higher immigration
levels. However, as introductions are associated with increased frequency of
hybrids, the impact on the indigenous taxon remains high, and the likelihood of
extinction increases significantly [11].
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It is known that the highest invasive activity is exhibited by species of
Asteraceae family [14], so we have focused our attention on representatives of this
group of alien species. It is often impossible to say with certainty whether plants
with intermediate morphological features are hybrids (between two species of the
same genus). This may also be the case for new ecological forms, resulting from
microevolution of species. To confirm or disprove the hypothesis about hybrid
origin of certain taxon, it is best to use molecular genetic methods.

2. Materials and methods

DNA was extracted from silica gel dried leaves of Bidens, Solidago, and Erigeron
taxa according to the method by Rogers and Bendich [15]. The herbarium speci-
mens are stored in the herbarium of the Tsitsin Main Botanical Garden (MHA).
Polymerase chain reaction (PCR) was carried out in a DNA Engine Dyad Peltier
Thermal Cycler amplifier (Bio-Rad, United States). For the nuclear ribosomal
internal transcribed spacer (ITS) 1-2 (ITS1-ITS2), nnc18s10 (forward) and c26A
(reverse) primers with an annealing temperature of 50°С were used. For the chlo-
roplast loci (rpl32-trnL and trnL-trnF intergenic spacers), primers were used at the
annealing temperature from 0.3 to 65°С [16]. For the chloroplast locus rpl32-trnL,
we used primers rpl32F (forward) and trnL UAG (reverse), and for the other
chloroplast locus trnL-trnF, we used primers c (forward) and f (reverse). Purifica-
tion of the PCR product for sequencing was carried out in a mixture of ammonium
acetate with ethanol. The nucleotide DNA sequences were determined on an auto-
matic sequencer (Syntol). Further processing of the nucleotide sequences was car-
ried out in the BioEdit program. The data were sent to GenBank (2019), in which
these nucleotide sequences can be found by the additional numbers assigned to
them (Table 1). Phylogenetic trees were constructed using SplitsTree4.

3. Bidens � decipiens

Bidens connata Muhl. ex Willd. is a North American species whose natural area
extends from Alaska in the north to Mexico in the south [17]. The species has high
polymorphism within native area, and several varieties have been described: B.
connata var. ambiversa Fassett, var. anomala Farwell, var. fallax (Warnstorf) Sherff,
var. gracilipes Fernald, var. inundata Fernald, var. petiolata (Nuttall) Farwell, var.
pinnata S. Watson, and var. submutica Fassett [18, 19]. In the second half of the
twentieth century, American botanists made suggestions about the hybrid nature of
B. connata based on morphological features [20]. This species was indicated as an
alien for Europe [21]. However, European plants called “B. connata” are morpho-
logically different from American samples. Their outer leaves are clearly leaf-
shaped, well-developed, and 3–6 cm long, with no reedy flowers, and the first real
leaves are less narrow and with more pronounced petioles than those of B. connata
and fewer denticles on the leaves, and the denticles, in turn, are usually larger and
less regularly located [22]. Plants from European populations have been described
as B. � decipiens Warnst. in 1895. The typical excrement material collected by Carl
Warnstorf is stored in the herbaria of Edinburgh (E), Frankfurt (FR), and Charles
University in Prague (PRC) [23]. In Europe, the locations of B. � decipiens are few
and far between. A map of the gradual eastward expansion of this species was
previously compiled by the authors of this paper [24] and is shown in Figure 1.
Previously, we studied morphological features of B. � decipiens in Russia and found
that features of this species are intermediate between the North American invasive
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Sample
no.

Number of ITS/rpl32–
trnL/trnL–trnF sequence
in GeneBank

Taxon Date and place of collection, notes

de_1a МК559763/ – /MK575566 Bidens �
decipiens
(= “B. connata”)

Russia, Kaluga region, Milyatinsky Reservoir,
2013 54.4914° N, 34.3393° E

de _1b МК559764/ – /MK575567

de _1c МК559765/ – / MK575568

de _1d МК559766/ – /MK575569

de _2a МК559767/ – /MK575570 Russia, Kaliningrad region, 2013
54.95° N, 20.49° E

de _2b МК559768/ – /MK575571

de _2c МК559769/ – /MK575572

de _2d МК559770/ – / –

de _3a МК559771/ – /MK575573 Russia, Vladimir region, near Tasinsky
village, 2014 Formed with dissected lower
leaves 55.567° N, 40.172° E

de _3b МК559772/ – / –

de _3c МК559773/ – / MK575574

de _4a МК559774/ – /MK575575 Russia, Vladimir region, near Tasinsky
village, 2014 Formed with whole lower leaves
55.567° N, 40.172° E

de _4b МК559775/ – /MK575576

fr_5a МК559780/ – /MK575581 B. frondosa Russia, Vladimir region, near Tasinsky
village, 2014
55.567° N, 40.172° E

fr_5b МК559781/ – /MK575582 Russia, Vladimir region, near Tasinsky
village, 2018
55.567° N, 40.172° E

fr_5c МК559782/ – /MK575583

cr_6a МК559755/ – /MK575559 B. cernua Russia, Moscow region, near Zvenigorod
town, 2014
55.69° N, 36.74° E

cr_6b МК559756/ – /MK575560

t_7 МК559754/ – /MK575558 B. tripartita Russia, Vladimir region, near Tasinsky
village, 2018
55.567° N, 40.172° E

cr_8a МК559757/ – /MK575561 B. cernua

cr_8b МК559758/ – /MK575562

cr_8c МК559759/ – /�
cr_9a МК559760/ – /MK575563 Belarus, Dzerzhinsk, 2018

53.693° N, 27.165° E
сr_9b МК559761/ – /MK575564

cr_9c МК559762/ – /MK575565

fr_10a МК559783/ – /MK575584 B. frondosa

fr_10b МК559784/ – /MK575585

de _11a МК559776/ – /MK575577 B. decipiens
(= “B. connata”)

de _11b МК559777/ – /MK575578

de _11c МК559778/ – /MK575579

de _13 МК559779/ – /MK575580 Russia, Moscow, park near Sviblovo estate,
2018 55.8639° N, 37.6396° E

v_1a MK491849/MK474079/ – Solidago
virgaurea

Russia, Pskov region, Pskov district, vicinity
of Pskov, idle field, 2018
57.80° N, 28.25° E

v_1b MK491850/MK474080/ –

v_1c MK491851/MK474081/ –

n_2a MK491852/MK474082/ – S. � niederederi

98

Invasive Species - Introduction Pathways, Economic Impact, and Possible Management Options

B. frondosa L. and the native B. cernua L. B.� decipiens are covered with two types of
hairs—duplex, from two cells (as in B. frondosa), and simple multicellular (as in B.
cernua). In addition, the seeds of B. � decipiens are quadrilateral and have four axes
(as in B. cernua) and are covered with warts (as in B. frondosa). Heads of B. �
decipiens are similar in size and shape to heads of B. frondosa, and the leaves are
whole, as in B. cernua. On the basis of these data, we hypothesize the hybrid origin
of B. � decipiens [25].

Nucleotide sequence analysis shows that not all individuals defined as B. �
decipiens can be called hybrids. The point is that in cases of nucleotide substitutions

Sample
no.

Number of ITS/rpl32–
trnL/trnL–trnF sequence
in GeneBank

Taxon Date and place of collection, notes

n_2b MK491853/MK474083/ –

n_2c – /MK474084/ –

c_3a MK491854/MK474085/ – S. canadensis

c_3b MK491855/MK474086/ –

c_3c MK491856/MK474087/ –

v_4 – /MK474088/ – S. virgaurea Russia, Moscow region, Chekhov district,
near the village of Chudinovo, idle field, 2018
55.1° N, 37.5° E

c_5a MK491857/MK474090/ – S. canadensis

c_5b – /MK474089/ –

v_6a MK491858/� / – S. virgaurea Russia, Moscow region, “Losiny Ostrov”
National Park, Pine forest, 2014
55.89° N, 37.77° E

v_6b MK491859/� / –

3 MK397980/� / – Erigeron
sumatrensis

Italy, Pompeii, 2016
40.7° N, 14.5° E

5a MK397981/� / – Italy, the Island of Ischia, 2016
40.7° N, 13.9° E

5b MK397982/� / –

5c MK397983/� / –

6 MK397984/� / – Italy, Herculaneum, 2016
40.8° N, 14.4° E

8a MK397986/� / – E. sumatrensis �
E. canadensis (?)

Italy, Naples, 2016
40.8° N, 14.2° E

8b MK397987/� / –

10a MK397988/� / – Italy, Pompeii, 2016
40.7° N, 14.5° E

10b MK397989/� / –

13a MK397991/� / – E. canadensis Italy, the Island of Ischia, 2016
40.7° N, 13.9° E

13b MK397992/� / –

16 MK397985/� / – Portugal, Lisbon, 2017
38.7° N, 9.1° W

18 MK397993/� / – Spain, Madrid, park, 2017
40.4° N, 3.7° W

19 MK397994/� / – Erigeron sp.

20 MK397995/� / – E. canadensis

22 MK397990/� / –

Note: “E. sumatrensis � E. canadensis (?)” – putative hybrids.

Table 1.
Samples of the studied taxa of Asteraceae.
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Sample
no.

Number of ITS/rpl32–
trnL/trnL–trnF sequence
in GeneBank

Taxon Date and place of collection, notes

de_1a МК559763/ – /MK575566 Bidens �
decipiens
(= “B. connata”)

Russia, Kaluga region, Milyatinsky Reservoir,
2013 54.4914° N, 34.3393° E

de _1b МК559764/ – /MK575567

de _1c МК559765/ – / MK575568

de _1d МК559766/ – /MK575569

de _2a МК559767/ – /MK575570 Russia, Kaliningrad region, 2013
54.95° N, 20.49° E

de _2b МК559768/ – /MK575571

de _2c МК559769/ – /MK575572

de _2d МК559770/ – / –

de _3a МК559771/ – /MK575573 Russia, Vladimir region, near Tasinsky
village, 2014 Formed with dissected lower
leaves 55.567° N, 40.172° E

de _3b МК559772/ – / –

de _3c МК559773/ – / MK575574

de _4a МК559774/ – /MK575575 Russia, Vladimir region, near Tasinsky
village, 2014 Formed with whole lower leaves
55.567° N, 40.172° E

de _4b МК559775/ – /MK575576

fr_5a МК559780/ – /MK575581 B. frondosa Russia, Vladimir region, near Tasinsky
village, 2014
55.567° N, 40.172° E

fr_5b МК559781/ – /MK575582 Russia, Vladimir region, near Tasinsky
village, 2018
55.567° N, 40.172° E

fr_5c МК559782/ – /MK575583

cr_6a МК559755/ – /MK575559 B. cernua Russia, Moscow region, near Zvenigorod
town, 2014
55.69° N, 36.74° E

cr_6b МК559756/ – /MK575560

t_7 МК559754/ – /MK575558 B. tripartita Russia, Vladimir region, near Tasinsky
village, 2018
55.567° N, 40.172° E

cr_8a МК559757/ – /MK575561 B. cernua

cr_8b МК559758/ – /MK575562

cr_8c МК559759/ – /�
cr_9a МК559760/ – /MK575563 Belarus, Dzerzhinsk, 2018

53.693° N, 27.165° E
сr_9b МК559761/ – /MK575564

cr_9c МК559762/ – /MK575565

fr_10a МК559783/ – /MK575584 B. frondosa

fr_10b МК559784/ – /MK575585

de _11a МК559776/ – /MK575577 B. decipiens
(= “B. connata”)

de _11b МК559777/ – /MK575578

de _11c МК559778/ – /MK575579

de _13 МК559779/ – /MK575580 Russia, Moscow, park near Sviblovo estate,
2018 55.8639° N, 37.6396° E

v_1a MK491849/MK474079/ – Solidago
virgaurea

Russia, Pskov region, Pskov district, vicinity
of Pskov, idle field, 2018
57.80° N, 28.25° E

v_1b MK491850/MK474080/ –

v_1c MK491851/MK474081/ –

n_2a MK491852/MK474082/ – S. � niederederi
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B. frondosa L. and the native B. cernua L. B.� decipiens are covered with two types of
hairs—duplex, from two cells (as in B. frondosa), and simple multicellular (as in B.
cernua). In addition, the seeds of B. � decipiens are quadrilateral and have four axes
(as in B. cernua) and are covered with warts (as in B. frondosa). Heads of B. �
decipiens are similar in size and shape to heads of B. frondosa, and the leaves are
whole, as in B. cernua. On the basis of these data, we hypothesize the hybrid origin
of B. � decipiens [25].

Nucleotide sequence analysis shows that not all individuals defined as B. �
decipiens can be called hybrids. The point is that in cases of nucleotide substitutions

Sample
no.

Number of ITS/rpl32–
trnL/trnL–trnF sequence
in GeneBank

Taxon Date and place of collection, notes

n_2b MK491853/MK474083/ –

n_2c – /MK474084/ –

c_3a MK491854/MK474085/ – S. canadensis

c_3b MK491855/MK474086/ –

c_3c MK491856/MK474087/ –

v_4 – /MK474088/ – S. virgaurea Russia, Moscow region, Chekhov district,
near the village of Chudinovo, idle field, 2018
55.1° N, 37.5° E

c_5a MK491857/MK474090/ – S. canadensis

c_5b – /MK474089/ –

v_6a MK491858/� / – S. virgaurea Russia, Moscow region, “Losiny Ostrov”
National Park, Pine forest, 2014
55.89° N, 37.77° E

v_6b MK491859/� / –

3 MK397980/� / – Erigeron
sumatrensis

Italy, Pompeii, 2016
40.7° N, 14.5° E

5a MK397981/� / – Italy, the Island of Ischia, 2016
40.7° N, 13.9° E

5b MK397982/� / –

5c MK397983/� / –

6 MK397984/� / – Italy, Herculaneum, 2016
40.8° N, 14.4° E

8a MK397986/� / – E. sumatrensis �
E. canadensis (?)

Italy, Naples, 2016
40.8° N, 14.2° E

8b MK397987/� / –

10a MK397988/� / – Italy, Pompeii, 2016
40.7° N, 14.5° E

10b MK397989/� / –

13a MK397991/� / – E. canadensis Italy, the Island of Ischia, 2016
40.7° N, 13.9° E

13b MK397992/� / –

16 MK397985/� / – Portugal, Lisbon, 2017
38.7° N, 9.1° W

18 MK397993/� / – Spain, Madrid, park, 2017
40.4° N, 3.7° W

19 MK397994/� / – Erigeron sp.

20 MK397995/� / – E. canadensis

22 MK397990/� / –

Note: “E. sumatrensis � E. canadensis (?)” – putative hybrids.

Table 1.
Samples of the studied taxa of Asteraceae.
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at the ITS1-ITS2 site differentiating B. frondosa and B. cernua, we encounter hetero-
zygosity of samples of B. � decipiens (and, accordingly, ambiguity of reading of the
sequence) in many cases, but still not in all (as it should be expected for the hybrid
F). At the same time, each of our samples of B. � decipiens is characterized by at
least some such ambiguous readings of nucleotides (C or T, A or T, A or C)
(Figure 2) in the case of substitutions, which, of course, confirms the hypothesis of
the hybrid origin of this taxon. Populations of B. � decipiens from different parts of
the range differ in the number of substitutions. Thus, samples from the banks of the
Milyatinskoye reservoir in the Kaluga region demonstrate in most cases the pres-
ence of ambiguous readings in the case of nucleotide substitutions, with the excep-
tion of sample de_1a, in which heterozygosity is not observed in all cases of
substitutions. It means that this population is a hybrid one. In addition, both parent
species grow on the banks of the Milyatinskoye reservoir in close proximity to the
population of B. � decipiens, which indirectly supports this view [26]. Probably, the
differences in the sample de_1a are due to the presence of introgression, i.e., this
sample is a backcross resulting from crossing of B. � decipiens with B. cernua,
because ITS1-ITS2 of this sample has a stronger DNA area similar to B. cernua than
others. The same situation is observed with individuals of B. � decipiens from
Belarus. B. � decipiens specimens from the Kaliningrad region, by contrast, in most
cases show similarities with B. cernua in the case of substitutions rather than het-
erozygosity, except for sample de_2a. In this case, there are two possible variants—
in the first case, we collected samples of backcrosses and see the result of introgres-
sion; in the second case, the parent form is another form of B. frondosa, not the
widespread B. frondosa var. frondosa. The second variant is less probable. However,
other forms of B. frondosa have been recently found [27]. Among plants of B. �
decipiens collected in the Vladimir region, two forms distinct on lower leaves—with
a dissected sheet plate (samples de_3a, de_3b, and de_3c) and with a whole sheet
plate (de_4a, de_4b)—are clearly distinguished. As it turned out, these forms have
genetic differences, but samples 4a and 4b are also not identical in the ITS1-ITS2
section sequences. In this case, it is only possible to estimate which form is closer to
B. cernua and which one to B. frondosa using statistical methods. The plant collected
on the territory of Sviblovo Estate in Moscow and based on a set of morphological
features defined as B. � decipiens, in the section ITS1-ITS2, has a very high

Figure 1.
Map of the secondary distribution range of Bidens � decipiens.
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similarity with B. cernua. However, in one case this specimen still has heterozygos-
ity in nucleotide substitutions differentiating B. cernua and B. frondosa, so we cannot
say that this specimen is a form of B. cernua; most likely, it is the result of intro-
gressive hybridization (Figure 2). It is possible that in the case of introgressive
hybridization, not only B. � decipiens � B. cernua but also backcrosses are formed
(B. � decipiens � B. frondosa). It is interesting that ambiguous readings of a certain
nucleotide are also observed for all B. frondosa samples in the same position, but
they are not related to nucleotide substitutions in other taxa (Figure 2). It is not
excluded that B. frondosa itself is a species of hybrid origin. This is indirectly proved
by the high polymorphism of this species in its natural area.

Based on the nucleotide sequences of the ITS1-ITS2 site in the SplitsTree pro-
gram, the dendrogram is built using the UPGMA method (Figure 3). With high
probability (with 100% bootstrap support), two clades were separated—sample t_7
(B. tripartita). One clade was separated by species, specimens B. frondosa (fr_5a,
fr_5b, fr_5b, fr_10a, fr_10b), and the other clade included all samples of B. �
decipiens and B. cernua, indicating a high similarity.

For trnL-trnF site of chloroplast DNA, samples of B. � decipiens and B. cernua
have no differences (this applies to all plants, including those collected in different
regions), while B. frondosa differs from these taxa by six substitutions of one to two
nucleotides and deletion of seven nucleotides (Figure 4). B. tripartita has another
deletion (Figure 4), which is absent in other taxa, which once again indirectly
confirms its non-participation to the hybrid origin of B. � decipiens. This means that
the aboriginal B. cernua is the maternal species and B. frondosa is the paternal
species.

Figure 2.
Fragment of ITS1-ITS2 site of nuclear DNA of various taxa of Bidens genus. The nucleotides are coded using
the International Union of Pure and Applied Chemistry (IUPAC) nomenclature.
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similarity with B. cernua. However, in one case this specimen still has heterozygos-
ity in nucleotide substitutions differentiating B. cernua and B. frondosa, so we cannot
say that this specimen is a form of B. cernua; most likely, it is the result of intro-
gressive hybridization (Figure 2). It is possible that in the case of introgressive
hybridization, not only B. � decipiens � B. cernua but also backcrosses are formed
(B. � decipiens � B. frondosa). It is interesting that ambiguous readings of a certain
nucleotide are also observed for all B. frondosa samples in the same position, but
they are not related to nucleotide substitutions in other taxa (Figure 2). It is not
excluded that B. frondosa itself is a species of hybrid origin. This is indirectly proved
by the high polymorphism of this species in its natural area.

Based on the nucleotide sequences of the ITS1-ITS2 site in the SplitsTree pro-
gram, the dendrogram is built using the UPGMA method (Figure 3). With high
probability (with 100% bootstrap support), two clades were separated—sample t_7
(B. tripartita). One clade was separated by species, specimens B. frondosa (fr_5a,
fr_5b, fr_5b, fr_10a, fr_10b), and the other clade included all samples of B. �
decipiens and B. cernua, indicating a high similarity.

For trnL-trnF site of chloroplast DNA, samples of B. � decipiens and B. cernua
have no differences (this applies to all plants, including those collected in different
regions), while B. frondosa differs from these taxa by six substitutions of one to two
nucleotides and deletion of seven nucleotides (Figure 4). B. tripartita has another
deletion (Figure 4), which is absent in other taxa, which once again indirectly
confirms its non-participation to the hybrid origin of B. � decipiens. This means that
the aboriginal B. cernua is the maternal species and B. frondosa is the paternal
species.

Figure 2.
Fragment of ITS1-ITS2 site of nuclear DNA of various taxa of Bidens genus. The nucleotides are coded using
the International Union of Pure and Applied Chemistry (IUPAC) nomenclature.
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4. Solidago � niederederi

We have set ourselves the task to study the features of Solidago hybrids in
northwest Russia, because in contemporary publications the most numerous refer-
ences to S. � niederederi are in the northeastern part of Europe and the Pskov region
is the closest region of Russia to it. Previously, on the basis of the analysis of the
highly variable noncoding chloroplast region rpl32-trnL by Polish botanists, it was
found that hybridization between S. canadensis and S. virgaurea can occur in both

Figure 3.
Dendrogram based on analysis of the ITS region of DNA of various Bidens taxa with bootstrap support data.

Figure 4.
Fragment of the trnL-trnF intergenic spacer of chloroplast DNA of various taxa of Bidens genus. The
nucleotides are coded using IUPAC nomenclature.
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directions and both species can be both mother and father plants [28]. We aimed to
determine the situation with respect to parental taxa in the Pskov populations of
these species.

The main difference between the hybrid S. � niederederi and its parents is the
structure of shoot systems (mainly the inflorescence structure, Figure 5). In S.
canadensis numerous heads are collected in a compound raceme, and in S. �
niederederi the number of heads is smaller and is collected in a compressed com-
pound raceme, whereas in S. virgaurea the number of heads is smaller, and the
branches of the compound raceme are so short that the inflorescence is more like a
spike.

The size of the heads themselves also varies (Figure 6). S. � niederederi heads
have an oval shape and occupy an intermediate position in diameter between
parental species, 2201 � 45 μm (mean � error average) with a maximum spread of
1762 to 2728 μm, while for S. virgaurea and S. canadensis, these values are
3132� 30 μm (2874–3548 μm) and 1591� 22 μm (1428–1939 μm), respectively [29].

With regard to the length of the head, S. � niederederi plants in Pskov cannot be
clearly distinguished from S. canadensis due to the high variability of this indicator
in S. canadensis. However, in terms of average head lengths, the hybrid also occupies
an intermediate position between parent species (Figure 6). S. canadensis and S. �
niederederi shoots are pubescent, while S. virgaurea shoots are glabrous, glossy, and
sometimes reddish. The leaves of S. � niederederi in the middle part of the shoot are
linear-lanceolate and dentate along the edge, with three distinct veins (as in S.
canadensis), while in the basal part of the shoot large, ovate, with reticulate veins (as
in S. virgaurea). To confirm hybrid origin of S. � niederederi population in the
vicinity of Pskov, nucleotide sequences of nuclear and chloroplast DNA of Pskov
individuals (both parent and hybrid species) as well as individuals of parent species
from Moscow region were analyzed. The analysis of the ITS1-ITS2 site showed that
in all cases of nucleotide substitutions differentiating S. virgaurea and S. canadensis,
S.� niederederi has ambiguous readings (Table 2), indicating heterozygosity, which
confirms the hybrid origin of individuals from this population. One sample of S.
canadensis (c_3c) showed heterozygosity in three cases of nucleotide substitutions
out of four, although morphologically this sample did not differ from other indi-
viduals of S. canadensis, which indicates the presence of introgressive hybridization

Figure 5.
Panicles of Solidago � niederederi and its parental species.
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directions and both species can be both mother and father plants [28]. We aimed to
determine the situation with respect to parental taxa in the Pskov populations of
these species.

The main difference between the hybrid S. � niederederi and its parents is the
structure of shoot systems (mainly the inflorescence structure, Figure 5). In S.
canadensis numerous heads are collected in a compound raceme, and in S. �
niederederi the number of heads is smaller and is collected in a compressed com-
pound raceme, whereas in S. virgaurea the number of heads is smaller, and the
branches of the compound raceme are so short that the inflorescence is more like a
spike.

The size of the heads themselves also varies (Figure 6). S. � niederederi heads
have an oval shape and occupy an intermediate position in diameter between
parental species, 2201 � 45 μm (mean � error average) with a maximum spread of
1762 to 2728 μm, while for S. virgaurea and S. canadensis, these values are
3132� 30 μm (2874–3548 μm) and 1591� 22 μm (1428–1939 μm), respectively [29].

With regard to the length of the head, S. � niederederi plants in Pskov cannot be
clearly distinguished from S. canadensis due to the high variability of this indicator
in S. canadensis. However, in terms of average head lengths, the hybrid also occupies
an intermediate position between parent species (Figure 6). S. canadensis and S. �
niederederi shoots are pubescent, while S. virgaurea shoots are glabrous, glossy, and
sometimes reddish. The leaves of S. � niederederi in the middle part of the shoot are
linear-lanceolate and dentate along the edge, with three distinct veins (as in S.
canadensis), while in the basal part of the shoot large, ovate, with reticulate veins (as
in S. virgaurea). To confirm hybrid origin of S. � niederederi population in the
vicinity of Pskov, nucleotide sequences of nuclear and chloroplast DNA of Pskov
individuals (both parent and hybrid species) as well as individuals of parent species
from Moscow region were analyzed. The analysis of the ITS1-ITS2 site showed that
in all cases of nucleotide substitutions differentiating S. virgaurea and S. canadensis,
S.� niederederi has ambiguous readings (Table 2), indicating heterozygosity, which
confirms the hybrid origin of individuals from this population. One sample of S.
canadensis (c_3c) showed heterozygosity in three cases of nucleotide substitutions
out of four, although morphologically this sample did not differ from other indi-
viduals of S. canadensis, which indicates the presence of introgressive hybridization

Figure 5.
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within the Solidago genus. It is likely that this sample is a backcross (result of
crossbreeding S. � niederederi with the parent species S. canadensis).

The analysis of the rpl32-trnL high-variable intergenic spacer made it impossible
to give an unambiguous answer which species is maternal to S. � niederederi and
which is paternal. In contrast to the results obtained by A. Plizhko and J. Zalevska-
Galosh [30], our samples of S. canadensis have a higher variability of this section of
chloroplast DNA. For example, a sample of s_3a from the Pskov region has a DNA
fragment that is absent in other plants of S. canadensis not only in the Pskov region
but also near Moscow (242–264 nucleotides, Table 3). The area occupying positions
271–306 in the alignment of our sequences (292–330 for sample c_3a, Table 3) and
differentiating parental species in Polish populations [30] may differ not only in S. �
niederederi but also in both parental species. The analysis of another noncoding site of
chloroplast DNA, trnL-trnF, also failed to answer this question because all the sam-
ples examined were identical in this site. Based on the data obtained, we can only

Figure 6.
Parameters of flower heads of Solidago � niederederi and its parental species: quartiles (first and third),
median, maximum, and minimum values are indicated.

Sample no. Position in the alignment

384 431 508 549

v_1a T A C A

v_1b T A C A

v_1c T A C A

n_2a Y M Y R

n_2b Y M Y R

c_3a C C T G

c_3b C C T G

c_3c Y M T R

c_5a C C T G

v_6a T A C A

v_6b T A C A

The nucleotides are coded using IUPAC nomenclature.

Table 2.
ITS1-ITS2 polymorphism for the Solidago � niederederi hybrid and parental species.
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within the Solidago genus. It is likely that this sample is a backcross (result of
crossbreeding S. � niederederi with the parent species S. canadensis).

The analysis of the rpl32-trnL high-variable intergenic spacer made it impossible
to give an unambiguous answer which species is maternal to S. � niederederi and
which is paternal. In contrast to the results obtained by A. Plizhko and J. Zalevska-
Galosh [30], our samples of S. canadensis have a higher variability of this section of
chloroplast DNA. For example, a sample of s_3a from the Pskov region has a DNA
fragment that is absent in other plants of S. canadensis not only in the Pskov region
but also near Moscow (242–264 nucleotides, Table 3). The area occupying positions
271–306 in the alignment of our sequences (292–330 for sample c_3a, Table 3) and
differentiating parental species in Polish populations [30] may differ not only in S. �
niederederi but also in both parental species. The analysis of another noncoding site of
chloroplast DNA, trnL-trnF, also failed to answer this question because all the sam-
ples examined were identical in this site. Based on the data obtained, we can only

Figure 6.
Parameters of flower heads of Solidago � niederederi and its parental species: quartiles (first and third),
median, maximum, and minimum values are indicated.

Sample no. Position in the alignment

384 431 508 549

v_1a T A C A

v_1b T A C A

v_1c T A C A

n_2a Y M Y R

n_2b Y M Y R

c_3a C C T G

c_3b C C T G

c_3c Y M T R

c_5a C C T G

v_6a T A C A

v_6b T A C A

The nucleotides are coded using IUPAC nomenclature.

Table 2.
ITS1-ITS2 polymorphism for the Solidago � niederederi hybrid and parental species.
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assume that hybridization occurs in both directions in the Pskov population, but there
is also a possibility that only one species may be maternal and the other paternal, and
it is necessary to search for other, more variable sites of chloroplast DNA.

5. Erigeron sect. Conyza

Earlier we studied in detail morphological differences between species of the
genus Erigeron that grow in Eurasia [30], and they are shown in Table 4.

Previously a hybrid of Erigeron canadensis and E. sumatrensis—Conyza � rouyana
Sennen—was described. A typical specimen of this taxon (P04315552), collected by
F. Sennen in Catalonia in 1904, is kept in the herbarium of the Museum of Natural
History in Paris [P] [7]. Nevertheless, some botanists did not recognize this hybrid
and referred C. � royana to E. floribundus [31], which is now treated as synonymous
with E. sumatrensis. However, it cannot be excluded that morphological differences
in several individuals could have been caused not by hybrid processes but by
adverse environmental conditions.

The analysis of the ITS1-ITS2 site of 16 samples of Erigeron sect. Conyza (sup-
posed hybrids and parent taxa) confirmed our conclusions about the higher poly-
morphism of E. sumatrensis than E. canadensis: ITS1-ITS2 sites of E. canadensis
samples were identical, while E. sumatrensis has substitutions and ambiguous
readings (Table 5). As for the supposed hybrids (samples 8a, 8b, 10a, 10b, and 22),
only in one case an ambiguous reading of the nucleotides coincides with the substi-
tution differentiating E. canadensis and E. sumatrensis, which indicates that the
hybridization has taken place, but since in other cases the substitutions are identical
(Table 5) and the supposed hybrids have no ambiguous readings, most likely, the
reason for their morphological differences is the high polymorphism of E.
sumatrensis taxon, to which they can be classified.

Features E. canadensis Е. bonariensis Е. sumatrensis

Number of
heads/
generative
shoot

500–600 No more 30 less 500

Diameter
of heads,
mm

4.8 � 0.1 � 2.4 � 0.1 6.1 � 0.1 � 5.2 � 0.2 6.6 � 0.1 � 3.2 � 0.2
At the base, swollen

Structure
of shoot
systems

The main shoot is barely
branched off and ends in a

compound raceme
occupying the upper third of

the escape

The lower lateral deciduous
axes of the inflorescence
overturn the main shoot
axis; the inflorescence

covers the upper third of the
shoot

The lower lateral deciduous
inflorescences are shorter
than the main axis of the

shoot; the diamond-shaped
compound raceme is half

the length of the generative
shoot

Shape of
leaves

Linear-lanceolate with
denticle margin

Almost linear with 3–5
denticles

Lanceolate-oval with a
serrated margin

Type of
pubescence

The leaves are light green,
slightly pubescent, the stem

is light green, strongly
pubescent

The leaves are gray-green,
the pubescent leaves and

stems are strongly pubescent
with long silvery trichomes

The leaves are dark green,
softly pubescent, the stems
are grayish with abundant

soft pubescence

Table 4.
Diagnostic morphological features of Erigeron species.
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assume that hybridization occurs in both directions in the Pskov population, but there
is also a possibility that only one species may be maternal and the other paternal, and
it is necessary to search for other, more variable sites of chloroplast DNA.

5. Erigeron sect. Conyza

Earlier we studied in detail morphological differences between species of the
genus Erigeron that grow in Eurasia [30], and they are shown in Table 4.

Previously a hybrid of Erigeron canadensis and E. sumatrensis—Conyza � rouyana
Sennen—was described. A typical specimen of this taxon (P04315552), collected by
F. Sennen in Catalonia in 1904, is kept in the herbarium of the Museum of Natural
History in Paris [P] [7]. Nevertheless, some botanists did not recognize this hybrid
and referred C.� royana to E. floribundus [31], which is now treated as synonymous
with E. sumatrensis. However, it cannot be excluded that morphological differences
in several individuals could have been caused not by hybrid processes but by
adverse environmental conditions.

The analysis of the ITS1-ITS2 site of 16 samples of Erigeron sect. Conyza (sup-
posed hybrids and parent taxa) confirmed our conclusions about the higher poly-
morphism of E. sumatrensis than E. canadensis: ITS1-ITS2 sites of E. canadensis
samples were identical, while E. sumatrensis has substitutions and ambiguous
readings (Table 5). As for the supposed hybrids (samples 8a, 8b, 10a, 10b, and 22),
only in one case an ambiguous reading of the nucleotides coincides with the substi-
tution differentiating E. canadensis and E. sumatrensis, which indicates that the
hybridization has taken place, but since in other cases the substitutions are identical
(Table 5) and the supposed hybrids have no ambiguous readings, most likely, the
reason for their morphological differences is the high polymorphism of E.
sumatrensis taxon, to which they can be classified.

Features E. canadensis Е. bonariensis Е. sumatrensis

Number of
heads/
generative
shoot

500–600 No more 30 less 500

Diameter
of heads,
mm

4.8 � 0.1 � 2.4 � 0.1 6.1 � 0.1 � 5.2 � 0.2 6.6 � 0.1 � 3.2 � 0.2
At the base, swollen

Structure
of shoot
systems

The main shoot is barely
branched off and ends in a

compound raceme
occupying the upper third of

the escape

The lower lateral deciduous
axes of the inflorescence
overturn the main shoot
axis; the inflorescence

covers the upper third of the
shoot

The lower lateral deciduous
inflorescences are shorter
than the main axis of the

shoot; the diamond-shaped
compound raceme is half

the length of the generative
shoot

Shape of
leaves

Linear-lanceolate with
denticle margin

Almost linear with 3–5
denticles

Lanceolate-oval with a
serrated margin

Type of
pubescence

The leaves are light green,
slightly pubescent, the stem

is light green, strongly
pubescent

The leaves are gray-green,
the pubescent leaves and

stems are strongly pubescent
with long silvery trichomes

The leaves are dark green,
softly pubescent, the stems
are grayish with abundant

soft pubescence

Table 4.
Diagnostic morphological features of Erigeron species.
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6. Conclusions

Thus, the obtained data on hybrid activity among the Asteraceae family of
invasive species are ambiguous.

Hybrid B. � decipiens has a low polymorphism. B. cernua is the most polymorphic
taxon, and we can assume the presence of introgressive hybridization of B. �
decipiens with a maternal species. The analysis of ITS1-ITS2 and trnL-trnF sequences
showed that B. � decipiens is of hybrid origin and its maternal form is an aboriginal
sequence of B. cernua and the paternal one is probably invasive B. frondosa. It is
possible that B. � decipiens in its present form has already appeared by introgression,
but no morphological differences between supposed hybrids (Belarusian and Kaluga
plants) and supposed backcrosses (plants fromMoscow and Kaliningrad region) have
been revealed. It should be noted that B. frondosa itself may be of hybrid origin.

In the northwest of Russia, the populations of three taxa of Solidago genus—an
invasive species of North American origin of S. canadensis, an indigenous species of S.
virgaurea, and their hybrid S. � niederederi—grow together in the vicinity of the city
of Pskov, which was confirmed by the sequence analysis of the ITS1-ITS2 site. Since
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Chapter 7

Changing Climate and Advances 
on Weeds Utilization as Forage: 
Provisions, Nutritional Quality 
and Implications
Muhammad Aamir Iqbal, Sajid Ali, Ayman El Sabagh, 
Zahoor Ahmad and Muzammil H. Siddiqui

Abstract

Under changing climate, growth and prevalence of many invasive and indigenous 
weeds are expected to boost up owing to their greater genetic diversity, competi-
tive superiority and better plant architecture. Atmospheric CO2 enrichment and 
elevating global temperature are causing weeds invasion to new localities making 
prevalent weed management strategies ineffective. Weed utilization as forage for 
ruminants provided that their nutritional profile is available and can be a biologically 
feasible and economically viable approach compared to existing management system 
of eliminating them from agro-ecological systems. Different weeds like Bermuda 
grass (Cynodon dactylon), Johnson grass (Sorghum halepense), canary grass (Phalaris 
minor), nut sedge (Cyperus rotundus), yellow duck (Rumex crispus), drooping 
brome (Bromus tectorum), burr clover (Medicago polymorpha), button weed (Diodia 
scandens), and purslane (Portulaca oleracea) had acceptable nutritional profile with 
organic matter (89.0–91.3%), protein (7.1–19.5%) and fats (2.1–3.7%). Those were 
also rich in micro-nutrients (calcium, magnesium and zinc), while anti-nutritional 
factors (saponins, tannins, phytates and oxalates) were in safer limits for dairy ani-
mals. Lack of nutritional profiling and presence of anti-nutritional factors decreased 
feed intake and led to malnutrition, while higher concentration of tannins caused 
digestibility depression in small ruminants. There is need to conduct further studies 
for nutritional profiling of local weed species and development of techniques for 
reducing their anti-nutritional factors.

Keywords: anti-nutritional factors, global warming, protein content, saponins, 
tannins

1. Introduction

Climate change has been feared to incur frequent drought spells and floods, 
while temperature fluctuations and shifting of rainfall patterns are projected to 
alter growth habits of weeds flora globally. There is an emerging rhetoric that most 
of invasive and indigenous weeds have the potential and botanical superiority to 
adjust and acclimatize to atmospheric CO2 enrichment through the optimization 
of photosynthesis process leading to significant boost in their biomass production. 
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In this way, some of the weed species can increase their establishment and domi-
nance in indigenous agro-ecosystems along with invading adjacent as well as far 
flung terrestrial ecosystems. Thus contrary to notion that weeds are menace and 
agro-ecological systems must be kept free of indigenous and invasive weeds, their 
utilization as forage for dairy animals has the potential to become the most feasible 
and pro-environment strategy [1–3].

Globally, large ruminant’s performance is directly influenced by the nutritional 
value of feed which accounts for over 50% of total expenditures. It deserves men-
tioning that dairy animals confront forage shortage owing to temperature extremes 
leading to drastic fall in milk production especially in developing countries. The 
shortage of forage and rising population of dairy animals has necessitated identify-
ing and evaluating alternate feed resources which are cheap and can also fulfill ani-
mal’s dietary needs. It has been established that weeds can inflict drastic influence on 
crops productivity and use of chemical herbicides for keeping them below threshold 
level, has led to serious concerns pertaining to their residual persistence in crops, soil 
and environment. Weeds utilization as animal feed holds potential because these are 
cheap owing to their abundance on field paths and water channels. Weeds harvested 
from cropped and non-cropped area may constitute an effective and biologically 
viable approach to keep weeds below the threshold level. Weeds utilization for 
feeding animals can also reduce herbicides use in agricultural lands which has the 
potential to curb environmental pollution. Many weeds have been reported to be 
resistant and better adapt to dynamic environmental conditions, and thus making 
them less prone to drastic impacts of climate change. In addition, it was reported 
that animals preferred naturally grown mixtures of weeds over crop residues and 
roughage during dry season. Furthermore, rapid regeneration favors many weed 
species for their inclusion as a source of vegetable protein in animal’s diet [4–10].

Weeds such as Bermuda grass (Cynodon dactylon), Johnson grass (Sorghum 
halepense), canary grass (Phalaris minor), nut sedge (Cyperus rotundus), cheat-grass 
or drooping brome (Bromus tectorum), burr clover (Medicago polymorpha) and 
pigweed (Amaranthus viridis) contained organic matter over 90% indicating that 
these weeds can fulfill the dry matter requirement of animals. In addition, spotted 
knapweed (Centaurea stoebe ssp. micranthos), a weed of rangelands in Northern 
America was reported to displace local plant species, degraded wildlife habitats, 
altered biogeochemistry of soil and triggered soil erosion and thus its control 
through grazing was found to be biologically and economically viable. Similarly, 
broom snakeweed and medusa-head (Taeniatherum caput-medusae) were effectively 
controlled through controlled grazing with reasonably good palatability [11–17].

Along with substantial quantity, nutritional quality of weeds is of the utmost 
importance for dairy animals in order to produce milk on sustainable basis. Field 
bindweed (Convolvulus arvensis) and yellow duck (Rumex crispus) were reported to 
have significantly higher protein content (27 and 22% respectively) [11] which were 
greater than all cereal forages and most of the legumes, while button weed (Diodia 
scandens) contained 7.7% protein [18]. Although, a number of species belonging to 
Commelinaceae family such as climbing dayflower (Commelina diffusa L.), tropi-
cal spiderwort/wandering jew (Commelina benghalensis L.), Asiatic dayflower 
(Commelina communis L.), African dayflower (Commelina africana L.), white mouth 
dayflower/slender dayflower (Commelina erecta) are considered weed but consti-
tuted a major chunk of animal feed in Tanzania [19], rural regions of Mauritius [20], 
USA [21] and in Kenya owing to reasonably good palatability [14, 18, 22, 23].

It is pertinent to mention that anti-nutritional factors (saponins, tannins, oxa-
lates, etc.) of weeds constitute as the most crucial concern as far as animal nutrition 
is concerned. Tick weed (Cleomea viscose) recorded safer limits of anti-nutritional 
factors such as condensed tannins (0.0491%), saponins (0.23%), phytates (1.2%) 
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and oxalates (3.3%), but unfortunately in-depth studies are lacking in this context. 
Furthermore, narrow leaf weeds (nut sedge, wild oat, etc.) were recommended to 
be a good source of fiber, while broad leaf weeds (pigweed, field bindweed, etc.) 
provided cheap vegetable protein to dairy animals [1, 11, 13, 20].

To date, very few studies have been done to assess the nutritional status, digest-
ibility and intake of indigenous and exotic (invasive) weeds and their utilization 
in sustainable ruminant’s production systems, but not a single study has so far 
synthesized and evaluated the literature on weeds utilization as forage. This chapter 
attempts to synthesize as well as assess the potential of weeds for supplementing 
traditional feedstuffs (forages, crop residues and concentrates) partially without 
compromising the productivity of large ruminants in terms of milk production. 
Weeds mineral constituents and anti-nutritional factors and various implications in 
weeds utilization as animal feed have also been evaluated.

2. Materials and methods

In order to synthesize published findings pertaining to nutritional quality of 
weeds, search was performed on Google Scholar (http://scholar.google.com) and 
PubMed (http://www.PubMed.gov) using the below mentioned search strings:

1. Weeds and forages.

2. Weeds nutritional value.

3. Weeds, animal feed.

4. Anti-nutritional factors in weeds.

The search was time-restricted to 2000–2019, however owing to limitation of 
published findings; it was later on relaxed to 1990–2019.

The research studies were screened based on following criteria;

1. Reporting at least one weed’s biomass production under changing climate.

2. Describing one or more nutritional quality parameters such as protein content 
of indigenous or invasive weeds.

3. Stating anti-nutritional factors of weeds species.

4. Reporting mineral constituents of at least one or more weeds.

The screening process resulted in 55 studies which fully fit in the objectives and 
selection criteria.

3. Weeds under changing climate

The rising temperature and carbon dioxide level along with the rapidly altering 
dynamics of rainfall and evaporation are the most important factors for determin-
ing management and utilization of weeds under changing climate. Weeds have 
been reported to have a greater genetic diversity compared to crops and thus can 
respond positively to agro-environmental changes. Owing to CO2 enrichment of 
atmosphere and rising temperature, some of the weed species can invade new 
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In this way, some of the weed species can increase their establishment and domi-
nance in indigenous agro-ecosystems along with invading adjacent as well as far 
flung terrestrial ecosystems. Thus contrary to notion that weeds are menace and 
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America was reported to displace local plant species, degraded wildlife habitats, 
altered biogeochemistry of soil and triggered soil erosion and thus its control 
through grazing was found to be biologically and economically viable. Similarly, 
broom snakeweed and medusa-head (Taeniatherum caput-medusae) were effectively 
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(Commelina communis L.), African dayflower (Commelina africana L.), white mouth 
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is concerned. Tick weed (Cleomea viscose) recorded safer limits of anti-nutritional 
factors such as condensed tannins (0.0491%), saponins (0.23%), phytates (1.2%) 
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and oxalates (3.3%), but unfortunately in-depth studies are lacking in this context. 
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synthesized and evaluated the literature on weeds utilization as forage. This chapter 
attempts to synthesize as well as assess the potential of weeds for supplementing 
traditional feedstuffs (forages, crop residues and concentrates) partially without 
compromising the productivity of large ruminants in terms of milk production. 
Weeds mineral constituents and anti-nutritional factors and various implications in 
weeds utilization as animal feed have also been evaluated.

2. Materials and methods

In order to synthesize published findings pertaining to nutritional quality of 
weeds, search was performed on Google Scholar (http://scholar.google.com) and 
PubMed (http://www.PubMed.gov) using the below mentioned search strings:

1. Weeds and forages.

2. Weeds nutritional value.

3. Weeds, animal feed.

4. Anti-nutritional factors in weeds.

The search was time-restricted to 2000–2019, however owing to limitation of 
published findings; it was later on relaxed to 1990–2019.

The research studies were screened based on following criteria;

1. Reporting at least one weed’s biomass production under changing climate.

2. Describing one or more nutritional quality parameters such as protein content 
of indigenous or invasive weeds.

3. Stating anti-nutritional factors of weeds species.

4. Reporting mineral constituents of at least one or more weeds.

The screening process resulted in 55 studies which fully fit in the objectives and 
selection criteria.

3. Weeds under changing climate

The rising temperature and carbon dioxide level along with the rapidly altering 
dynamics of rainfall and evaporation are the most important factors for determin-
ing management and utilization of weeds under changing climate. Weeds have 
been reported to have a greater genetic diversity compared to crops and thus can 
respond positively to agro-environmental changes. Owing to CO2 enrichment of 
atmosphere and rising temperature, some of the weed species can invade new 
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geographical localities while making the existing weed management strategies 
ineffective. In addition, weeds can have superiority over crop plants by virtue of 
better plant architecture and incorporating nitrogen and carbon in seeds. Rag weed 
(Ambrosia artemissifolia) developed more number of branches and leaf area along 
with producing greater number of pollens under increased temperature. Similarly, 
comparatively higher production of spines by Canada thistle (Cirsium arvense) in 
response to elevated CO2 level was reported [10, 24–27].

In addition, biomass production of bitter vine/American rope (mikania mikran-
tha), creeping oxeye (Wedelia trilobata) and Cairo morning glory (Ipomea cairica) 
was enhanced with increasing CO2 level [28]. Spurred anoda (Anoda cristata) gave 
the highest green biomass at CO2 fertilization up to 700 ppm and 32°C temperature, 
while barnyard grass (Echinochloa crusgalli) and Indian goose-grass/wire grass/
crowfoot grass (Eleusine indica) remained non-responsive to elevated temperature 
and CO2 concentration. It was concluded that elevated CO2 effectively enhanced the 
photosynthetic process even under water limited conditions indicating higher water 
use efficiency of weeds under drought stress which led to higher to biomass produc-
tion. However, weeds response to elevated CO2 and temperature under well watered 
conditions continues to remain an unexplored aspect which demands further 
research to determine the physiological plasticity of different weed species [25, 26].

The temperature elevation as a result of global warming is feared to trigger 
weeds migration. Cogon grass (Imperata cylindrica) prickly acacia (Acacia nilotica) 
and witch weed (Striga asiatica) were reported to invade cooler areas of Europe 
owing to global warming, while some of the invasive weed species such as mesquite 
(Prosopis juliflora) can become more hardy and difficult to control owing to greater 
portioning of assimilates to roots under elevated temperature particularly under 
agro-ecological conditions of Indo-Pak subcontinent [27, 29–32].

4. Nutritional quality of weeds

Although, weeds presence in and around the cultivated fields has never been 
deemed desirable, but these can contribute significantly to the production of 
quality organic feed for dairy animals. The nutritional profile of weeds determines 
feasibility and scope for their inclusion in ruminant’s feed. The nutritional quality 
of weeds encompasses digestibility, chemical composition, energy and extent of 
presence of anti-nutritional factors and such information can assist to determine 
the allowable proportion of weeds in ruminant’s feed [10, 33–35].

Dry matter digestibility has direct relationship with the quality of forage. 
Different weeds such as Barnyard grass (Echinochloa crusgalli) and Jerusalem 
artichoke (Helianthus tuberosus) had significantly higher digestibility compared 
to many cereal forages. The comparative dry matter digestibility of many weeds 
and forages crops is presented in Table 1. Digestibility was reported to be an 
important indicator of any forage’s quality, while Lamb-squarters (Chenopodium 
album), barn-yard-grass (Echinochloa crus-galli), dandelion (Taraxacum officinale), 
Jerusalem artichoke (Helianthus tuberosus), yellow foxtail (Setaria glauca), peren-
nial sowthistle (Sonchus arvensis) and Canada thistle (C. arvense) had in-vitro dry 
matter digestibility equal to alfalfa (Medicago sativa). In addition, common ragweed 
(Ambrosia artemisiifolia) and redroot pigweed (Amaranthus retroflexus) had even 
greater in-vitro dry matter digestibility compared to alfalfa [11, 39–41]. There is 
dire need to determine the digestibility of local weed flora in order to find out their 
suitability as an alternate animal feed.

Protein (CP) is the most important nutritional quality attribute having direct 
impact on milk production. Testing of 102 weed species belonging to Poacea, 
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Asteraceae, Fabaceae and Euphorbiaceae families commonly found in central Mexico 
revealed that only 25 had balanced nutritional profile. Weeds CP content depend 
on growth stage as matured weeds recorded lesser protein compared to harvest-
ings done at pre-bloom stage. Asthma plant (Eurphobia hirta) recorded 16.7% 
protein content while tick weed or Asian spider-flower (Cleomea viscose) with 
14.7% followed it, while yellow nutsedge or nut grass (Cyperus esculentus) and 
button weed (Diodia scandens) contained 9.8 and 7.7% CP respectively. Bluegrass 
(Poa annua) was found to have over 14% which is higher than maize, sorghum 
and oat, while common purslane (Portulaca oleracea) (8%) was also suggested 
to be an equally good forage weed as far as CP content is concerned. Another 
study suggested that weeds including bush sunflower (Simsia amplexicaulis), 
creeping false holly (Jaltomata procumbens) and mosquito flower weed (Lopezia 
racemosa) contained CP in the range of 6.5–16.9% and could be used solely or 
as supplementary feed mixed with maize straw to feed dairy cattle. Mixtures of 
weeds (Commelinaceae + Amaranthaceae) recorded crude protein twice than most 
of the roughages. Another study reported that bush sunflower (Simsia amplexi-
caulis) weed supplemented with maize straw based animal diets resulted in higher 
protein content successfully met dairy animals dietary needs. Similarly, climbing 
dayflower (Commelina diffusa L.) recorded appreciably higher content of protein 
(17.7%) which is comparable to commonly used forage crops. In addition, its 
rumen degradability of protein was recorded over 72% making it forage with bal-
anced nutrition [11, 36, 42–44].

Higher content of fiber increases the bulkiness of feed which results in reduced 
intake. The lowest crude fiber content was recorded by button weed (18.7%) and 
nut grass yielded the highest fiber (27%). The minimum lignin content (9.6%) of 
asthma plant favored its inclusion in animal feed [18]. Similarly, common dandelion 
(Taraxacum officinale) recorded significantly lower crude fiber content (15%), 
while Bermuda grass (Cynodon dactylon) gave the lowest fiber content of just over 
6% [11]. In contrast, barnyard grass (Echinochloa crusgalli) recorded the high-
est neutral detergent fiber (NDF) compared to trans-pecos drymary (Drymaria 
laxiflora) [45]. It was reported that climbing dayflower (Commelina diffusa L.) 
recorded 36% and 22% NDF and acid detergent fiber (ADF) respectively and thus 
compares well to commonly used grasses such as sorghum-Sudan grass and napier 

Weeds DMD (%) Forage crops DMD (%)

Barnyard grass (Echinochloa crusgalli) Alfalfa (Medicago sativa) 64–75

Canada thistle (Cirsium arvense) 68–74 Sorghum (Sorghum bicolor) 59–61

Dandelion (Taraxacum officinale) 78–84 Maize (Zea mays) 63–68

Sowthistle (Sonchus arvensis) 76–82 Oat (Avena sativa) 60–63

Swamp smartweed/knotweed/tanwed 
(Polygonum amphibium)

54–62 Barley (Hordeum vulgare) 59–64

Quackgrass (Elymus repens) 58–68 Pearl millet (Cenchrus 
americanus)

58–60

Brome grass (Bromus tectorum) 66–76 Cowpea (Vigna unguiculata) 68–76

Curly dock (Rumex crispus) 50–58 Soybean (Glycine max) 70–76

Jerusalem artichoke (Helianthus 
tuberosus)

81–86 Cluster bean (Cyamopsis 
tetragonoloba)

70–79

Table 1. 
Dry matter digestibility of some weeds and common forage crops grown under varied agro-climatic conditions 
[11, 28, 33, 36–38].
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geographical localities while making the existing weed management strategies 
ineffective. In addition, weeds can have superiority over crop plants by virtue of 
better plant architecture and incorporating nitrogen and carbon in seeds. Rag weed 
(Ambrosia artemissifolia) developed more number of branches and leaf area along 
with producing greater number of pollens under increased temperature. Similarly, 
comparatively higher production of spines by Canada thistle (Cirsium arvense) in 
response to elevated CO2 level was reported [10, 24–27].

In addition, biomass production of bitter vine/American rope (mikania mikran-
tha), creeping oxeye (Wedelia trilobata) and Cairo morning glory (Ipomea cairica) 
was enhanced with increasing CO2 level [28]. Spurred anoda (Anoda cristata) gave 
the highest green biomass at CO2 fertilization up to 700 ppm and 32°C temperature, 
while barnyard grass (Echinochloa crusgalli) and Indian goose-grass/wire grass/
crowfoot grass (Eleusine indica) remained non-responsive to elevated temperature 
and CO2 concentration. It was concluded that elevated CO2 effectively enhanced the 
photosynthetic process even under water limited conditions indicating higher water 
use efficiency of weeds under drought stress which led to higher to biomass produc-
tion. However, weeds response to elevated CO2 and temperature under well watered 
conditions continues to remain an unexplored aspect which demands further 
research to determine the physiological plasticity of different weed species [25, 26].

The temperature elevation as a result of global warming is feared to trigger 
weeds migration. Cogon grass (Imperata cylindrica) prickly acacia (Acacia nilotica) 
and witch weed (Striga asiatica) were reported to invade cooler areas of Europe 
owing to global warming, while some of the invasive weed species such as mesquite 
(Prosopis juliflora) can become more hardy and difficult to control owing to greater 
portioning of assimilates to roots under elevated temperature particularly under 
agro-ecological conditions of Indo-Pak subcontinent [27, 29–32].

4. Nutritional quality of weeds

Although, weeds presence in and around the cultivated fields has never been 
deemed desirable, but these can contribute significantly to the production of 
quality organic feed for dairy animals. The nutritional profile of weeds determines 
feasibility and scope for their inclusion in ruminant’s feed. The nutritional quality 
of weeds encompasses digestibility, chemical composition, energy and extent of 
presence of anti-nutritional factors and such information can assist to determine 
the allowable proportion of weeds in ruminant’s feed [10, 33–35].

Dry matter digestibility has direct relationship with the quality of forage. 
Different weeds such as Barnyard grass (Echinochloa crusgalli) and Jerusalem 
artichoke (Helianthus tuberosus) had significantly higher digestibility compared 
to many cereal forages. The comparative dry matter digestibility of many weeds 
and forages crops is presented in Table 1. Digestibility was reported to be an 
important indicator of any forage’s quality, while Lamb-squarters (Chenopodium 
album), barn-yard-grass (Echinochloa crus-galli), dandelion (Taraxacum officinale), 
Jerusalem artichoke (Helianthus tuberosus), yellow foxtail (Setaria glauca), peren-
nial sowthistle (Sonchus arvensis) and Canada thistle (C. arvense) had in-vitro dry 
matter digestibility equal to alfalfa (Medicago sativa). In addition, common ragweed 
(Ambrosia artemisiifolia) and redroot pigweed (Amaranthus retroflexus) had even 
greater in-vitro dry matter digestibility compared to alfalfa [11, 39–41]. There is 
dire need to determine the digestibility of local weed flora in order to find out their 
suitability as an alternate animal feed.

Protein (CP) is the most important nutritional quality attribute having direct 
impact on milk production. Testing of 102 weed species belonging to Poacea, 
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Asteraceae, Fabaceae and Euphorbiaceae families commonly found in central Mexico 
revealed that only 25 had balanced nutritional profile. Weeds CP content depend 
on growth stage as matured weeds recorded lesser protein compared to harvest-
ings done at pre-bloom stage. Asthma plant (Eurphobia hirta) recorded 16.7% 
protein content while tick weed or Asian spider-flower (Cleomea viscose) with 
14.7% followed it, while yellow nutsedge or nut grass (Cyperus esculentus) and 
button weed (Diodia scandens) contained 9.8 and 7.7% CP respectively. Bluegrass 
(Poa annua) was found to have over 14% which is higher than maize, sorghum 
and oat, while common purslane (Portulaca oleracea) (8%) was also suggested 
to be an equally good forage weed as far as CP content is concerned. Another 
study suggested that weeds including bush sunflower (Simsia amplexicaulis), 
creeping false holly (Jaltomata procumbens) and mosquito flower weed (Lopezia 
racemosa) contained CP in the range of 6.5–16.9% and could be used solely or 
as supplementary feed mixed with maize straw to feed dairy cattle. Mixtures of 
weeds (Commelinaceae + Amaranthaceae) recorded crude protein twice than most 
of the roughages. Another study reported that bush sunflower (Simsia amplexi-
caulis) weed supplemented with maize straw based animal diets resulted in higher 
protein content successfully met dairy animals dietary needs. Similarly, climbing 
dayflower (Commelina diffusa L.) recorded appreciably higher content of protein 
(17.7%) which is comparable to commonly used forage crops. In addition, its 
rumen degradability of protein was recorded over 72% making it forage with bal-
anced nutrition [11, 36, 42–44].

Higher content of fiber increases the bulkiness of feed which results in reduced 
intake. The lowest crude fiber content was recorded by button weed (18.7%) and 
nut grass yielded the highest fiber (27%). The minimum lignin content (9.6%) of 
asthma plant favored its inclusion in animal feed [18]. Similarly, common dandelion 
(Taraxacum officinale) recorded significantly lower crude fiber content (15%), 
while Bermuda grass (Cynodon dactylon) gave the lowest fiber content of just over 
6% [11]. In contrast, barnyard grass (Echinochloa crusgalli) recorded the high-
est neutral detergent fiber (NDF) compared to trans-pecos drymary (Drymaria 
laxiflora) [45]. It was reported that climbing dayflower (Commelina diffusa L.) 
recorded 36% and 22% NDF and acid detergent fiber (ADF) respectively and thus 
compares well to commonly used grasses such as sorghum-Sudan grass and napier 

Weeds DMD (%) Forage crops DMD (%)

Barnyard grass (Echinochloa crusgalli) Alfalfa (Medicago sativa) 64–75

Canada thistle (Cirsium arvense) 68–74 Sorghum (Sorghum bicolor) 59–61

Dandelion (Taraxacum officinale) 78–84 Maize (Zea mays) 63–68

Sowthistle (Sonchus arvensis) 76–82 Oat (Avena sativa) 60–63

Swamp smartweed/knotweed/tanwed 
(Polygonum amphibium)

54–62 Barley (Hordeum vulgare) 59–64

Quackgrass (Elymus repens) 58–68 Pearl millet (Cenchrus 
americanus)

58–60

Brome grass (Bromus tectorum) 66–76 Cowpea (Vigna unguiculata) 68–76

Curly dock (Rumex crispus) 50–58 Soybean (Glycine max) 70–76

Jerusalem artichoke (Helianthus 
tuberosus)

81–86 Cluster bean (Cyamopsis 
tetragonoloba)

70–79

Table 1. 
Dry matter digestibility of some weeds and common forage crops grown under varied agro-climatic conditions 
[11, 28, 33, 36–38].
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grass (Pennisetum purpureum) [9]. Similarly, spiderwort (Tripogandra purpuracens), 
a weed of South America recorded reasonably good concentration of carbohydrates 
which was higher compared to Tridax coronopifolia and was recommended to be fed 
to dairy animals [10, 11, 13, 19, 37, 46].

Digestibility is an important indicator of any forage’s quality. Lamb-
squarters (Chenopodium album), barn-yard-grass (Echinochloa crus-galli), 
dandelion (Taraxacum officinale), Jerusalem artichoke (Helianthus tuberosus), 
yellow foxtail (Setaria glauca), perennial sowthistle (Sonchus arvensis) and 
Canada thistle (C. arvense) had in-vitro dry matter digestibility equal to alfalfa 
(Medicago sativa). In addition, common ragweed (Ambrosia artemisiifolia) and 
redroot pigweed (Amaranthus retroflexus) had even greater in-vitro dry matter 
digestibility compared to alfalfa. Similarly, it was reported that high protein and 
low fiber contents are indicative of high energy and high productive value feeds. 
Field bindweed (Convolvulus arvensis L.) and common amaranth (Amaranthus 
retrofl exus L.) recorded the highest protein (18.8 and 13.0% respectively) and 
the lowest fiber (14.7 and 17.6% respectively) which was comparable to alfalfa 
(Medicago sativa) hay having 16.9% protein and 27% fiber. In addition, especial 
emphasis was paid to palatability of weeds as high nutritional value becomes 
irrelevant if animals have little likelihood for the weeds species. The hay of dif-
ferent weeds was given to sheep to determine their palatability by using cafeteria 
of manger technique and biomass consumed in 15 minutes was recorded. Alfalfa 
had the highest palatability followed by field bindweed (Convolvulus arvensis L.) 

Weeds OM (%) CP (%) ADF (%) NDF (%) F (%) A (%)

Knapweed (Centaurea 
stoebe) [43]

— 19.5 — 29.5 — —

Nut sedge (Cyperus 
rotundus) [11]

91.03 16.3 57.8 64.5 — 12.8

Red dead-nettle (Lamium 
purpureum) [43]

— 9.7 25.8 — 2.1 9.8

Field bindweed 
(Convolvulus arvensis) [11]

90.30 27.0 41.0 35.5 — 10.4

Pigweed (Amaranthus 
viridis) [11]

91.00 26.2 57.7 31.0 — 13.2

Johnson grass (Sorghum 
halepense) [46]

— 5.3 30.2 — 1.5 5.5

Field mustard (Brassica 
rapa) [46]

— 9.8 49.5 63.7 — —

Chicory (Cichorium 
intybus) [46]

— 7.1 35.2 — 3.34 7.5

Bermuda grass (Cynodon 
dactylon) [11]

90.90 13.5 47.0 76.5 — 13.3

Mexican aster (Cosmos 
bipinnatus) [40]

— 10.5 43.5 41.7 — —

Tick clover (Desmodium 
molliculum) [40]

— 16.2 42.9 41.6 — —

Yellow foxtail (Setaria 
glauca) [10]

— 20 30.0 — — —

Table 2. 
Nutritional quality (organic matter, crude protein CP, acid detergent fiber ADF, neutral detergent fiber NDF, 
fats F, total ash A) of weeds [11, 17, 21, 31, 35, 39, 41, 48, 49].
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and common amaranth (Amaranthus retrofl exus L.) owing to higher protein and 
lesser fiber contents. Thus, it was inferred that protein and fiber content of feeds 
can be used as predictors of palatability and it was also concluded that weeds 
leaves had 2–3 times higher protein than stems and thus leafy weeds such as field 
bindweed (Convolvulus arvensis L.) recorded higher palatability [11, 45, 47]. The 
nutritional quality of some weeds has been presented Table 2.

5. Mineral constituents of weeds

Minerals in appropriate quantity are essential for dairy animals to be utilized 
in various metabolic processes, for boosting immunity level against diseases and 
reproductive health. Asthma plant (Eurphobia hirta) was recommended to be 
included in animal feed for having reasonably higher concentrations of major 
minerals including calcium (Ca) (13.6%), magnesium (Mg) (3.0%) and potassium 
(K) (2.5%), along with many trace elements such as iron (Fe) (0.7%), copper (Cu) 
(0.1%) and manganese (Mn) (0.1%). Common chicory (Cichorium intybus) was also 
suggested as forage weed for having a comparable mineral composition including 
Ca (6%), Mg (2%), Fe (0.5%) and Cu (0.06%). In addition, pink sorrel (Oxalis 
debilis) was found to be poor on animal nutrition scale for being deficient in Ca 
(4%), Mg (2.3%), Fe (2.4) and Zinc (Zn) (0.15) compared to other forage weeds 
[10, 21, 48]. Very limited information has been reported so far regarding mineral 
constituents of weeds which limit their utilization as a feed source for ruminants. 
Table 3 contains mineral constitution of some weeds.

6. Anti-nutritional contents of weeds

Condensed tannins, saponins, phytate and oxalate are some of the anti-nutritional 
factors which reduce the nutritional quality and even impart toxicity to animal feeds. 
It was reported that button weed (0.029–0.052%) had the lowest tannin content, 
while nutsedge recorded the maximum tannin content. It was suggested that weeds 
having tannins 2–4% of dry matter did not pose a life threatening situation rather 
were found to be effective in improving protein flow towards duodenum which led to 
higher weight gain and reduced the parasitic infections. It was suggested that effec-
tive drying of weeds has the potential to significantly reduce the condensed tannins 
of weeds. Similarly, saponins which are generally produced by defense systems of 
weeds in response to pathogenic attacks impart a bitter taste and reduce nitrogen 

Weeds Ca Mg Zn

Wild oat (Avena fatua) [11] 1.8 1.10 0.06

Burr clover (Medicago polymorpha) [11] 10.2 2.42 0.14

Morning glory (Ipomoea purpurea) [40] 9.0 0.63 2.99

Yellow duck (Rumex crispus) [11] 4.7 2.70 0.20

Cheese weed (Malva parviflora) [40] 19.3 1.22 4.59

Wood sorrel (Oxalis decaphyllai) [40] 5.1 1.43 2.76

Table 3. 
Mineral constituents (calcium Ca, magnesium Mg and zinc Zn) of different weeds grown under varied  
agro-climatic conditions [11, 18, 22, 32, 40].
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grass (Pennisetum purpureum) [9]. Similarly, spiderwort (Tripogandra purpuracens), 
a weed of South America recorded reasonably good concentration of carbohydrates 
which was higher compared to Tridax coronopifolia and was recommended to be fed 
to dairy animals [10, 11, 13, 19, 37, 46].

Digestibility is an important indicator of any forage’s quality. Lamb-
squarters (Chenopodium album), barn-yard-grass (Echinochloa crus-galli), 
dandelion (Taraxacum officinale), Jerusalem artichoke (Helianthus tuberosus), 
yellow foxtail (Setaria glauca), perennial sowthistle (Sonchus arvensis) and 
Canada thistle (C. arvense) had in-vitro dry matter digestibility equal to alfalfa 
(Medicago sativa). In addition, common ragweed (Ambrosia artemisiifolia) and 
redroot pigweed (Amaranthus retroflexus) had even greater in-vitro dry matter 
digestibility compared to alfalfa. Similarly, it was reported that high protein and 
low fiber contents are indicative of high energy and high productive value feeds. 
Field bindweed (Convolvulus arvensis L.) and common amaranth (Amaranthus 
retrofl exus L.) recorded the highest protein (18.8 and 13.0% respectively) and 
the lowest fiber (14.7 and 17.6% respectively) which was comparable to alfalfa 
(Medicago sativa) hay having 16.9% protein and 27% fiber. In addition, especial 
emphasis was paid to palatability of weeds as high nutritional value becomes 
irrelevant if animals have little likelihood for the weeds species. The hay of dif-
ferent weeds was given to sheep to determine their palatability by using cafeteria 
of manger technique and biomass consumed in 15 minutes was recorded. Alfalfa 
had the highest palatability followed by field bindweed (Convolvulus arvensis L.) 

Weeds OM (%) CP (%) ADF (%) NDF (%) F (%) A (%)

Knapweed (Centaurea 
stoebe) [43]

— 19.5 — 29.5 — —

Nut sedge (Cyperus 
rotundus) [11]

91.03 16.3 57.8 64.5 — 12.8

Red dead-nettle (Lamium 
purpureum) [43]

— 9.7 25.8 — 2.1 9.8

Field bindweed 
(Convolvulus arvensis) [11]

90.30 27.0 41.0 35.5 — 10.4

Pigweed (Amaranthus 
viridis) [11]

91.00 26.2 57.7 31.0 — 13.2

Johnson grass (Sorghum 
halepense) [46]

— 5.3 30.2 — 1.5 5.5

Field mustard (Brassica 
rapa) [46]

— 9.8 49.5 63.7 — —

Chicory (Cichorium 
intybus) [46]

— 7.1 35.2 — 3.34 7.5

Bermuda grass (Cynodon 
dactylon) [11]

90.90 13.5 47.0 76.5 — 13.3

Mexican aster (Cosmos 
bipinnatus) [40]

— 10.5 43.5 41.7 — —

Tick clover (Desmodium 
molliculum) [40]

— 16.2 42.9 41.6 — —

Yellow foxtail (Setaria 
glauca) [10]

— 20 30.0 — — —

Table 2. 
Nutritional quality (organic matter, crude protein CP, acid detergent fiber ADF, neutral detergent fiber NDF, 
fats F, total ash A) of weeds [11, 17, 21, 31, 35, 39, 41, 48, 49].
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and common amaranth (Amaranthus retrofl exus L.) owing to higher protein and 
lesser fiber contents. Thus, it was inferred that protein and fiber content of feeds 
can be used as predictors of palatability and it was also concluded that weeds 
leaves had 2–3 times higher protein than stems and thus leafy weeds such as field 
bindweed (Convolvulus arvensis L.) recorded higher palatability [11, 45, 47]. The 
nutritional quality of some weeds has been presented Table 2.

5. Mineral constituents of weeds

Minerals in appropriate quantity are essential for dairy animals to be utilized 
in various metabolic processes, for boosting immunity level against diseases and 
reproductive health. Asthma plant (Eurphobia hirta) was recommended to be 
included in animal feed for having reasonably higher concentrations of major 
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suggested as forage weed for having a comparable mineral composition including 
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(4%), Mg (2.3%), Fe (2.4) and Zinc (Zn) (0.15) compared to other forage weeds 
[10, 21, 48]. Very limited information has been reported so far regarding mineral 
constituents of weeds which limit their utilization as a feed source for ruminants. 
Table 3 contains mineral constitution of some weeds.
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while nutsedge recorded the maximum tannin content. It was suggested that weeds 
having tannins 2–4% of dry matter did not pose a life threatening situation rather 
were found to be effective in improving protein flow towards duodenum which led to 
higher weight gain and reduced the parasitic infections. It was suggested that effec-
tive drying of weeds has the potential to significantly reduce the condensed tannins 
of weeds. Similarly, saponins which are generally produced by defense systems of 
weeds in response to pathogenic attacks impart a bitter taste and reduce nitrogen 
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digestibility leading to lower palatability of weeds. Tick weed and nutsedge recorded 
similar saponins (0.22%), while button weed contained higher saponins (0.35%).

Phytates produce phytic acid which acts as a chelator of various macro-minerals 
(calcium and magnesium) and trace mineral (iron and zinc) leading to a severe 
deficiency of these minerals. Button weed with 1.18% phytates remained superior 
to nut-sedge and asthma plants. Oxalate is another important anti-nutritional factor 
which binds with calcium to form calcium oxalate leading to calcium unavailability. 
Asthma plant recorded the lowest oxalate concentration (2.36%) while button weed 
had the maximum oxalate concentration (2.92).

It was suggested that weeds such as Arizona sunflower (Tithonia tubiformis), 
wood sorrel (Oxalis divergens) and bush sunflower (Simsia amplexicaulis) com-
monly found in America, Mexico, Argentina and Chile contained tannins in safer 
limits and might be utilized to feed dairy animals. In contrast, a fatty acid called 
malvalic acid was isolated from cheese weed (Malva parviflora L.) which caused 
deaths of dairy animals. Similarly, different phenolic compounds were reported 
to be the major reason behind low palatability of many weed species. In addition, 
the presence of phytochemicals and free oxygen metabolites in weeds contributed 
to mastitis and ultimately led to udder edema along with deteriorating the repro-
ductive performance of cattle. Similarly, spotted knapweed (Centaurea stoebe ssp. 
micranthos) in North American rangelands contained an allelo-chemical named cni-
cin (a sesquiterpene lactone compound) which reduced its palatability by imparting 
bitter taste and deterred grazing. In contrast, knapweed was readily consumed by 
small ruminants’ preferably at rosette and bolting stages compared to flowering and 
seed-set phonological stages. This preference was associated with higher protein 
and lower fiber content at rosette stage in comparison to flowering or seed-set stages 
without any link between cnicin content and knapweed palatability [28, 49–51].

7. Nutritional comparison of weeds and forage crops

To the best of our knowledge, no comprehensive studies have been reported per-
taining to qualitative analyses of different native and exotic weeds with forage crops. 
Some of the weeds such as Canada thistle, spotted knapweed, white-top, Russian 
knapweed and pigweeds contain protein in the range of 15–22% while typical grasses 
has only 2–11% protein, thus have the potential to become cost-free source of plant 
protein. In addition, higher leaf-stem ratio in weeds impart them superiority over 
grasses in terms of higher digestibility. Moreover, weeds provide nutrients rumen 
microbes which enable dairy animals to digest lower quality forages and thereby 
reducing overall feed cost. Weeds are always available even during periods of 
drought in arid areas and their utilization can help to obtain sustainable supplies of 
milk throughout the years with minimum cost. Dairy animals being fed on protein 
rich weeds tend to gain weight more rapidly and that too with no additional cost.

8. Limitations and implications

The studies regarding nutritional quality, presence of anti-nutritional or toxic 
substances and palatability of most of the native weed species is lacking. However, 
one of the most important limitations in utilizing tropical weeds for dairy animals is 
the presence of anti-nutritional factors such as tannins which are harmful and toxic 
to ruminants [13, 38, 51]. Animals being fed on weeds having high concentration of 
tannins witnessed digestibility depression. Weeds having exceptionally higher lignin 
content caused a sharp decline in feed intake leading to serious malnutrition in dairy 
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animals. Similarly, significantly less palatability of weeds reduce their intake, which 
led to animal’s weight loss along with sharp decline in milk production [52–54].

Moreover, some of the weeds species have thorns and spines due to which animal 
gets its mouths injured along with irritating of eyes which leads to pinkeye. In addi-
tion, there could be some weeds which can impart unpleasant odor and taste to milk 
and meat. Lastly, although weeds offer cost-free source of animal feed but centuries-
long war against weeds has made it difficult to change the mind of ranchers and dairy 
farmers to utilize this precious source of plant protein which needs to be changed.

9. Conclusions

The exceptional resistance to drought, higher biomass production under 
unfavorable pedo-climatic conditions, rapid regeneration capacity, and acceptable 
nutritional quality at all phonological stages suggests that there are opportunities to 
utilize weeds as forage for all types of ruminants. Weeds availability throughout the 
year warrants their potential to fulfill essential dietary needs of animals and favors 
their inclusion as supplementary forage especially during extreme weather condi-
tions. However, controlled field investigations for determining the appropriate 
growth timings, nutritional quality, anti-nutritional factors and biomass production 
potential of different native weeds must be done in rangelands while maintaining a 
balanced and healthy rangeland ecosystem.
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digestibility leading to lower palatability of weeds. Tick weed and nutsedge recorded 
similar saponins (0.22%), while button weed contained higher saponins (0.35%).

Phytates produce phytic acid which acts as a chelator of various macro-minerals 
(calcium and magnesium) and trace mineral (iron and zinc) leading to a severe 
deficiency of these minerals. Button weed with 1.18% phytates remained superior 
to nut-sedge and asthma plants. Oxalate is another important anti-nutritional factor 
which binds with calcium to form calcium oxalate leading to calcium unavailability. 
Asthma plant recorded the lowest oxalate concentration (2.36%) while button weed 
had the maximum oxalate concentration (2.92).

It was suggested that weeds such as Arizona sunflower (Tithonia tubiformis), 
wood sorrel (Oxalis divergens) and bush sunflower (Simsia amplexicaulis) com-
monly found in America, Mexico, Argentina and Chile contained tannins in safer 
limits and might be utilized to feed dairy animals. In contrast, a fatty acid called 
malvalic acid was isolated from cheese weed (Malva parviflora L.) which caused 
deaths of dairy animals. Similarly, different phenolic compounds were reported 
to be the major reason behind low palatability of many weed species. In addition, 
the presence of phytochemicals and free oxygen metabolites in weeds contributed 
to mastitis and ultimately led to udder edema along with deteriorating the repro-
ductive performance of cattle. Similarly, spotted knapweed (Centaurea stoebe ssp. 
micranthos) in North American rangelands contained an allelo-chemical named cni-
cin (a sesquiterpene lactone compound) which reduced its palatability by imparting 
bitter taste and deterred grazing. In contrast, knapweed was readily consumed by 
small ruminants’ preferably at rosette and bolting stages compared to flowering and 
seed-set phonological stages. This preference was associated with higher protein 
and lower fiber content at rosette stage in comparison to flowering or seed-set stages 
without any link between cnicin content and knapweed palatability [28, 49–51].

7. Nutritional comparison of weeds and forage crops

To the best of our knowledge, no comprehensive studies have been reported per-
taining to qualitative analyses of different native and exotic weeds with forage crops. 
Some of the weeds such as Canada thistle, spotted knapweed, white-top, Russian 
knapweed and pigweeds contain protein in the range of 15–22% while typical grasses 
has only 2–11% protein, thus have the potential to become cost-free source of plant 
protein. In addition, higher leaf-stem ratio in weeds impart them superiority over 
grasses in terms of higher digestibility. Moreover, weeds provide nutrients rumen 
microbes which enable dairy animals to digest lower quality forages and thereby 
reducing overall feed cost. Weeds are always available even during periods of 
drought in arid areas and their utilization can help to obtain sustainable supplies of 
milk throughout the years with minimum cost. Dairy animals being fed on protein 
rich weeds tend to gain weight more rapidly and that too with no additional cost.

8. Limitations and implications

The studies regarding nutritional quality, presence of anti-nutritional or toxic 
substances and palatability of most of the native weed species is lacking. However, 
one of the most important limitations in utilizing tropical weeds for dairy animals is 
the presence of anti-nutritional factors such as tannins which are harmful and toxic 
to ruminants [13, 38, 51]. Animals being fed on weeds having high concentration of 
tannins witnessed digestibility depression. Weeds having exceptionally higher lignin 
content caused a sharp decline in feed intake leading to serious malnutrition in dairy 
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animals. Similarly, significantly less palatability of weeds reduce their intake, which 
led to animal’s weight loss along with sharp decline in milk production [52–54].

Moreover, some of the weeds species have thorns and spines due to which animal 
gets its mouths injured along with irritating of eyes which leads to pinkeye. In addi-
tion, there could be some weeds which can impart unpleasant odor and taste to milk 
and meat. Lastly, although weeds offer cost-free source of animal feed but centuries-
long war against weeds has made it difficult to change the mind of ranchers and dairy 
farmers to utilize this precious source of plant protein which needs to be changed.

9. Conclusions

The exceptional resistance to drought, higher biomass production under 
unfavorable pedo-climatic conditions, rapid regeneration capacity, and acceptable 
nutritional quality at all phonological stages suggests that there are opportunities to 
utilize weeds as forage for all types of ruminants. Weeds availability throughout the 
year warrants their potential to fulfill essential dietary needs of animals and favors 
their inclusion as supplementary forage especially during extreme weather condi-
tions. However, controlled field investigations for determining the appropriate 
growth timings, nutritional quality, anti-nutritional factors and biomass production 
potential of different native weeds must be done in rangelands while maintaining a 
balanced and healthy rangeland ecosystem.
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Abstract

Opuntia ficus-indica (L.) Mill, usually named prickly pear or nopal cactus, is the 
Cactaceae plant with the greatest economic relevance in the world. It is a tropical 
or subtropical plant, native to tropical and subtropical America, which can grow 
in arid and semiarid climates. Prickly pear is mainly known by its fruits, popularly 
named “tunas” or “figs,” but their cladodes are also consumed, principally in 
Mexico, which is the country with the largest cultivated area and the largest pro-
ducer. There is ample evidence of the health benefits of prickly pear: it shows high 
antioxidant activity, it is a source of nutrients and vitamins and it presents medici-
nal uses, among others. Furthermore, prickly pear presents other uses, including 
cosmetics, biofuel production, animal nutrition and soil phytoremediation.

Keywords: cactus pear, fruit, antioxidant activity, health benefits, peel, pulp

1. Introduction

Opuntia ficus-indica L. Mill, usually known as prickly pear, cactus pear or nopal, 
is a tropical or subtropical plant that belongs to the Cactaceae family, originally 
from arid and semiarid regions of America. This plant can grow in arid and semi-
arid climates, being the Cactaceae plant with the greatest economic relevance in the 
world [1]. It produces an edible and highly flavored fruit, known as “cactus pear,” 
which is a berry with numerous seeds and thick peel, enclosing a delicately flavored 
pulp [2]. Their cladodes are also consumed, mainly in Mexico, which is the country 
with the largest area under cultivation and the largest producer [3, 4] but it is also 
cultivated in the United States, Spain, Italy, South Africa and Argentina, among 
other countries [5, 6]. Prickly pear fruit is commonly consumed in fresh, but it can 
also be consumed as juices, jam, syrups and other processed products. They are 
widely employed in Latin America. The current demand of prickly pear in Spain is 
increasing [4, 6].
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There are ample evidences of the health benefits of consumption of prickly pear 
due to its source of nutrients and vitamins [4, 7, 8] and antioxidant properties due 
to its content of bioactive compounds [2, 9, 10]. Additionally, prickly pear presents 
medicinal uses: it is used in treatment of hyperglycemia and high levels of cho-
lesterol [7, 11, 12] and its consumption is linked with lower incidence of coronary 
diseases and some types of cancer [8, 13], among others.

This chapter is focused on the nutritional composition, bioactive compounds and 
economic aspects of prickly pear fruits through a compilation and synthesis of the 
available studies. With this, the authors intend to contribute to the knowledge of O. 
ficus-indica and also to promote new scientific research and industrial use of this crop.

2. Nutritional composition

Table 1 shows nutritional composition of prickly pear pulp and peel. Prickly 
pear fruit pulp has high content of protein, lipids and moisture but low content of 
total fiber and ash comparing to the peel.

About sugar profile, glucose and fructose are the predominant ones in both 
peel and pulp. On average, fruit pulp shows high content of glucose (123 g L−1) and 
fructose (71.7 g L−1) than peel (91.0 and 52.0 g L−1, respectively) [9].

Prickly pear fruit also stands out for its mineral contents. Potassium is the 
major macronutrient in pulp (199–410.7 mg 100 g−1 dw), followed by calcium 
(12.4–49.1 mg 100 g−1 dw) and magnesium (18 mg 100 g−1 dw). Fruit peel pres-
ents magnesium (18.6–987 mg 100 g−1 dw), calcium (49.04–951) and potassium 
(320–549 mg 100 g−1 dw) as the major macronutrients [14, 15]. Fruit pulp shows 
lower level of sodium (0.70–1.09 mg 100 g−1 dw) than peel (1.8–951 mg 100 g−1 dw) 
[14–16]. Iron, manganese and copper are the major microelements in fruit peel and 
pulp [14, 15]. The mineral pattern depends on the fruit origin and crop factors [15].

3. Bioactive compounds

Table 2 shows the main bioactive compounds present in prickly pear fruit peel 
and pulp. These are betalains (betanin and indicaxanthin), flavonoids, phenolics, 
vitamin C and carotenoids.

Constituents Unit Pulp Peel References

Moisture % 90.66 88.92 [15]

Titratable acidity g citric acid L −1 0.23–1.60 0.61–3.40 [9]

Total soluble solids ° Brix 10.7–15.7 8.03–15.4 [9]

pH — 5.41–6.01 4.83–5.59 [9]

Energy kcal 100 g−1 dw 361 169 [17]

Protein % dw 1.62 1.53 [15]

Lipids % dw 0.56 0.32 [15]

Total fibers % dw 4.65 5.83 [15]

Ash % dw 2.60 3.40 [15]

Fructose g L−1 57.8–88.0 27–81.8 [9]

Glucose g L−1 103–144 57–128 [18]

Table 1. 
Nutritional composition of prickly pear fruit pulp and peel.
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Betalains are water-soluble pigments (containing nitrogen) that are responsible 
for the red or yellow color of fruits, flowers, roots and leaves of plants belonging 
to the order of Caryophyllales, in which Cactaceae plants are included. [19]. Prickly 
pear fruits are characterized by various colors due to the combination of two betalain 
pigments, the purple-red betanin and the yellow-orange indicaxanthin [20]. These 
compounds make prickly pear fruits a good source of bioactive compounds with anti-
oxidant properties, which may have beneficial effects on the consumer’s health [19].

Flavonoids are a group of secondary metabolites of plants implicated in fruit 
and flower coloration, photosensitization and energy transfer, among others. 
Flavonoids present high antioxidant activity that helps to neutralize damaging 
free radicals and to prevent oxidative stress in the human body [21, 22]. Prickly 
pear fruits contain more flavonoids in the peel than in the pulp and there are fewer 
flavonoids than phenolic compounds (Table 2) [21].

Vitamin C is an essential nutrient for humans that provides a high antioxidant 
activity and prevents against oxidative stress in humans [14, 20, 21]. The content 
of this vitamin depends on the cultivar among other factors, being higher in red 
cultivars, which show higher concentration of vitamin C than some common fruits 
such as apple, peach and grapes [2].

Carotenoids are organic pigments that belong to isoprenoid group and are 
widely distributed among fruits. They are responsible for most yellow, orange and 
red colors in vegetables. These pigments contribute to the appearance and attrac-
tiveness of a fruit. They can also perform as antioxidants [2, 6]. Concentration of 
carotenoids in prickly pear fruits is slightly lower than that reported for other fruits 
but it confirms the observation that yellow-colored fruits present higher concentra-
tions than colored fruits [2].

4. (Poly)phenols and phenolic profile

Polyphenols are an important group of natural compounds, founded in plants 
and characterized by the presence of more than one phenol group in their structure. 
These molecules are considered to be of high scientific and therapeutic interest, 
because they help to prevent degenerative diseases, cardiovascular diseases and 
cancers, among others, due to their antioxidant activity [21, 23].

In general, the peel of prickly pear fruits is richer than pulp in total phenolic 
content [21, 24, 25] (Table 2). The profile of individual (poly)phenolic compounds 
depends on the cultivar [18]. Generally, predominant compounds in prickly pear fruit 

Compounds Unit Pulp Peel References

Vitamin C mg 100 g−1 fw 28–79.2 59.8 [2, 14, 19, 20]

Total flavonoids mg rutin  
equivalents g−1 fw

0.2–0.7 1.4–2.8 [21, 22]

Total phenolic content mg rutin  
equivalents g−1 fw

2–2.5 5.4–6.2 [21]

Carotenoids μg g−1 fw 2.56–3.79 12.58–16.93 [2, 6]

Indicaxanthin mg 100 g−1 fw 2.61–39.6 — [19, 20]

Betanin mg 100 g−1 fw 0.10–
1.04

— [20]

fw, fresh weight.

Table 2. 
Principal bioactive compounds in prickly pear fruit pulp and peel.
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There are ample evidences of the health benefits of consumption of prickly pear 
due to its source of nutrients and vitamins [4, 7, 8] and antioxidant properties due 
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lesterol [7, 11, 12] and its consumption is linked with lower incidence of coronary 
diseases and some types of cancer [8, 13], among others.

This chapter is focused on the nutritional composition, bioactive compounds and 
economic aspects of prickly pear fruits through a compilation and synthesis of the 
available studies. With this, the authors intend to contribute to the knowledge of O. 
ficus-indica and also to promote new scientific research and industrial use of this crop.

2. Nutritional composition

Table 1 shows nutritional composition of prickly pear pulp and peel. Prickly 
pear fruit pulp has high content of protein, lipids and moisture but low content of 
total fiber and ash comparing to the peel.

About sugar profile, glucose and fructose are the predominant ones in both 
peel and pulp. On average, fruit pulp shows high content of glucose (123 g L−1) and 
fructose (71.7 g L−1) than peel (91.0 and 52.0 g L−1, respectively) [9].

Prickly pear fruit also stands out for its mineral contents. Potassium is the 
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3. Bioactive compounds

Table 2 shows the main bioactive compounds present in prickly pear fruit peel 
and pulp. These are betalains (betanin and indicaxanthin), flavonoids, phenolics, 
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Constituents Unit Pulp Peel References

Moisture % 90.66 88.92 [15]

Titratable acidity g citric acid L −1 0.23–1.60 0.61–3.40 [9]

Total soluble solids ° Brix 10.7–15.7 8.03–15.4 [9]

pH — 5.41–6.01 4.83–5.59 [9]

Energy kcal 100 g−1 dw 361 169 [17]
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Ash % dw 2.60 3.40 [15]
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Glucose g L−1 103–144 57–128 [18]

Table 1. 
Nutritional composition of prickly pear fruit pulp and peel.
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Betalains are water-soluble pigments (containing nitrogen) that are responsible 
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In general, the peel of prickly pear fruits is richer than pulp in total phenolic 
content [21, 24, 25] (Table 2). The profile of individual (poly)phenolic compounds 
depends on the cultivar [18]. Generally, predominant compounds in prickly pear fruit 
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Compound Pulp 
[18]

Peel 
[18]

Pulp 
[5]

Peel 
[5]

Pulp and 
peel [26]

Protocatechuic acid-hexoside x x

Piscidic acid x x x

Caffeic acid 4-O-glucuronide x

4-Hydroxybenzoic acid derivative x x

p-Coumaric acid 4-O-glucoside x

Myricetin-hexoside x x

Ferulic acid derivative x x x

Ferulic acid-hexoside x x

Guaiacyl(t8-O-4)guaiacyl-hexoside x x

Sinapic acid-hexoside x x

Syrinigyl(t8-O-4)guaiacyl x x

Quercetin-hexoside-pentoside x

Quercetin-rhamnose-hexoside-
rhamnose

x

Rutin-pentoside x

Syrinigyl(t8-O-4)guaiacyl x

Kaempferol-di-rhamnose-hexoside x

Kaempferol-glucosyl-rhamnoside x x x

Kaempferol 3-O-(2”rhamnosyl-galactoside)7-O 
rhamnoside

x

Taxifolin x

Isorhamnetin-rhamnose-
rutinoside

x x

Isorhamnetin glucosyl-rhamnosyl-
rhamnoside

x x

Isorhamnetin glucosyl-pentoside x x

Isorhamnetin glucosyl-rhamnoside x x x

Quercetin-hexoside-pentoside x x

Isorhamnetin derivative x x

Dihydrosinapic acid hexoside x x

Quercetin-3-O-rutinoside (rutin) x x x

Secoisolariciresinol-hexoside x x

Quercetin-hexoside x x

Kaempferol-rutinoside x

Syringaresinol x x

Naringenin-hexoside x x

Isorhamnetin-rutinoside x x

Isorhamnetin-3-O-glucoside x

Isorhamnetin diglucoside x

Isorhamnetin-C-hexoside x

Eucomic acid x
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pulp and peel are ferulic acid and derivatives, isorhamnetin and derivatives, sinapic 
acid and derivatives, and quercetin and derivatives [5, 18, 24]. Other compounds 
found in these botanical parts are kaempferol, myricetin, luteolin, catechin, naringin 
and syringaresinol, among others [5, 18, 24].

The presence of the phenolic compounds in prickly pear fruit peel and pulp, due 
to its antioxidant activity, makes this fruit an important product that can contribute 
to prevent human degenerative diseases such as cancer, diabetes, hypercholesterol-
emia, arteriosclerosis or cardiovascular and gastric diseases [21, 25]. Table 3 shows 
some compounds found in the most recent studies [5, 18, 26] about phenolic profile 
of prickly pear fruit peel and pulp.

5. Sugars and organic acid composition

Citric and malic acids are the major organic acids present in prickly pear fruit 
pulp and peel. Other organic acids, such as oxalic, tartaric, quinic, shikimic and 
fumaric acids, are present in traces. Citric acid ranges from 1.60 to 3.20 g L−1 in 
fruit peel and shows values from 0.30 to 1.61 in pulp g L−1 [9]. Malic acid shows 
concentrations between 1.04 and 2.20 g L−1 in peel and 1.20 and 2.10 g L−1 in pulp. 
However, cladodes show higher values of these acids (71.8 g L−1 of malic acid and 
37.7 g L−1 of citric acid) and also contain succinic acid (43 g L−1) [9]. This is due to 
the CAM metabolism of O. ficus-indica, especially in the cladodes. Organic acids are 
accumulated in the vacuole during night and suffer a reciprocal reserve carbohy-
drates accumulation during the daytime phase [27].

Organic acids in fruits are in lower concentration in comparison with cladodes; 
however, fruits, especially pulp, are characterized by high sugar content. Some 
authors [9] studied the concentration of glucose and fructose in fruits and their 
results show that glucose predominates over fructose in both fruit peel and pulp 
(123 g L−1 of glucose and 91 g L−1 of fructose in pulp versus 91 g L−1 of glucose and 
52 g L−1 of fructose in fruit peel). However, other studies [28] show that glucose, 
fructose and sucrose concentration is higher in fruit peel than in pulp. These results 
indicate that concentration of sugars may depend on the cultivars.

Sugar concentration in prickly pear fruit makes it a good source of energy and a 
natural source of sweetness for food preparations. Besides, fructose contributes to 
the typical sweet taste of this fruit, due to its high wetness compared with glucose 
and sucrose [29].

6. Volatile compounds

Volatile compounds influence the sensory quality of fruits. Their aromas are 
formed from a complex group of chemical substances such as aldehydes, alcohols, 

Compound Pulp 
[18]

Peel 
[18]

Pulp 
[5]

Peel 
[5]

Pulp and 
peel [26]

Naringin x x

Guaiacyl(8-O-4) syrinigyl (8-8) 
guaiacyl-hexoside

x x

Feruloyl derivative x

Trihydroxy-methoxy-flavonol x x

Table 3. 
Phenolic compounds found in prickly pear fruit peel and pulp in the most recent studies.
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found in these botanical parts are kaempferol, myricetin, luteolin, catechin, naringin 
and syringaresinol, among others [5, 18, 24].

The presence of the phenolic compounds in prickly pear fruit peel and pulp, due 
to its antioxidant activity, makes this fruit an important product that can contribute 
to prevent human degenerative diseases such as cancer, diabetes, hypercholesterol-
emia, arteriosclerosis or cardiovascular and gastric diseases [21, 25]. Table 3 shows 
some compounds found in the most recent studies [5, 18, 26] about phenolic profile 
of prickly pear fruit peel and pulp.

5. Sugars and organic acid composition

Citric and malic acids are the major organic acids present in prickly pear fruit 
pulp and peel. Other organic acids, such as oxalic, tartaric, quinic, shikimic and 
fumaric acids, are present in traces. Citric acid ranges from 1.60 to 3.20 g L−1 in 
fruit peel and shows values from 0.30 to 1.61 in pulp g L−1 [9]. Malic acid shows 
concentrations between 1.04 and 2.20 g L−1 in peel and 1.20 and 2.10 g L−1 in pulp. 
However, cladodes show higher values of these acids (71.8 g L−1 of malic acid and 
37.7 g L−1 of citric acid) and also contain succinic acid (43 g L−1) [9]. This is due to 
the CAM metabolism of O. ficus-indica, especially in the cladodes. Organic acids are 
accumulated in the vacuole during night and suffer a reciprocal reserve carbohy-
drates accumulation during the daytime phase [27].

Organic acids in fruits are in lower concentration in comparison with cladodes; 
however, fruits, especially pulp, are characterized by high sugar content. Some 
authors [9] studied the concentration of glucose and fructose in fruits and their 
results show that glucose predominates over fructose in both fruit peel and pulp 
(123 g L−1 of glucose and 91 g L−1 of fructose in pulp versus 91 g L−1 of glucose and 
52 g L−1 of fructose in fruit peel). However, other studies [28] show that glucose, 
fructose and sucrose concentration is higher in fruit peel than in pulp. These results 
indicate that concentration of sugars may depend on the cultivars.

Sugar concentration in prickly pear fruit makes it a good source of energy and a 
natural source of sweetness for food preparations. Besides, fructose contributes to 
the typical sweet taste of this fruit, due to its high wetness compared with glucose 
and sucrose [29].

6. Volatile compounds

Volatile compounds influence the sensory quality of fruits. Their aromas are 
formed from a complex group of chemical substances such as aldehydes, alcohols, 
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ketones, terpenes and esters, among others. These compounds usually show a low 
concentration in fruits and their variability depends on cultivar, climatological 
conditions, maturity and storage conditions, among other factors [30]. In prickly 
pear fruit pulp, the content of these compounds varies from 3.33 mg 100 g−1 to 
14.86 mg 100 g−1 [31].

Even though prickly pears have no strong aroma, up to 61 compounds have been 
identified [32]. In a recent research [31], the studied cultivars showed aldehydes and 
terpenes as the most numerous compounds. Both chemical groups and alcohols were 
the most abundant compounds. However, other studies reported alcohols [32–34] 
and esters [35] as the most numerous and abundant compounds. Some predomi-
nant compounds are D-limonene (citrus notes), 2,6-nonadienal (vegetable notes), 
nonanol (green, melon and fatty attributes), 2-hexenal (almond, apple green, sweet 
and vegetable notes), and 1-hexanol (green and sweet notes), among others [31–33].

Although prickly pear fruits are highly valued for their health-promoting ben-
efits, sensory analysis is needed to complete the knowledge of aroma of this fruit 
and the effect of the cultivar [31].

7. Fatty acids

The consumption of monounsaturated and polyunsaturated fatty acids (MUFAs 
and PUFAs, respectively) has been stated to provide health benefits. It also contrib-
utes to the improvement of various health conditions regarding obesity, cardiovas-
cular diseases, diabetes mellitus and even some types of cancer [13, 36].

Prickly pear fruit pulp and peel showed important percentages of MUFAs and 
PUFAs. In fruit pulp, MUFAs ranged from 16.9 to 40.2% (as % of total of fatty 
acid profile) and PUFAs ranged from 35.2 to 53.9%. Fruit peel showed slightly 
lower values of MUFAs (6.90–31%) but higher ones in PUFAs (37.0–63.2%) [37]. 
Furthermore, prickly pear seed oil showed high percentages of PUFAs, recorded at 
levels between 57.90 and 63.29%, and MUFAs, ranged from 19.81 to 23.30% [38].

The most abundant compounds in fruit pulp, peel and seed oil were linoleic (C18:2), 
oleic (C18:1) and palmitic (C16:0) acids [15, 37]. Prickly pear fruit peel showed higher 
percentages of linoleic acid than fruit pulp (41.2 and 29.2% respectively), but pulp 
presented higher percentages of oleic acid than peel (26.8% in pulp and 14.4% in peel). 
Both peel and pulp showed similar percentages of palmitic acid [37].

8. Health benefits: antioxidant activity

Antioxidant activity is one of the major mechanisms by which fruits and veg-
etables provide health benefits. Fruits and vegetable are also able to inhibit excessive 
oxidation due to free radicals, which are in the form of reactive oxygen species 
[9]. Prickly pear is rich in antioxidant product, containing phenolic compounds, 
carotenoids, betalains and vitamin C, all of which could be directly responsible 
for the health benefits [39]. Antioxidant activity in prickly pear fruit and peels 
may be affected by environmental factors, cultivar, genetic diversity, phenotype, 
agronomic practices, environmental and climatic conditions and processing of the 
fruit, among others [40]. Besides, the processing method and the extraction solvent 
affect antioxidant activity of O. ficus-indica extracts [26].

Antioxidant activity can be measured by different methods depending on the 
various mechanisms of antioxidant action. For example, some authors [2, 6, 8–10, 
26, 41] studied antioxidant activity by DPPH, ABTS·+, FRAP and ORAC meth-
ods. DPPH method consists in the elimination of DPPH radical by antioxidant 
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compounds present in the extracts, which determines its ability to capture radicals. 
The ABTS method captures the cationic ABTS·+ radical. FRAP method measures 
the ability to reduce Fe3+ in the sample. ORAC method measures the ability of the 
sample to scavenge peroxyl radicals.

Table 4 shows the antioxidant activity of O. ficus-indica depending on the 
method and the part analyzed (pulp and peel). The scavenging activity of DPPH, 
ABTS·+ and FRAP methods is higher in fruit peel. This trend can be observed in 
other fruits like pomegranate [42], guava fruit [43] and berries [44]. The consump-
tion of fruits with high antioxidant activity, such as prickly pear fruits, is related to 
preventing degenerative diseases such as cancer, diabetes, hypercholesterolemia, 
arteriosclerosis or cardiovascular and gastric diseases [21, 25].

9. Processed products

One of the oldest ways to preserve highly perishable fruits is through different 
processing systems. Although it is necessary to do more research in preservation 
of prickly pear fruit and use it out of the harvest period, there are some pro-
cessed products obtained from prickly pear fruit. The main ones are juices and 
nectars, marmalades and jams, dehydrated sheets, sweeteners, alcohol and wines 
[29, 45].

Juices and nectars from prickly pear fruit are mostly water. They contain appre-
ciable amounts of sugars, vitamins and mineral salts (mainly potassium, calcium 
and sodium). They also are a good source of bioactive substances such as phenolic 
compounds, betalains, vitamin C and β-carotene. These products show different 
percentages of fruit pulp (15–75%), citric acid (0.3%), sucrose and water [45, 46].

Marmalades and jams are usually prepared from ripe fruits with high sugar 
content. In their manufacturing, it is important to control the sugar/pulp ratio, type 
and quantities of acidifying agents and the percentage of added pectin (thickening 
agent). Prickly pear fruit pulp already contains pectin, responsible for the viscosity 
of the pulp, which is a positive element toward the production of juices, marma-
lades and jams [45, 47].

Regarding prickly pear dehydrated sheets, there are different formulations and 
methods for their elaboration, mixing pulp in different sucrose ratios (0–10%). The 
thickness of the sheets is usually 5–15 mm. The preparations need to be spread and 
then dried at 60–70°C for at least 44 hours. Some authors mix prickly pear pulp 
with other fruits, like quince or melon pulps [45, 48, 49].

Method Unit Pulp Peel References

ABTS mmol Trolox kg−1 dw 6.40–30.6 14.7–36.9 [9]

μmol Trolox g−1 fw 6.70 — [10]

DPPH mmol Trolox kg−1 dw 58.4–60.1 54.8–59.6 [9]

μmol Trolox 100 g−1 fw 108.85–122.47 141.60–141.80 [6]

FRAP mmol Trolox kg−1 dw 15.0–32.3 40.2–116 [9]

μmol Fe (II) g−1 dw 18.42–137.65 58.70–175.44 [26]

ORAC mmol kg−1 fw 3.68–8.16 — [41]

μmol Trolox g−1 fw 26.3 — [2]

dw, dry weight; fw, fresh weight.

Table 4. 
Antioxidant activity of prickly pear fruit pulp and peel by different methods.
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ketones, terpenes and esters, among others. These compounds usually show a low 
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conditions, maturity and storage conditions, among other factors [30]. In prickly 
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compounds present in the extracts, which determines its ability to capture radicals. 
The ABTS method captures the cationic ABTS·+ radical. FRAP method measures 
the ability to reduce Fe3+ in the sample. ORAC method measures the ability of the 
sample to scavenge peroxyl radicals.

Table 4 shows the antioxidant activity of O. ficus-indica depending on the 
method and the part analyzed (pulp and peel). The scavenging activity of DPPH, 
ABTS·+ and FRAP methods is higher in fruit peel. This trend can be observed in 
other fruits like pomegranate [42], guava fruit [43] and berries [44]. The consump-
tion of fruits with high antioxidant activity, such as prickly pear fruits, is related to 
preventing degenerative diseases such as cancer, diabetes, hypercholesterolemia, 
arteriosclerosis or cardiovascular and gastric diseases [21, 25].

9. Processed products

One of the oldest ways to preserve highly perishable fruits is through different 
processing systems. Although it is necessary to do more research in preservation 
of prickly pear fruit and use it out of the harvest period, there are some pro-
cessed products obtained from prickly pear fruit. The main ones are juices and 
nectars, marmalades and jams, dehydrated sheets, sweeteners, alcohol and wines 
[29, 45].

Juices and nectars from prickly pear fruit are mostly water. They contain appre-
ciable amounts of sugars, vitamins and mineral salts (mainly potassium, calcium 
and sodium). They also are a good source of bioactive substances such as phenolic 
compounds, betalains, vitamin C and β-carotene. These products show different 
percentages of fruit pulp (15–75%), citric acid (0.3%), sucrose and water [45, 46].

Marmalades and jams are usually prepared from ripe fruits with high sugar 
content. In their manufacturing, it is important to control the sugar/pulp ratio, type 
and quantities of acidifying agents and the percentage of added pectin (thickening 
agent). Prickly pear fruit pulp already contains pectin, responsible for the viscosity 
of the pulp, which is a positive element toward the production of juices, marma-
lades and jams [45, 47].

Regarding prickly pear dehydrated sheets, there are different formulations and 
methods for their elaboration, mixing pulp in different sucrose ratios (0–10%). The 
thickness of the sheets is usually 5–15 mm. The preparations need to be spread and 
then dried at 60–70°C for at least 44 hours. Some authors mix prickly pear pulp 
with other fruits, like quince or melon pulps [45, 48, 49].

Method Unit Pulp Peel References

ABTS mmol Trolox kg−1 dw 6.40–30.6 14.7–36.9 [9]

μmol Trolox g−1 fw 6.70 — [10]

DPPH mmol Trolox kg−1 dw 58.4–60.1 54.8–59.6 [9]

μmol Trolox 100 g−1 fw 108.85–122.47 141.60–141.80 [6]

FRAP mmol Trolox kg−1 dw 15.0–32.3 40.2–116 [9]

μmol Fe (II) g−1 dw 18.42–137.65 58.70–175.44 [26]

ORAC mmol kg−1 fw 3.68–8.16 — [41]

μmol Trolox g−1 fw 26.3 — [2]

dw, dry weight; fw, fresh weight.

Table 4. 
Antioxidant activity of prickly pear fruit pulp and peel by different methods.
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Sweetener liquid preparation from prickly pear fruit pulp implies enzymatic 
clarification of pulp juice, its decoloration and its vacuum concentration until 
60°Brix (56% of glucose, 44% of fructose approximately). The obtained product 
shows a density and water activity similar to that of honey and marmalades and its 
characteristics are similar to other sweetener liquids currently marketed [45, 50].

Alcoholic beverages from O. ficus-indica are less known than those from other 
processed products. Some authors, for obtaining prickly pear wine, inoculated their 
juice with Saccharomyces cerevisiae and added SO2 (10 mg L−1) and citric acid for 
obtaining a pH 3.3, and then performed fractional distillation [51]. Besides, prickly 
pear fruit pulp can be added to other alcoholic beverages such as yakju, increasing 
the levels of alcohol, sugars and antioxidant activity [52].

Prickly pear seed oil is another potential product that can be obtained during 
fruit processing. Linoleic acid is the main fatty acid, and the percentages of PUFAs 
and MUFAs reach 63.29 and 23.30%, respectively [38]. Besides, other physical and 
chemical characteristics, such as refractive index, iodine number and saponification 
number, make it similar to other vegetable oils such as corn or grape seed oil [45].

1. Economic evaluation of prickly pear fruit production

Nowadays, O. ficus-indica cultivation is developed in at least 18 countries in arid 
and semiarid areas. The extension of this crop is more than 100,000 ha [53]. This 
does not include naturalized plants or plants cultivated for home consumption.

Prickly pear has been used since the sixteenth century as an important subsis-
tence crop in many communities of Africa, Asia, Europe and America, although 
fruit consumption remains limited to local ethnic markets and there is little export. 
Only Mexico, Italy, Chile, South Africa and Argentina produce cactus pear in a com-
mercial way [3].

Mexico is the world’s largest producer of prickly pear, accounting for 45% of 
world production [3, 4]. Other important producing countries of prickly pear are 
Italy (12.2%) and South Africa (3.7%). The rest of the production is in Argentina, 
Chile, Bolivia, Peru, Colombia, United States of America, Morocco, Algeria, Libya, 
Tunisia, Egypt, Jordan, Pakistan, Israel, Greece, Spain and Portugal [3, 4].

Regarding Mexico, the planted area covers around 50,000–70,000 ha and the 
gross annual production is 300,000–500, 000 tones. It is the fifth fruit crop in the 
country and about 20,000 families obtain some income from cactus pear cultiva-
tion. Vegetable production, featured by small plots of land cultivation, supposes 
an additional 12,000 ha of cultivated area [54]. In this country, the cultivation of 
prickly pear presents the advantage that it produces employment and income in 
areas where few other crops can be produced [55].

Italy is the second world producer and the principal world exporter of cac-
tus pear, mostly concentrated (96%) in Sicily with 7000–8300 ha producing 
about 78,000–87,000 tones per year [55]. South Africa’s 1500 hectares produces 
about 15,000 tones. Other countries where cactus pear is cultivated are South 
Africa (1500 ha, 15,000 tones of fruit production), Argentina (1650 ha), Brazil 
(500,000 ha), Chile (934 ha), Peru (5000 tones of fruit production) and California 
(120 ha) [4]. However, it is difficult to quantify areas and production of prickly 
pear crop because it is a crop with low economic and social importance in most of 
the countries, so that there are not consistent economic data about it [4].

In Mexico, the main producer, the average production is approximately 12.8 t ha−1 
(400 crates), which are sold at an average price of 3.2 euros each crate. This gives a total 
of 1280 euros per hectare, and the profit is approximately 340 per hectare, because 
the costs of tools, weeding, pruning, fertilization, fumigation, harvest and transport, 
among others [56]. In the case of Italy, the average production is approximately 
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15.1 t ha−1, the incomes are 5.71 euros per hectare on average and the average profit per 
hectare is 1658.88 euros [55, 57]. In Spain, average production per hectare is 234 t ha−1, 
and the average price is 1.42 euros per kilogram. Prices depend on the moment of 
the season and go from 1.8 euros per kilogram to 1.05 euros. This implies an average 
income of 555, 254.7 euros per hectare. So, average profit is 545, 801 euros per hectare.

Besides, prickly pear fruits show a high amount of compounds with biofunc-
tional, nutraceutical and cosmetic properties, above crops like Opuntia joconostle, 
Ziziphus jujube, Stenocereus pruinosus, Stenocereus stellatus and Punica granatum 
[58–61]. However, no economic value analysis of the cactus pear cultivation based 
on obtention of these biofunctional, medicinal, nutraceutic and cosmetic com-
pounds has been done. These compounds reach a value in the marketplace of 213.68 
€ per 20 mg in the case of kaempferol or 204.53 € per 10 mg in the case of isorham-
netin, and both are present in prickly pear fruit, among others.

10. Other aspects

Besides the health benefits of fruit consumption, O. ficus-indica presents other 
multiple applications in different areas:

• There are studies about the antigenotoxic capacity of the cladodes against 
mycotoxin zearalenone (mycotoxin F-2, produced by some species of 
Fusarium) in mice [62, 63].

• Cladodes of O. ficus-indica could be used to produce biofuels, specifically 
bioethanol and biogas [64, 65].

• Due to its clotting power, cladodes could be used as a natural coagulant to 
remove turbidity and color in raw waters, with a yield of 65 g of coagulant per 
kg of cladodes [66].

• Some studies showed that supplementing the feeding of goats with cladodes 
and fruit peels may be an important resource to reduce their water intake, 
without detrimental effects on digestion, growth and meat quality [67, 68].

• Pigments of red and purple prickly pear cultivars could be used in food indus-
try as additives in products like sweets, desserts and dairy products. These 
additives were obtained by microencapsulation technique of betalains [69, 70].

• Due to its Crassulacean acid metabolism (CAM), O. ficus-indica has been stud-
ied for its ability of endure prolonged drought and CO2 uptake, which can help 
to mitigate effects caused by desertification and global climatic change [71, 72].

• O. ficus-indica could be used in phytoremediation of contaminated soils with 
Se, Pb and other contaminant substances [73, 74].
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shows a density and water activity similar to that of honey and marmalades and its 
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processed products. Some authors, for obtaining prickly pear wine, inoculated their 
juice with Saccharomyces cerevisiae and added SO2 (10 mg L−1) and citric acid for 
obtaining a pH 3.3, and then performed fractional distillation [51]. Besides, prickly 
pear fruit pulp can be added to other alcoholic beverages such as yakju, increasing 
the levels of alcohol, sugars and antioxidant activity [52].

Prickly pear seed oil is another potential product that can be obtained during 
fruit processing. Linoleic acid is the main fatty acid, and the percentages of PUFAs 
and MUFAs reach 63.29 and 23.30%, respectively [38]. Besides, other physical and 
chemical characteristics, such as refractive index, iodine number and saponification 
number, make it similar to other vegetable oils such as corn or grape seed oil [45].

1. Economic evaluation of prickly pear fruit production

Nowadays, O. ficus-indica cultivation is developed in at least 18 countries in arid 
and semiarid areas. The extension of this crop is more than 100,000 ha [53]. This 
does not include naturalized plants or plants cultivated for home consumption.

Prickly pear has been used since the sixteenth century as an important subsis-
tence crop in many communities of Africa, Asia, Europe and America, although 
fruit consumption remains limited to local ethnic markets and there is little export. 
Only Mexico, Italy, Chile, South Africa and Argentina produce cactus pear in a com-
mercial way [3].

Mexico is the world’s largest producer of prickly pear, accounting for 45% of 
world production [3, 4]. Other important producing countries of prickly pear are 
Italy (12.2%) and South Africa (3.7%). The rest of the production is in Argentina, 
Chile, Bolivia, Peru, Colombia, United States of America, Morocco, Algeria, Libya, 
Tunisia, Egypt, Jordan, Pakistan, Israel, Greece, Spain and Portugal [3, 4].

Regarding Mexico, the planted area covers around 50,000–70,000 ha and the 
gross annual production is 300,000–500, 000 tones. It is the fifth fruit crop in the 
country and about 20,000 families obtain some income from cactus pear cultiva-
tion. Vegetable production, featured by small plots of land cultivation, supposes 
an additional 12,000 ha of cultivated area [54]. In this country, the cultivation of 
prickly pear presents the advantage that it produces employment and income in 
areas where few other crops can be produced [55].

Italy is the second world producer and the principal world exporter of cac-
tus pear, mostly concentrated (96%) in Sicily with 7000–8300 ha producing 
about 78,000–87,000 tones per year [55]. South Africa’s 1500 hectares produces 
about 15,000 tones. Other countries where cactus pear is cultivated are South 
Africa (1500 ha, 15,000 tones of fruit production), Argentina (1650 ha), Brazil 
(500,000 ha), Chile (934 ha), Peru (5000 tones of fruit production) and California 
(120 ha) [4]. However, it is difficult to quantify areas and production of prickly 
pear crop because it is a crop with low economic and social importance in most of 
the countries, so that there are not consistent economic data about it [4].

In Mexico, the main producer, the average production is approximately 12.8 t ha−1 
(400 crates), which are sold at an average price of 3.2 euros each crate. This gives a total 
of 1280 euros per hectare, and the profit is approximately 340 per hectare, because 
the costs of tools, weeding, pruning, fertilization, fumigation, harvest and transport, 
among others [56]. In the case of Italy, the average production is approximately 
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15.1 t ha−1, the incomes are 5.71 euros per hectare on average and the average profit per 
hectare is 1658.88 euros [55, 57]. In Spain, average production per hectare is 234 t ha−1, 
and the average price is 1.42 euros per kilogram. Prices depend on the moment of 
the season and go from 1.8 euros per kilogram to 1.05 euros. This implies an average 
income of 555, 254.7 euros per hectare. So, average profit is 545, 801 euros per hectare.

Besides, prickly pear fruits show a high amount of compounds with biofunc-
tional, nutraceutical and cosmetic properties, above crops like Opuntia joconostle, 
Ziziphus jujube, Stenocereus pruinosus, Stenocereus stellatus and Punica granatum 
[58–61]. However, no economic value analysis of the cactus pear cultivation based 
on obtention of these biofunctional, medicinal, nutraceutic and cosmetic com-
pounds has been done. These compounds reach a value in the marketplace of 213.68 
€ per 20 mg in the case of kaempferol or 204.53 € per 10 mg in the case of isorham-
netin, and both are present in prickly pear fruit, among others.

10. Other aspects

Besides the health benefits of fruit consumption, O. ficus-indica presents other 
multiple applications in different areas:

• There are studies about the antigenotoxic capacity of the cladodes against 
mycotoxin zearalenone (mycotoxin F-2, produced by some species of 
Fusarium) in mice [62, 63].

• Cladodes of O. ficus-indica could be used to produce biofuels, specifically 
bioethanol and biogas [64, 65].

• Due to its clotting power, cladodes could be used as a natural coagulant to 
remove turbidity and color in raw waters, with a yield of 65 g of coagulant per 
kg of cladodes [66].

• Some studies showed that supplementing the feeding of goats with cladodes 
and fruit peels may be an important resource to reduce their water intake, 
without detrimental effects on digestion, growth and meat quality [67, 68].

• Pigments of red and purple prickly pear cultivars could be used in food indus-
try as additives in products like sweets, desserts and dairy products. These 
additives were obtained by microencapsulation technique of betalains [69, 70].

• Due to its Crassulacean acid metabolism (CAM), O. ficus-indica has been stud-
ied for its ability of endure prolonged drought and CO2 uptake, which can help 
to mitigate effects caused by desertification and global climatic change [71, 72].

• O. ficus-indica could be used in phytoremediation of contaminated soils with 
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Chapter 9

Novel Trend in the Use of Opuntia
(Cactaceae) Fibers as Potential
Feedstock for Material Science
Applications
Faten Mannai, Ramzi Khiari and Younes Moussaoui

Abstract

Lignocellulosic fibers from Opuntia biomass, family Cactaceae, were mainly
studied for their sustainability and cellulose content richness. This chapter high-
lights the current exploitation of Opuntia (Cactaceae) as potential feedstock for
value-added applications such as reinforcement in composites and paper
manufacturing. Cellulosic fibrous network fractions were isolated from different
plant parts, and their fundamental properties, chemical and structural composi-
tions, were analyzed, and the obtained results were discussed. The obtained fibrous
networks were incorporated into two thermoplastic polymers; their enhancement
properties and biodegradability have been studied. However, different recent
methods of cellulose fiber extractions (pulping) and paper manufacturing have
been investigated by testing two procedures of delignification: chemical and semi-
chemical pulping process; these operations were followed by fibrous suspension
characterizations and paper productions. The obtained results show the suitability
of Opuntia (Cactaceae) for the new trend in ecological and green materials.

Keywords: Opuntia, fibrous networks, chemical composition, composites, pulping

1. Introduction

Opuntia (Cactaceae) is a cactus (non-forest and perennial plant) from tropical,
subtropical, arid, and semiarid regions, which exists in the form of a shrub or a tree
and has an original-look/unique morphology with a height of up to 5 m and pro-
duces a sturdy trunk as it ages [1, 2]. This particular species exhibits extraordinary
water storage capacity and is known for their drought-tolerant characteristics
(xerophytic) [1, 3]. A wide variety of this species and subspecies has been devel-
oped, distinguished by spiny or spineless cladodes, cladode shape, branching, fruit
color, pulp color, epicuticle wax morphology, and many other properties [4–7].
Cactaceae is a great tree-like cactus formed by numerous up-flat branches (clad-
odes) [8, 9]. In branches, cellulosic fibrous tissues are slowly grown and arranged in
parallel and fuse laterally with neighboring ones, forming a flat net-like structure
[10], strongly similar to the cellular structure of Luffa cylindrical fibers [9]. This
natural cellular structure is made up of an interconnected network of fibers struts,
which form the edges (angle situated between two struts) and faces of cells, and
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possesses excellent mechanical behaviors in spite of its low density [11]. Their
specific mechanical properties are due to the hierarchical composite organization
[12, 13]. Cactaceae is mainly considered as a rich plant of natural food mineral,
protein, vitamin, dietary fiber, and antioxidant compound which can represent an
important product to prevent some health problems, such as diabetes, cancer,
cataracts, macular degeneration, and neurological and cardiovascular diseases
[7, 14–18]. The fruit syrup of Opuntia has a powerful antioxidant effect and
exhibited effective antimicrobial activity against Staphylococcus aureus and Staphy-
lococcus epidermidis [19]. Indeed, Cactaceae by product (cladodes, fruit peels, seeds,
etc.) was used for non-food applications by testing their applicability to decontam-
inate wastewater through both the adsorption and coagulation–flocculation pro-
cesses [8, 20]. It also will be a valuable resource for new applications and devoted to
the future trends in terms of applications of natural fibers in different sectors.
Furthermore, it is considered as one of the strongest and stiffest available lignocel-
lulose fiber from renewable plant biomass [8, 20, 21]. Recently, the developing
needs for new alternative green-based product have led to enlarge the discovery and
the research of new renewable resources of natural fibers. This chapter addresses
this research and gives an overview of potential exploitations of a new renewable
non-woody lignocellulose source from plant biomass which is Opuntia (Cactaceae).
It is interesting to point out there are only very few reports on the use of Opuntia
fibers as raw material for paper manufacturing and as natural filler in reinforced
polymer composite sectors, and they have been found to be the most interesting and
discerning materials.

The pulp and paper industry, one of the largest and diversified industrial sectors
in the world, produced every year more than 400 million tons of paper by different
manufacturing methods using wood raw materials [22] and many types of non-
wood raw materials such as bagasse (sugarcane fibers), cereal straw, bamboo,
reeds, esparto grass, jute, flax, and sisal [23]. For this reason, the selection of
suitable non-wood fibers is critical for the yield of fibrous fraction, ease of
processing, quality, and cost of the final fiber-based product [24]. Opuntia
(Cactaceae) was used for paper manufacturing as non-woody fibers by applying
two different pulping processes. The first procedure is based on the utilization of
semi-chemical treatment using a soft operation of chemical delignification in soda-
hydrogen peroxide (soda-HP) mixture and mechanical grinding for fiber delibera-
tion [25]. The second procedure is a chemical treatment with soda-anthraquinone
mixture (soda-AQ) [26].

The development of fiber-reinforced composite material as an alternative over
many conventional materials has been characterized by their eco-friendliness
regarding the accumulation of plastic waste in the environment, durability, and its
significant enhancement in the structural, mechanical, and tribological properties
[27–30]. The natural fiber-reinforced polymer composites (FRPCs) were used to
replace conventional metal/material and synthetic fiber/material in various appli-
cations in order to reduce weight and for energy conservation. Different kinds of
natural fibers are mainly used for developing natural FRPCs with high specific
properties, cost effectiveness, and renewability. Plant fibers include leaf fibers (sisal
and abaca), bast fibers (flax, jute, hemp, ramie, and kenaf), grass and reed fibers
(rice husk), core fibers (hemp, jute, and kenaf), seed fibers (cotton, kapok, and
coir), and all other types, which may include wood and roots [31]. FRPCs are also
classified according to their content, i.e., based polymeric material and the filler
one. The based polymer, which binds or holds the filler material in structures, is
termed as a matrix or a binder material, while the filler material is present in the
form of sheets, fragments, particles, bundle, or whiskers of natural fiber [31]. Fibers
can be placed unidirectionally or bidirectionally in the specific orientation into the
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matrix structure, and they take loads from the matrix to the fiber in a very easy and
effective way [31]. The arrangement and orientation of fibers define the properties
and structural behavior of the composite material [32, 33]. Opuntia fibers were used
as a natural filler to manufacture FRPC such as cactus fiber/polyester [21] and
cactus fiber/polylactic acid [34]. This chapter provides an overview of the valoriza-
tion and of Opuntia (Cactaceae) fibers in new green material science such as paper
and bio-composite materials using two thermoplastic polymers which are polyvinyl
alcohol and styrene butadiene rubber. The valorization ways of Opuntia
(Cactaceae) fibers have been given in the flowchart in Figure 1.

2. Raw material characterizations: Opuntia (Cactaceae)

2.1 Fibrous layer extraction and characterizations: morphology, geometric
dimensions, and mechanical behaviors

The isolations of fibrous network layers from Opuntia (Cactaceae) trunk using a
green process in relation to their multifunctional features and its use as a raw

Figure 1.
The flowchart of (i) Opuntia (Cactaceae) raw material obtained; (ii) pulping and paper manufacturing; and
(iii) green composite elaborations.
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material for novel ecological product was hardly studied for the first time by
Mannai et al. [9]. Figure 2 represents the fibrous networks (F-N) extraction steps
which was performed manually and subsequently dried at room temperature for
7 days [9]. The obtained F-N layers (about 56 layers) represent a continuous phase
(multidirectional fiber orientation angle) obtained from peripheral, middle, and
central sections of the trunk, and Table 1 displays their different characteristics.

Figure 3 shows the microscopic photograph of Opuntia fibrous layer obtained
from the brightfield microscope. The obtained microscopic views show clearly the
presence of axial primary fibers cross-linked by secondary ones. The bifurcation of
primary fibers forming an open woven texture with special network design is also
worth noting. The dimensions and forms of fibers (primary and secondary) have
been related to the distribution of the layers in the trunk.

The F-N properties towards bulk density, morphological parameters including
width, angles of opening pores, and area of pores of both fibers (primary and
secondary) before and after swelling test, as well as the mechanical properties are
listed in Table 1.

The peripheral section of the trunk regroups the thicker F-N layers than other
sections of the Opuntia trunk. The average fiber width increases from the central to
peripheral trunk sections and varies proportionally to the thickness of the fibrous
layer. The average pore angle increases proportionally with the F-N pore area [9].
The pore angle between the primary fibers for the central section (90°) is 36%

Figure 2.
Water-immersion process for fibrous networks layer extraction from the trunk of Opuntia (Cactaceae).

Layer sections Peripheral Middle Central

Apparent density (kg/m3) 688–740 486–500 290–320

Thickness (mm) 2.3–3.75 1.5–2.15 0.41–1.26

Swelling ratio (%) 180 � 12 135 � 3 115 � 5

Geometric fiber
dimensions

Primary Secondary Primary Secondary Primary Secondary

Bs As Bs As Bs As Bs As Bs As Bs As

Width (mm) 1.7 3.2 0.64 0.9 1.3 1.25 0.5 0.64 1 1.3 0.4 0.62

Pore angle (°) 54 42 25 20 80.3 68.3 41.1 37 90.7 59 41 26

Pore areas (mm2) 2.8 1. 2 1.33 0.5 5.74 2.6 0.9 0.45 18.5 8 0.5 0.3

Mechanical structure Tensile Flexural Tensile Flexural Tensile Flexural

Elastic modulus (GPa) 2.93 2.36 2.11 1.21 1.5 0.99

Strength (MPa) 14.3 9.7 9.7 8.8 5.2 7.36

Deformation at break (%) 5.04 6.18 1.7 4 1.4 2.9

Table 1.
Apparent density, swelling ratio, and their effect on geometric dimensions before swelling (Bs) and after
swelling (As) and mechanical strength properties obtained for fibrous networks obtained from peripheral,
middle, and central sections of Opuntia (Cactaceae) trunk.
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higher than the value obtained for primary fibers studied by Bouakba et al. [21]
(about 57.5°); and for the secondary fibers, the pore angle of peripheral section is
very acute (25°) compared to the other two sections (Table 1). The high obtained
width with low pore area and low pore angle size of the outer layers of the trunk
(peripheral section) confirm their dense structures which represent important fiber
density with low porosity [9]. This finding is confirmed by the measured bulk
density of these layers (see Table 1). The limited pore of the primary fibers of the
central section (18.58 mm2) was 69% and 84.5% higher than that of the middle and
peripheral layers, respectively [9]. It was higher than that of the fibrous layers
derived from the O. ficus-indica (11.3 mm2) studied by Bouakba et al. [21].

Otherwise, the swelling ratio and uptakes by peripheral layers are higher than
the middle and central ones; this could be due to the internal morphological aspect
of Opuntia fibers which represent a porous structure, the presence of large fibro-
vascular vessels [9, 25], and the high fiber density compared to those of the middle
and central sections. The swelling of fibers can be explained by the hydrophilic
nature of the Cactaceae plant, which can store a large amount of water [9]. Gener-
ally, the fiber hydration is noticed to be linked to the chemical composition of the
fibers which have polar hydroxyl sites in their internal structures, which can form
hydrogen bonds with water molecules [9]. The water-immersion process (applied
for F-N extractions) could eliminate most of the water-soluble compounds (inor-
ganic salts, ashes, coloring matter, etc.) from the fiber structure and favor the
creation of void spaces, which could also explain the swelling of the fibers [9, 35].

The fiber water absorption can affect the geometric dimensions of Opuntia
fibers by increasing the fiber width of both primary and secondary fibers (growth in
size of the hydrated fibers) which can cause the decreasing of the pore areas and
angles located between the primary and secondary fibers which may be explained
by the occupation of the empty surfaces by the swelled fibers. Generally, highly
hydrated fibers are characterized by their flexibility and ability to conform to fabric
types [9].

The mechanical tensile and flexural behaviors of Cactaceae F-N were summa-
rized in Table 1. It was found that the F-N tensile modulus increased from the
central to the peripheral layers. The peripheral sections’ tensile Young’s modulus,
uniaxial tensile strength, and deformation at breaks were found to increase com-
pared to those obtained for the middle and central layers [9]. It is noted here that
the peripheral layers have a favorably high Young’s modulus compared to those of
other cactus fibers [33–37].

The different flexural behaviors significantly increase from the central fiber
layer to those of the peripheral F-N. This increase can be explained by the variation

Figure 3.
Microscopic views of the surface of fibrous network layers from Opuntia (Cactaceae) [200 μm].
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material for novel ecological product was hardly studied for the first time by
Mannai et al. [9]. Figure 2 represents the fibrous networks (F-N) extraction steps
which was performed manually and subsequently dried at room temperature for
7 days [9]. The obtained F-N layers (about 56 layers) represent a continuous phase
(multidirectional fiber orientation angle) obtained from peripheral, middle, and
central sections of the trunk, and Table 1 displays their different characteristics.
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been related to the distribution of the layers in the trunk.

The F-N properties towards bulk density, morphological parameters including
width, angles of opening pores, and area of pores of both fibers (primary and
secondary) before and after swelling test, as well as the mechanical properties are
listed in Table 1.
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Figure 2.
Water-immersion process for fibrous networks layer extraction from the trunk of Opuntia (Cactaceae).
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Table 1.
Apparent density, swelling ratio, and their effect on geometric dimensions before swelling (Bs) and after
swelling (As) and mechanical strength properties obtained for fibrous networks obtained from peripheral,
middle, and central sections of Opuntia (Cactaceae) trunk.
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higher than the value obtained for primary fibers studied by Bouakba et al. [21]
(about 57.5°); and for the secondary fibers, the pore angle of peripheral section is
very acute (25°) compared to the other two sections (Table 1). The high obtained
width with low pore area and low pore angle size of the outer layers of the trunk
(peripheral section) confirm their dense structures which represent important fiber
density with low porosity [9]. This finding is confirmed by the measured bulk
density of these layers (see Table 1). The limited pore of the primary fibers of the
central section (18.58 mm2) was 69% and 84.5% higher than that of the middle and
peripheral layers, respectively [9]. It was higher than that of the fibrous layers
derived from the O. ficus-indica (11.3 mm2) studied by Bouakba et al. [21].
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the middle and central ones; this could be due to the internal morphological aspect
of Opuntia fibers which represent a porous structure, the presence of large fibro-
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and central sections. The swelling of fibers can be explained by the hydrophilic
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The mechanical tensile and flexural behaviors of Cactaceae F-N were summa-
rized in Table 1. It was found that the F-N tensile modulus increased from the
central to the peripheral layers. The peripheral sections’ tensile Young’s modulus,
uniaxial tensile strength, and deformation at breaks were found to increase com-
pared to those obtained for the middle and central layers [9]. It is noted here that
the peripheral layers have a favorably high Young’s modulus compared to those of
other cactus fibers [33–37].

The different flexural behaviors significantly increase from the central fiber
layer to those of the peripheral F-N. This increase can be explained by the variation
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in geometric shape, layer thicknesses, fiber width, pore area distributions, fiber
density, and bifurcation of primary fibers. It is worth noting that the flexural
properties measured from the peripheral F-N layers are higher than those O. ficus-
indica studied by Greco and Maffezzoli [34] and are lower than those found for
Myrtillocactus geometrizans studied by Schwager et al. [36]. As expected, the F-N
structural and geometric aspects modify the tensile and flexural states in such a way
that the maximum elastic modulus shifts in an axial direction. This shift can be
explained by the primary fiber orientation, which is axially aligned in most of the
regions in the direction of the principal stresses and primary fiber density, on a
macroscopic level. Mannai et al. [9] and El Oudiani et al. [38] affirmed and con-
firmed that the major factors that influence the F-N tenacity and elongation and
give good mechanical properties include (i) the hierarchical structure; (ii) the unit
cell dimensions (large and thick-wall parenchyma cells, long fiber bundles, and the
densely distributed periderm with thick cell edges); and, on a microscopic level,
(iii) the degree of crystallinity and (iv) the chemical composition of the fibers.

2.2 Chemical composition

Mannai et al. [25, 26] are the first ones to have studied the chemical composition
of lignocellulosic fibers from Opuntia (Cactaceae) trunk. For comparison purposes,
the results of this and other chemical compositions of Opuntia cladode studied by
Malainine et al. [39] and some lignocellulosic raw materials from plant biomass
collected from literature were summarized in Table 2.

A lower content of Klason lignin was observed in the Opuntia trunk and cladode
and does not exceed 5 wt% (as opposed to other plants), indicating that Opuntia
genus was a non-woody plant. The total holocellulose contents (64 wt%) were

Plant Ash K. lig Holocel α-cell

Opuntia (Cactaceae) trunk [25] 5.5 4.8 64.5 53.6

Opuntia (Cactaceae) cladode [39] 19.6 3.6 — 21.6

Date palm rachis [40] 5 27.2 74.8 45

Carrot leaves [41] — 18.51 52.8 31.5

Rapeseed straw [42] 3.4 16 78.9 41.6

Amaranth [43] 12 13.2 58.4 32

Olive trimmings [44] 1 18.9 64.7 59

Softwood [45] — 25–31 65–74 40–45

Harwood [45] — 16–24 67–82 43–47

Alfa [46] 3.7 22.3 68.2 46.1

Eucalyptus citriodora [47] 0.8 22.7 — 48.2

Posidonia oceanica balls [40] 12 29.8 61.8 40

Vine stem [48] 3.9 28.1 65.4 35

Banana stem [49] 7.1 11.1 43.60 —

Annual plants [50, 51] 2–6.2 17–26 52–70 36–46

Table 2.
Chemical composition (ash; K. lig, Klason lignin; Holocel, holocellulose; and α-cell, α-cellulose) of Opuntia
(Cactaceae) trunk and other values obtained for cladode and their comparison with several lignocellulosic
plants (w/w%).
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similar to that found in olive trimmings, hardwood, softwood, vine stems, and some
annual plants; and it was clearly higher than those obtained for carrot leaves,
amaranth, banana stems, and Posidonia oceanica balls; but it was lower than the
holocellulose content measured for date palm rachis, rapeseed straw, and Alfa
stems. In general, the holocellulose content can provide information about the
quality and quantity of the produced pulp and paper [52]. The measured α-cellulose
rate was surprisingly higher in the trunk (around 53.6 wt%) than those obtained for
cladode (21.6 wt%) and other plants (Table 2); it was slightly lower than in olive
trimmings. Non-wood fibers are handled in ways specific to their composition, and
it was also acceptable for papermaking applications and corresponded to paper with
enhanced strength [22]. For this reason, the processes used for the delignification of
lignocellulosic fibers from Opuntia were adapted in very soft conditions to mini-
mize degradation of the fibers and thus maximize pulp yield.

A very small fraction of inorganic compound (5.5 wt%) was observed in the
trunk compared to the total mineral amount in the cladode, Posidonia oceanica balls,
and banana stems; however, it was comparable to the values estimated for date
palm rachis; but it was significantly higher than the ash contents measured for
rapeseed straw, olive trimmings, Alfa stems, Eucalyptus citriodora and vine stems,
and some annual plants (Table 3). The lower fraction of minerals in lignocellulosic
fibers from the Opuntia trunk presents a major advantage, and the utilized raw
material was silica free, which was extremely important for papermaking [25]. The
chemical composition of ash was determined with elemental analysis and reported
for the first time by Mannai et al. [25]. The resulting proportions, as seen in Table 3,
are compared with other plants (amaranth, Astragalus armatus, date palm rachis,
and banana pseudo stems) and have shown that the elemental composition of
mineral contents in Opuntia can vary considerably from one species to another. A
very low fraction of silicon (0.2 wt%) observed for Opuntia than those of other raw
materials led to good separation after chemical delignification. It is clear that cal-
cium and magnesium are the predominant inorganic materials in the Cactaceae
family (18.33 and 16.54 wt%). The high presence of calcium due to the calcium
oxalate crystals present naturally in Opuntia species [9, 25, 26]. The mineral ele-
ments present in this raw material do not present any counterindication for chem-
ical pulping, composite manufacturing, and the area of the extraction of various
cellulosic derivatives.

(%) Opuntia
(Cactaceae) [25]

Amaranth
[43]

Astragalus
armatus [53]

Date palm
rachis [40]

Banana pseudo
stems [49]

Si 0.2 0.25 18.42 2.8 2.7

Ca 18.33 4.17 11 21.5 7.5

Mg 16.54 0.035 2.90 3.53 4.3

Fe 399 ppm — 0.29 240 ppm —

Cu 192 ppm 0.01 ˂0.1 360 ppm —

K 11.1 36.67 0.59 10.2 33.4

P 0.24 — 8.11 0.7 2.2

S 2.51 — 0.94 1.69 —

C 3.84 — 4.1 1.5 —

Na 0.6 — 1.8 6.79 —

Table 3.
Ash composition of Opuntia (Cactaceae) trunk in comparison with data from previously published studies.
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similar to that found in olive trimmings, hardwood, softwood, vine stems, and some
annual plants; and it was clearly higher than those obtained for carrot leaves,
amaranth, banana stems, and Posidonia oceanica balls; but it was lower than the
holocellulose content measured for date palm rachis, rapeseed straw, and Alfa
stems. In general, the holocellulose content can provide information about the
quality and quantity of the produced pulp and paper [52]. The measured α-cellulose
rate was surprisingly higher in the trunk (around 53.6 wt%) than those obtained for
cladode (21.6 wt%) and other plants (Table 2); it was slightly lower than in olive
trimmings. Non-wood fibers are handled in ways specific to their composition, and
it was also acceptable for papermaking applications and corresponded to paper with
enhanced strength [22]. For this reason, the processes used for the delignification of
lignocellulosic fibers from Opuntia were adapted in very soft conditions to mini-
mize degradation of the fibers and thus maximize pulp yield.

A very small fraction of inorganic compound (5.5 wt%) was observed in the
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and banana stems; however, it was comparable to the values estimated for date
palm rachis; but it was significantly higher than the ash contents measured for
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and some annual plants (Table 3). The lower fraction of minerals in lignocellulosic
fibers from the Opuntia trunk presents a major advantage, and the utilized raw
material was silica free, which was extremely important for papermaking [25]. The
chemical composition of ash was determined with elemental analysis and reported
for the first time by Mannai et al. [25]. The resulting proportions, as seen in Table 3,
are compared with other plants (amaranth, Astragalus armatus, date palm rachis,
and banana pseudo stems) and have shown that the elemental composition of
mineral contents in Opuntia can vary considerably from one species to another. A
very low fraction of silicon (0.2 wt%) observed for Opuntia than those of other raw
materials led to good separation after chemical delignification. It is clear that cal-
cium and magnesium are the predominant inorganic materials in the Cactaceae
family (18.33 and 16.54 wt%). The high presence of calcium due to the calcium
oxalate crystals present naturally in Opuntia species [9, 25, 26]. The mineral ele-
ments present in this raw material do not present any counterindication for chem-
ical pulping, composite manufacturing, and the area of the extraction of various
cellulosic derivatives.
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3. Potential applications of cellulose fibers from Opuntia (Cactaceae)

3.1 Pulping and paper manufacturing

For papermaking, two main steps are followed in which the raw material is
firstly cooked to obtain fibrous mass (pulp), and then the pulp is converted into
paper. Mannai et al. [25, 26] were the first to find the preparation of pulp and
papers from Opuntia trunk using semi-chemical and chemical pulping procedures,
with yields of 80.8 and 41.1%, respectively [54]. Multistep pulping processes were
followed to produce pulps and papers from Opuntia as shown in Figure 1. The
manufacturing of pulp starts with raw material preparation [55], in which the dried
Opuntia trunk was cut into chips (2–3 � 1–2 � 1.5–2 cm3) [25, 26]. Two processes
have already been applied to the delignification of Opuntia chips. The semi-
chemical procedure based on the chemical treatment of raw material using soda–
hydrogen peroxide (soda–HP) mixture (with the control of pH�11) and the
delignification reaction steps are done under reflux [25, 54]; these steps are
followed by mechanical deliberation operation of cooked chips to more individual-
ize and deliberate the fibrous suspensions. The obtained soda–HP pulp was purified
by the classification of fibers by applying the standard T275 sp-12 method. Likewise,
it has already been applied to the delignification of Opuntia trunk chips in a proce-
dure described by Mannai et al. [26, 54], which utilized a total soda alkali charge of
20% (w/w o.d.) and an anthraquinone concentration of 0.1% (w/w o.d.). The liquor
to solid ratio was kept at 10, and the mixture was cooked for 120 min at 170°C with
a temperature ramping rate equal to 2.4°C/min. All of their experiments were
conducted in a 1 L reactor that took 1 h to reach a constant temperature.

The morphological fiber’s dimensions of the obtained fibrous suspensions in
terms of their average length (mm) and width (μm) and the percentage of fine
elements were examined using a MORFI (LB-01) analyzer developed by Techpap.
The obtained results are summarized in Table 4. The fiber length (and width) of
the Opuntia semi-chemical and chemical pulps were 764 μm (38 μm) and 737 μm
(54.6 μm), respectively, which are in the same range of hardwood fibers [56]. The

Pulp and paper properties Pulping process

Semi-chemical [25] Chemical [26]

Yield (%) 80.8 41.4

Fiber length (μm) 764 737

Fiber width (μm) 38 45.6

Fine elements (%) 16.3 29.3

Bases weight (g/m2) 38.4 65.2

Thickness (μm) 149 135

Bulk (cm3/g) 2.26 2.07

Burst index (kPa m2 g�1) 0.67 5.8

Tear index (mNm2 g�1) 19.2 12

Young’s modulus (GPa) 1.7 1.83

Breaking length (km) 1.9 1.57

Table 4.
Fiber and handmade paper produced from Opuntia (Cactaceae) pulps after semi-chemical and chemical
pulping procedures.
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processing with semi-chemical procedure gives a thick individualized fiber. It was
considered as short fiber species [54]. It is also necessary to note that the pulp
obtained from chemical procedures (at high temperature �170°C) was character-
ized by a high content (29.3% of the length) of fine elements.

The semi-chemical and chemicals pulps obtained from Opuntia trunk after
delignification were exploited to make hand sheets. Paper sheets have been suc-
cessfully manufactured as shown in Figure 1. Papers from semi-chemical pulps are
the whitish than the ones obtained from chemical pulp. This is explained by the
treatment with hydrogen peroxide which oxidizes the color of chemical groups.

The given data of physical properties of hand sheet papers, as seen in Table 4,
confirms that the studied raw material has potential for use in paper manufacturing
using the soft delignification by applying the semi-chemical procedure which can
affect the paper properties by increasing the fiber flexibility and strength [22, 25, 54].
Thus, these data suggest that Opuntia (Cactaceae) fibers can be used for producing
paper from non-woody plants with various qualities (strength) and for future green
product applications.

3.2 Opuntia (Cactaceae) fibrous network (F-N)-reinforced polymer
composites: PVOH/F-N and SBR/F-N

The reinforcing potential of F-N obtained from Opuntia (Cactaceae) trunk was
also investigated by Mannai et al. [57], and the flowchart in Figure 1 shows the main
manufacture steps. Composites filled with F-N from Opuntia (Cactaceae) seem to be
promising materials for green applications. Natural plant fiber polymer composites
are a composite material consisting of a polymer matrix embedded with natural fibers
[58]. It is representing a promising domain of value-added products derived from
low-cost and naturally occurring raw materials. The processing methods performed
to synthesize bio-composites are mainly based on fiber type, form, and position.
Opuntia F-N was used as a bidirectional filler with intricate structure; it is considered
as a heterogeneous sheet filler. Two thermoplastic polymers, which were polyvinyl
alcohol (PVOH) and styrene-butadiene rubber (SBR), were used as the matrix poly-
mers. The hand lay-up molding processing of PVOH and SBR-based composites was
chosen according to the networks form of fibrous layer of Opuntia. The reinforcing
potential of fibrous networks in composites was investigated by evaluating their
properties, and interfacial adhesions between polymer/fibers were studied. The major
factor that affects the reinforcement composite properties is the bonding strength
between fiber and polymer matrix in the composite.

The previous sections have provided some characters of Opuntia (F-N)-
reinforced polymer composites obtained from dynamic mechanical analysis
(DMA), thermogravimetric analyses (TGA), and biodegradation potential (BP).
DMA was carried out by testing strips in axial (VF) and horizontal (HF) directions
of incorporated fibers in order to understand the effect of additives and fillers on
composites or filled materials [59]. As given in the previous work reported by
Mannai et al. [57], the incorporation of fibers vertically for each matrix enhanced
the storage modulus, especially for SBR-based composite. Otherwise, the relaxation
process for composites reinforced with fibers oriented vertically is significantly
higher than the one obtained for the filler oriented horizontally [57]; this can be
explained by the elastic behavior of thicker axial fibers than other fibers
interconnected with bifurcation ones [9] (see Figure 3). Mechanical interlocking
and interfacial bonding adhesion are sensitive and can be improved by the natural
fibers’ surface roughness (Figure 3). The thermal behavior of Opuntia (F-N)-
reinforced polymer composites was carried out using TGA in the conditions
described in detail by Mannai et al. [57]. The main thermal data are summarized in
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processing with semi-chemical procedure gives a thick individualized fiber. It was
considered as short fiber species [54]. It is also necessary to note that the pulp
obtained from chemical procedures (at high temperature �170°C) was character-
ized by a high content (29.3% of the length) of fine elements.

The semi-chemical and chemicals pulps obtained from Opuntia trunk after
delignification were exploited to make hand sheets. Paper sheets have been suc-
cessfully manufactured as shown in Figure 1. Papers from semi-chemical pulps are
the whitish than the ones obtained from chemical pulp. This is explained by the
treatment with hydrogen peroxide which oxidizes the color of chemical groups.
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confirms that the studied raw material has potential for use in paper manufacturing
using the soft delignification by applying the semi-chemical procedure which can
affect the paper properties by increasing the fiber flexibility and strength [22, 25, 54].
Thus, these data suggest that Opuntia (Cactaceae) fibers can be used for producing
paper from non-woody plants with various qualities (strength) and for future green
product applications.

3.2 Opuntia (Cactaceae) fibrous network (F-N)-reinforced polymer
composites: PVOH/F-N and SBR/F-N

The reinforcing potential of F-N obtained from Opuntia (Cactaceae) trunk was
also investigated by Mannai et al. [57], and the flowchart in Figure 1 shows the main
manufacture steps. Composites filled with F-N from Opuntia (Cactaceae) seem to be
promising materials for green applications. Natural plant fiber polymer composites
are a composite material consisting of a polymer matrix embedded with natural fibers
[58]. It is representing a promising domain of value-added products derived from
low-cost and naturally occurring raw materials. The processing methods performed
to synthesize bio-composites are mainly based on fiber type, form, and position.
Opuntia F-N was used as a bidirectional filler with intricate structure; it is considered
as a heterogeneous sheet filler. Two thermoplastic polymers, which were polyvinyl
alcohol (PVOH) and styrene-butadiene rubber (SBR), were used as the matrix poly-
mers. The hand lay-up molding processing of PVOH and SBR-based composites was
chosen according to the networks form of fibrous layer of Opuntia. The reinforcing
potential of fibrous networks in composites was investigated by evaluating their
properties, and interfacial adhesions between polymer/fibers were studied. The major
factor that affects the reinforcement composite properties is the bonding strength
between fiber and polymer matrix in the composite.

The previous sections have provided some characters of Opuntia (F-N)-
reinforced polymer composites obtained from dynamic mechanical analysis
(DMA), thermogravimetric analyses (TGA), and biodegradation potential (BP).
DMA was carried out by testing strips in axial (VF) and horizontal (HF) directions
of incorporated fibers in order to understand the effect of additives and fillers on
composites or filled materials [59]. As given in the previous work reported by
Mannai et al. [57], the incorporation of fibers vertically for each matrix enhanced
the storage modulus, especially for SBR-based composite. Otherwise, the relaxation
process for composites reinforced with fibers oriented vertically is significantly
higher than the one obtained for the filler oriented horizontally [57]; this can be
explained by the elastic behavior of thicker axial fibers than other fibers
interconnected with bifurcation ones [9] (see Figure 3). Mechanical interlocking
and interfacial bonding adhesion are sensitive and can be improved by the natural
fibers’ surface roughness (Figure 3). The thermal behavior of Opuntia (F-N)-
reinforced polymer composites was carried out using TGA in the conditions
described in detail by Mannai et al. [57]. The main thermal data are summarized in
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Table 5. From the discussion in Table 5, we can notice that F-N enhances the
thermal properties of the used thermoplastic polymers.

The biodegradability potential (BP) (soil-burial test) of the matrix and produced
composites were obtained by the mass retention technique, following the procedure
outlined in literature [60, 61], and the results are given in the previous work [57].
The evolution of BP vs. time for the different materials after soil burial decreases
gradually and tends to 93 and 86.6%, respectively, for PVOH/F-N and SBR/F-N
[57]. These values are higher than those reported for PVOH/palm kernel shell
powder bio-composites (20%) [62] and PVOH/corn starch films (40%) [63]. It
should be mentioned that cellulosic fibers from Opuntia (Cactaceae) plant, PVOH,
and SBR are biodegradable in nature, in which they may serve as a source of energy
and carbon for specific microorganisms [64, 65]. From this study, eco-friendly
Opuntia-derived fiber-reinforced polymer (thermoplastic) composites would be the
materials for near future not only as a solution to the growing environmental threat
but also as a solution to alleviating the uncertainty of the petroleum supply.

4. Conclusions

Opuntia (Cactaceae) is an alternative and sustainable plant for fiber production
for semiarid and arid regions. It is in large quantities and considered as a useful
source in most countries without forests. Indeed, natural fibers derived from Tuni-
sian Opuntia (Cactaceae) plants prove their greatest potentials for use in paper
manufacturing by applying two pulping processes which affects the pulp properties
and paper characteristics and composite applications (as reinforcement in thermo-
plastic polymers) because of their excellent characteristics such as low density, high
specific stiffness, good mechanical properties, biodegradability, eco-friendliness,
and good thermal resistance. Opuntia fibers can be a good reinforcement candidate
for high-performance biodegradable polymer composites. This study has paved the
way of proposing this xerophyte genus as a suitable new resource of non-woody
fibers at different fields and as an environmentally friendly alternative to green
product.
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Composites T (°C) Discussion

PVOH/F-N
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Thermal characteristics of PVOH and SBR-based composites reinforced with F-N layers of Opuntia
(Cactaceae) trunk obtained from TGA measurements.
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