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Foreword

China is one of the countries severely affected by biological invasions. By the end
of 2016, at least 610 alien invasive species (AIS) had been identified in China, 50 of
which are on the list of the world’s 100 worst invasive species (IUCN). AIS have
caused huge economic losses, estimated to be 17 billion US dollars per year. In
addition, AIS negatively influence multiple ecosystems and biodiversity, leading to
large-scale degradation of invaded ecosystems. Thus, biological invasions are con-
sidered as one of the biggest biosecurity issues in China.

To cope with biological invasions, a great number of research projects have been
awarded by central and local governments in China since the beginning of the
twenty-first century. These projects cover all aspects of biological invasions, from
surveys of species distribution and damage to conducting advanced research on the
mechanisms of invasion success and developing control techniques/strategies. Great
progress has been made in several fields, including identifying which species have
the highest possibility of being introduced into China, why AIS are successful in
invasions in different regions/environments, and where they would have a high risk
of causing serious damage. Moreover, Chinese scientists have successfully devel-
oped techniques for rapid early detection and field monitoring, and most impor-
tantly, effective control methods have been developed for highly invasive species.
So far, we have clarified the mechanisms underlying successful invasions for several
AIS, such as the asymmetric mating interactions in the whitefly Bemisia tabaci, and
communication between pinewood nematodes, insect vectors, and associated
microbes.

As an outcome of extensive researches in this field, Chinese scientists have pub-
lished more than 1400 papers in ISI-indexed journals. There are also a large number
of papers published in Chinese journals. Furthermore, numerous field examples of
successful control activities have been implemented but not reported. To present a
comprehensive view of these results, the publication of an English monograph that
summarizes the major findings/experiences in China is timely. The book Biological
Invasions and Its Management in China edited by Fanghao Wan, Mingxing Jiang,
and Aibin Zhan and their colleagues covers topics of current interest and research
progress in the field of biological invasions in China.



vi Foreword

The book contains several important themes, such as what invasion problems
have occurred in Chinese major ecosystems, what has been done to solve current
problems, and what are the major research directions in China. In addition, the book
includes findings from other parts of the world to provide comprehensive informa-
tion to readers. Therefore, readers will find many areas of interesting research in this
book. We expect this book to appeal widely to scientists and staff who work in the
field of biological invasions.

The arrival of alien species in China and their impacts will undoubtedly con-
tinue, mainly owing to increased international trade and travel. The invasions may
escalate as some of the plans to open up the country are implemented in China, such
as the “One Belt and One Road” (OBOR) policy. As a result, the issues of biological
invasions faced by China will also affect other countries, such as those along the
OBOR. It is, therefore, crucial to promote exchanges and collaborations between
Chinese scientists/governments and those overseas in the field of AIS. From this
point of view, this book is expected to become a very valuable shared source of
information.

Academician of the Chinese Academy of Engineering, Kongming Wu
Institute of Plant Protection

Chinese Academy of Agricultural Sciences

Beijing, China



Preface

During the past decades, China has been greatly challenged by a dramatic increase
in alien invasive species (AIS), leading to significant negative impacts on the econ-
omy, ecology, and even social development. Many ecosystems in China have been
seriously affected by AIS, including agricultural and forest ecosystems. As a conse-
quence, biological invasions have become a major focus for scientific research and
administrative management in China, in particular since the beginning of the
twenty-first century.

Our purpose in editing this book stems from the research advances that have
been achieved in the last two decades in the field of biological invasions in China.
These advances relate not only to scientific research but also to the management of
invasive species. Our book will provide readers with information on what we have
already done and what we propose to do in future studies, by reviewing a large vol-
ume of research findings and management experiences in China.

Exchanges between China and other countries are increasing. China has a very
diverse range of ecosystems and is developing extensive trade in multiple categories
of products. These trends are predicted to persist for the next few decades, particu-
larly after the implementation of “One Belt and One Road” strategy. Human-
mediated introductions of AIS create some features of biological invasions specific
to China. Clearly, studying the trend of new types of invasions, as well as the pos-
sible mechanisms underlying invasions, will contribute to the control and manage-
ment of AIS and will also enhance international collaborations to mitigate the
negative impacts of AIS.

Despite the enormous efforts dedicated to control, the level and rate of invasions
are continuing to increase due to the dramatic growth in international trade and
travel, as well as in the nationwide transport of multiple categories of products and
materials. Central and local governments need to exert more efforts on regulatory
and administrative activities. The public will need to increase their awareness of
biological invasions and to be more extensively involved in the control of AIS.
Overall, some serious invasive species have not been effectively managed and are
still causing serious damage to China, while new ones are being introduced that are
not yet recognized because their populations are small or they have not caused

vii



viii Preface

environmental problems. There is little doubt that many fundamental topics remain
to be answered in invasion biology. All these problems are examined in our book,
which will benefit readers who want a comprehensive understanding of the position
on biological invasions and relevant research in China.

Although we aim to provide a thorough coverage of the topic to readers, this
book cannot cover all aspects of biological invasions in China. Articles by Chinese
scientists are being published at a rapid rate, and thus readers may find that some
valuable results are not included in our book. Moreover, as biological invasion itself
is a fast-growing field, readers will find that some issues in the book have not yet
been solved or even examined in detail. We hope that this book will promote active
discussions in the field and draw attention to the problem of invasive species in
China.

This book consists of two major parts: first, Chaps. 2, 3, 4, 5 and 6 that represent
biological invasions in different types of ecosystems and, second, Chaps. 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32
and 33 that address the invasion and management of representative invasive species.
For each chapter, we include the results of the most relevant studies and manage-
ment strategies/techniques. An index at the end of the book will help readers to find
topics of interest to them. The book will be of interest to researchers, regulatory
administrators, environmental managers, and the public.

Beijing, China Fanghao Wan
Hangzhou, China Mingxing Jiang
Beijing, China Aibin Zhan
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Part I
Biological Invasions in China: Outline



Chapter 1
Biological Invasion and Its Research in China:
An Overview

Ying Yan, Xiaoqing Xian, Mingxing Jiang, and Fanghao Wan

Abstract The rapid economic development in China significantly triggered the
merchandise trade, international tourism, as well as species migration and exchange
in the past 30 years. Under such circumstances, large-scale biological invasions hap-
pened intensively in agricultural lands, forests, grasslands, islands, fishery, wetlands,
rivers, marine and natural reserves since the last decade of twentieth century. Invasive
alien species (IAS) not only cause economic losses and ecosystem meltdown, but
also pose threats to human health, food supply and national safety. Since the begin-
ning of twenty-first century, China has considerably invested in basic and applied
research of IAS to meet the urgent needs in terms of prevention and management.
The theories and experiences of IAS research from other countries provide valuable
references to China. On the other hand, due to its own geographic, economic, cul-
tural and historic features, China has some different motivations, emphasizes and
methods for IAS researches. In this chapter we give brief introduction about IAS
research in China including: the occurrence and damage of IAS, the aspects that
have been studied mostly, the achievements we already got, the role of government,
and the international cooperation. We also illustrate the necessity, purpose and out-
line of this book. In a summary, the capacity of biological invasion research and IAS
management in China significantly grow in the last 20 years, which has largely con-
tributed to the social benefits, environmental protection and economic development
of this country. For the coming decades, we expect the globalization, human activity
and climate change will pose more threats in terms of biological invasions, and
China will be ready and well prepared for such a challenge.

Keywords Biological invasions ¢ Invasive alien species ® Ecosystem * Biodiversity
* Research

Y. Yan ¢ X. Xian ¢ F. Wan (2)

State Key Lab for Biology of Plant Disease and Insect Pests, Institute of Plant Protection,
Chinese Academy of Agricultural Sciences, Beijing 100193, China

e-mail: wanfanghao@caas.cn

M. Jiang (P<)

Ministry of Agriculture Key Laboratory of Agricultural Entomology,
Institute of Insect Sciences, Zhejiang University, Hangzhou 310058, China
e-mail: mxjiang@zju.edu.cn
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1.1 Introduction

Human activities have extensively changed our world in the past century, and the
interactions among people as well as countries are becoming more frequent than
ever. As one of prominent outcomes, large numbers of species have been introduced
unintentionally or intentionally to regions beyond their natural distributions (i.e.
invasive alien species, IAS). Some of these species became invasive in the non-
native range, causing damages to local economy, ecology, and/or other human’s
welfares.

As one of the fast globalizing countries, China is facing a high risk from biologi-
cal invasions due to rapid increase in international trade, travel and transportation.
In this country, concerns on IAS issues arose since the middle of 1990s, when a few
scientists presented papers to introduce damage, biology and control of the IAS
occurring in other countries (i.e., Yang and Liang 1996). Later, several papers
addressed the distribution and damage of some serious IAS in China, such as fall
webworm Hyphantria cunea (Drury) and pinewood nematode Bursaphelenchus
xylophilus, to reveal the urgency of carrying out research and management over IAS
(Lu 1999; Liu and Wen 2000; Xie et al. 2001). From then, concerns on TAS issues
increased rapidly.

Parallel to scientists’ response, China government began to take actions at the
beginning of this century. In 2001, State Environmental Protection Administration
funded a national three-year program for surveys on IAS status in China, and in the
following year, Ministry of Science & Technology (MST) listed the research of IAS
as a National Basic Research and Development Program of China which spanning
from 2002 to 2013. At the same time, a great number of research programs were
supported by Ministry of Agriculture (MOA) and National Natural Science
Foundation of China (NSFC). In addition to financial supports, the government also
founded several agencies to strengthen administrative management on IAS and
related issues, such as Office for Alien Species Management.

After 20 years since the arising of concerns on biological invasions, now we are
pleased to see that great progress has been achieved in both research and manage-
ment of IAS. Most of serious IAS have been extensively investigated on their inva-
sion biology, which generated a huge body of knowledge on their invasion process
and the underlying mechanisms. Meanwhile, numerous practical control techniques
have been developed, which greatly strengthen our capacity of dealing with biologi-
cal invasions, from risk analysis and prevention to acquiring sustainable control
strategy for certain IAS. Consequently, so far many serious IAS have been taken
under control.

In this chapter, we give an overview on the past and present states of IAS in
China, and the advance in research and management. We also show actions that the
China governments have taken to strengthen the management and what China has
done at the international level.
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1.2 A Glance at IAS Occurrence and Damage in China

Before 2000, it was not clear how many IAS were in China. During 2001-2003, an
extensive field investigation was carried out across the country to collect basic infor-
mation of IAS, which included species composition, distribution, living habitat, life
history, damage, etc. During 2007-2012, an additional field survey was conducted.
So far we have been much clear about these aspects (Xu et al. 2006a, b, 2012b).

Based on available literature and field survey data, Xu et al. (2012b) compiled an
inventory of IAS in China. This inventory lists a total of 488 species that occur in
terrestrial habitats, inland waters and marine ecosystems, which included 171 ani-
mals, 265 plants, 26 fungi, 3 protists, 11 procaryots, and 12 viruses. Plants, insects
and microorganisms are the major groups. The number of IAS must have been
underestimated due to the overlooking of some species that have low density and
thus can be rarely collected at early stages of biological invasions. Recently updated
data show that there are 618 IAS in China (Center for Management of Invasive
Alien Species, CMIAS, Ministry of Agriculture, China). Of them, plants are the
major group, followed by insect and fish (Fig. 1.1).

About 70% of IAS in China were introduced after 1950. According to Xu et al.
(2012b), only 33 TAS were recorded before 1850, and the recorded number increase
slowly in the following 100 years, reaching about 180 specie by the end of 1950.
Thereafter, however, the IAS number began to increase rapidly with at least 50 spe-
cies being detected per 10 years (Xu et al. 2012b; and the data from CMIAS). It
should be noted that a certain proportion of species probably had been present in
China, but not identified before 1950, due to the lack of scientists working in this
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Fig. 1.1 The taxonomic composition of invasive alien species (IAS) in China
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field during the war years. Thus, some IAS recorded in later years might have been
introduced to China much earlier. Despite this, accumulating data strongly suggests
that a large proportion of IAS in China were introduced in recent decades, due to the
rapid development of economy, international trade, as well as frequent human activ-
ities (e.g., Lin et al. 2007; Ding et al. 2008; Xu et al. 2012b; Wan and Yang 2016).

In terms of invasion source, around two third of invasive plants and one third of
invasive animals in China were derived from intentional introductions. According to
Xu et al. (2012b), 51.1% of IAS have an origin from North and South Americas,
18.3% from Europe, 17.3% from other Asian countries, 7.2% from Africa, and 1.8%
from Oceania.

The distribution of IAS in China has an evident geographic and ecosystematic
bias. They are richest in eastern, southern coastal provinces and the Yunnan prov-
ince in southwestern of China, where the economy is much developed or/and human
activities are intensive. In comparison, much fewer IAS occur in inland provinces,
and in some northwestern regions less than 100 IAS were recorded. Overall, the
IAS richness in China shows a general pattern of declining gradually from Southeast
to Northwest (Fig. 1.2). More than 60% of IAS have been recorded in farmlands,
while only 14% and 16% occur in forests and water bodies (sea and inland waters),
respectively.

IAS have caused serious damages to economy, ecology and other human wel-
fares in China. Xu et al. (2006a) estimated that China suffered an economic loss ca.
USD 14.5 billion annually, which accounted for approximately 1.36% of GDP (esti-
mations for the year 2000). Of the diverse ecosystems, agroecosystems and forests
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Fig. 1.2 Geographic distribution of invasive alien species in China
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suffered the most serious losses (Xu et al. 2006a). In addition to huge direct eco-
nomic loss, damages to ecosystems are also very severe in China. What to be most
concerned is the loss of biodiversity. For instance, the smooth cordgrass Spartina
alterniflora not only remarkably suppresses native annual plants and becomes dom-
inant plant species, but also significantly decreases the diversity of rhizospheric
microorganisms, insects and benthic animals. This plant can even reduce bird diver-
sity due to the habit loss and food shortages. Some IAS may also impair ecosys-
tem’s structure and function. Studies showed that the crofton weed Ageratina
adenophora could change nutrient cycles in soil and simplify plant community
structure. In addition, some IAS such as common ragweed Ambrosia artemisiifolia,
red imported fire ant Solenopsis invicta and South American ampullarid Pomacea
canaliculata, can harm human health. Take A. artemisiifolia for an example, its pol-
len is a problematic aero-allergen which can induce severe health problems in
human populations. In China, 2-3% of the population, ca. 14.5 million persons, in
the A. artemisiifolia occurring regions ever suffered from allergy, which costs nearly
1.45 billion US dollars annually in China.

1.3 What Have Been Studied Mostly

Since the beginning of this century, the interest of studying IAS boomed in China,
as indicated by the sudden increase of related papers. Scientists began to consider
what were the most significant problems in China that had to be answered urgently.
Below, we show what ecosystems and what kinds of IAS have been given much
research attention, and what topics have been attracted much research interest.

1.3.1 Research Attention to Various Kinds of Ecosystems
and IAS

China has diverse managed or natural ecosystems, including agricultural lands, for-
ests, grasslands, deserts, wetlands, lakes, oceans, etc. Among them, agricultural eco-
system and forests are more extensively studied. This is because these two ecosystems
are much larger, and as mentioned above they have been invaded by more IAS and
suffered more damages than the other types of ecosystems (Xu et al. 2006a, 2012b).
The other ecosystems, though much less studied, are being invaded by an increasing
number of IAS, and some of them are suffering serious damages, such as the aquatic
ecosystems.

Plant and insects are the major IAS groups so far extensively studied in China.
This is consistent with the facts that they are the most diverse IAS in China and most
of them occur in agroecosystems (Qiang et al. 2010; Wan and Yang 2016). Only a
few invasive birds and mammals were studied in this country.
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1.3.2 Major Research Topics

Our analysis on the papers published during 2001-2015 suggests that invasion pro-
cess is the major research topic focused by China scientists in the past. That is, it
had been the major task in the past to learn how the IAS was introduced to China,
established, spread and then outbreak. Another major research topic is species inva-
siveness (invasive capacity) and underlying mechanisms. This aspect has been
investigated in a great number of IAS regarding their reproduction, growth, devel-
opment, adaptation to ambient stresses, and interspecific interactions. By contrast,
ecosystem invisibility, one of core rationales in invasion biology, is much less inves-
tigated in China. The general pest control strategy in China might be a major reason
for this, since in most cases people tend to target the IAS directly, rather than manip-
ulate local systems to be resistant.

Specific aspects of IAS from a certain ecosystem were interested and often stud-
ied intensively by scientists. For example, for the invasive insect pests in agroeco-
systems, such aspects were often targeted: resistance to chemical insecticides,
adaptation to ambient stresses, natural enemy release and symbiotic association
(Wan and Yang 2016). For IAS in aquatic ecosystems, however, people generally
want to know where the IAS come from (invasion pathways), what are the ecologi-
cal roles of propagule pressure and colonization pressure, the impact on their native
counterparts (competitiveness) and the ecosystem (invisibility).

Chinese scientists are advancing their research to the field of physiology and
molecular biology with the aim of discovering the mechanisms of invasion success
(e.g., Feng et al. 2009). They also have attempted to examine whether the species
have genetically differentiated and evolved during invasions, which in turn increases
their invasive capacity (Feng et al. 2009; Qin et al. 2013; Huang et al. 2015; Zheng
et al. 2015).

To develop IAS management strategies, a large number of applied researches has
been conducted for risk assessment, prevention, detection, monitor, eradication, and
sustainable control methods. Consequently, effective control strategies have been
developed for many serious IAS in China.

In deed, the topics selected for research priority differ with the type of species
and ecosystems. For example, for invasive insects and plants in agroecosystems
already extensively studied in the past decades, the development of sustainable con-
trol methods will be the first option in next decade. By contrast, for the IAS in
nature reserves, grassland and desert oases, which were much less studied previ-
ously, their invasion process and invasion mechanisms have to be clarified first.
Aquatic IAS, which may be introduced and spread via a diversity of human activity-
related pathways, their invasion risk should be addressed and the sound strategies
and control techniques are urgently needed.
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1.4 What Achievements We Already Had

1.4.1 Current Status and Biological Background of IAS

As mentioned above, to date we have been much clear about the current status of
IAS in China, including their taxonomy, invasion sources and pathways, geographic
distribution, damages, etc. (Wan et al. 2005; Xu et al. 2006b; Ding et al. 2011; Xu
and Qiang 2011). Moreover, a large number of IAS has been extensively investi-
gated on their invasion biology features, in particular those associated with invasion
process and invasion capacity. This has accumulated a huge body of information
that is essential for further studies.

1.4.2 Novel Invasion Mechanisms

Several novel invasion mechanisms have been discovered in China. For example,
the invasive MEAMI of whitefly B. tabaci was found to be capable of interfering
with indigenous whiteflies’ reproduction through a mechanism “asymmetric mating
interactions”, which as a result leads to replacement of indigenous whiteflies (Liu
etal. 2007). This invasive whitefly has also developed an indirect vector-virus mutu-
alism with geminiviruses through which its invasive capacity is elevated (Jiu et al.
2007; Zhang et al. 2012; Luan et al. 2013). In the invasive plant A. adenophora, an
evolutionary tradeoff was discovered in nitrogen allocation (to photosynthesis vs.
cell walls), which allows the plant to grow more rapidly and thus to become more
competitive in the non-native range (Feng et al. 2009). This plant can also undertake
a quicker return energy-use strategy, which serves as a mechanism for the evolution
of observed increased growth and competitive ability in invasive plants (Feng et al.
2011). In C. odorata, evolution of increased competitive ability, innate competitive
advantages, and novel biochemical weapons were found to be able to act in concert
with promoting its invasion (Qin et al. 2013; Zheng et al. 2015).The fungal patho-
gen Phytophthora sojae, which causes phytophthora root rot in soybeans, was found
to be able to secrete a number of effector proteins that are capable of modulating or
suppressing host plant immunity (Dong et al. 2011; Liu et al. 2014). The pinewood
nematode Bursaphelenchus xylophilus (Steiner and Buhrer), a causative agent of
pine wilt disease, was demonstrated to engage in a symbiotic partnership with mul-
tiple organisms (its insect vector as well as associated bacteria and fungi) to pro-
mote its pathogenicity and invasiveness (Zhao et al. 2014). At the ecological level,
Wang et al. (2011b) suggested a ‘combinatorial’ invasion mechanism through which
invasive plants can spread under heterogeneous ecogeographical environments at a
rapid invasion rate.
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1.4.3 Ecosystem Invasibility

Ecosystem invasibility have been examined by a number of studies for its relations
with community structure, biodiversity, resource availability, human disturbance,
soil biota, and physical stress imposed by environments (Xu et al. 2004; Li et al.
2005; Pan et al. 2006; Lu and Ma 2005; Wang et al. 2006; Jiang et al. 2007; Zhu
etal. 2011; Heetal. 2012; Liu et al. 2012; Gao et al. 2014; Zhu et al. 2015; Wu et al.
2016). Most of these studies focused on the IAS in agroecosystems. To date we have
learned much about what kind of agroecosystems in China could be heavily invaded,
such as for the species alligator weed Alternanthera philoxeroides and crofton weed
Eupatorium adenophorum, two notorious invasive plants in China. The results give
us the clues of regulating ecosystem’s components and structure to reduce its resis-
tance to biological invasions.

1.4.4 Risk Assessment and Early Warning

More than 100 invasive species in China have been quantitatively assessed for the
risk of introduction, establishment, spread and outbreak in Chinese ecosystems. The
species of high invasion risk has been identified, and the corresponding warning has
been given to the regions that could be potentially invaded (Wan et al. 2010).
Moreover, the platforms for remote, quantitative risk analyses of IAS are under
construction.

1.4.5 Detection and Monitoring

DNA-based rapid detection techniques have been developed for the IAS which can
not be reliably identified using conventional methods, such as those based on mor-
phological features due to small body size, similarity with closely related species/
strains/biotypes, or the species which have to be identified at juvenile stages with
limited available diagnostic characters (Wan et al. 2011a). Moreover, some efficient
kits have been developed and provided to personnel at entry & exit ports and quar-
antine stations. To increase detect efficiency, DNA barcoding technique has been
used for more than 141 IAS in China, which include fruit flies, thrips, scale insects
and whiteflies. Using this technique, most specimens can be identified within
1-2 days. Field-monitoring systems have been established for more than 80 invasive
species, and accordingly a national monitoring network has been established. These
detection techniques and monitoring systems have contributed greatly to the risk
assessment, early warning, prevent/interception, and the development of manage-
ment strategies.
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1.4.6 Early Prevention and Efficient Interception

Based on the data generated from risk analyses, a large number of IAS has been
successfully intercepted before introduction or spread to the local ecosystems or
habitats. Effective prevention belts have been constructed for highly dangerous IAS
that are occurring at a small a geographic range in China, such as Colorado potato
beetle (CPB) Leptinotarsa decemlineata Say, red imported fire ant (RIFA)
Solenopsis invicta Buren, codling moth Cydia pomonella (L.), and burrowing nema-
tode R. similis (see Chap. 2). These pests have been successfully intercepted at the
spreading frontier and prevented from spreading neighboring regions.

1.4.7 Sustainable Control Methods

A number of sustainable control techniques have been developed for the control of
serious invasive species. For example, in the past four decades, more than 40 bio-
logical control agents were introduced from overseas, of which over ten are highly
effective against invasive arthropods in agricultural and forest ecosystems. In addi-
tion, a great number of native natural enemies were also tested to be effective (Wan
et al. 2008a; Yang et al. 2014). Through using biocontrol agents, some notorious
invasive species have been successfully controlled in some regions, such as com-
mon ragweed A. artemisiifolia and alligator weed Alternanthera philoxeroides
(Wan and Yang 2016).

Chinese scientists have also made efforts towards screening of native plant spe-
cies that can be used for replacement control of invasive plants. In some regions,
such a control method has been successfully employed for the control of A. artemi-
siifolia, crofton weed A. adenophora (Spreng.) King & Rob. and Spartina alterni-
flora Loisel. Great progresses have also been achieved in the screening of plant
germplasms resistant to P. sojae, R. similis, and Foc race 4 of Fusarium oxysporum
f. sp. cubense Schlechtend (Smith) Snyder & Hansen (a pathogenic fungus causing
Fusarium wilt of banana) (see Chap. 2).

1.4.8 Database of Invasive Alien Species

A database of invasive alien species in China (http://www.chinaias.cn/wjPart/index.
aspx) has been built at CMIAS. This database is composed of six systems, i.e., the
basic information system of IAS in China, geographic distribution system of IAS,
field-data collection system of IAS, biosafety evaluation system of IAS in agricul-
ture and forestry ecosystems, DNA-barcoding based identification system of major
invasive insects, and remote monitoring system of important invasive insects in
China. It serves as an important information-exchange platform in the field of
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biological invasions in China, by providing comprehensive information for research
institutions, administrative departments and individuals. This platform can also be
used for releasing detection/monitoring information, querying for IAS data, and
popularizing biological invasion knowledge (Xian et al. 2013).

1.4.9 Education to the Public

Since 2003, a series of education activities were conducted for the public to promote
their awareness on biological invasions. To increase education efficiency, several
books were published, which are excellent in both interpretation and pictures, easy
to understand, and thus attractive to readers, such as Biological Invasion: Illustrated
Handbook for Invasion Plants in China (Wan et al. 2015a), and Biological Invasion:
lllustrated Handbook for Invasion Animals in China (Wan et al. 2016).

1.4.10 Framework of Biological-Invasion Research
and Management

Through the development in the past four decades particularly the recent 20 years,
a framework for research and management of biological invasions has been pro-
posed in China (Wan et al. 2009a). In this framework, the invasion process is divided
into five stages, i.e., introduction, establishment, lag phase, dispersal and outbreak;
for each stage, the key scientific research topics the corresponding management
actions to be developed are suggested. This framework was suggested to be referred
when designing research and management programs for biological invasions.

Invasion biology has become one of important subjects in the science and tech-
nology realm of China. Owing to the development in theories and practices, inva-
sion biology now possesses its own research framework (Wan et al. 2008a, b, 2009,
2010, 2011a, b). Moreover, it has been listed as a subject designated to be supported
by NSFC. Some universities and colleges take it as a course of students using the
recently published textbook Invasion Biology (Wan et al. 2015b). There is also a
periodical “Journal of Biosafety” (issued in 2010) for publication of papers in the
field of biological invasions.

1.4.11 Contributions to National Policy Making

The fruitful outcomes of biological invasion research and management in China are
very suggestive for government when making decisions. So far CMIAS and the
other research institutions have provided at least 15 consulting reports for the
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government. They also often offer suggestions to the government for the issues
associated with biological invasions, of which 30 has been adopted so far.

1.5 Government’s Role

Chinese government has played great roles in the management of IAS in China. In
2003 the State Council of China assigned Ministry of Agriculture (MOA) the lead-
ership of IAS management in this country. MOA has established several organiza-
tions to ensure the policy making, rapid responses, and efficient activities towards
biological invasion issues, including Office for Alien Species Management, Center
for Management of Invasive Alien Species (CMIAS), and Rural Energy &
Environment Agency. Each of these organizations is working efficiently. Since the
beginning of this century, the government has also been a major financial supporter
for researches in the field of biological invasions. For example, since 1999 more
than 500 research programs have been supported by the Natural Science Foundation
of China (NSFC), and during 2002-2013 two projects were supported as national
key basic research programs by Ministry of Science and Technology (MST). NSFC
has been the most important financial source, which provided 1.7-3.0 million US$
annually in recent years for researches in biological invasions.

More recently, IAS was considered as one of key biological threats to China social
development and ecological security, and is now under research jointly implemented
by more than research institutions across the country. Besides the administrative
supervision and financial support, the Chinese government is also cooperating with
other countries to promote management of the IAS that occurs at the regional level.

1.6 International Cooperation

Owing to the fact that invasive species are international and most of biological inva-
sion issues have to be resolved at the international level, China has been collaborat-
ing closely with other countries in several fields. For example, in the past decade a
number of IAS has been jointly studied by Chinese scientists and the scientists from
the USA, Australia, CABI, Italy, Germany, Danmark, Israel, etc. In these programs,
a number of IAS were extensively studied, such as whitefly B. fabaci (Liu et al.
2007; De Barro et al. 2011), the red turpentine beetle Dendroctonus valens LeConte
(Sun et al. 2013), and Phytophthora sojae (Wang et al. 2011a; Jing et al. 2016),
which largely increase our understating of some serious IAS’ invasion biology. To
solve the problems upcoming with initiation of novel opening-up policy (e.g., One
Belt and One Road strategy as described above), China and relevant countries have
set out to develop joint research/management programs aiming at reducing invasion
risks. In long term, China is ready to create more opportunities for scientists of the
country and overseas scientists to exchange their information and views and deepen
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collaborative research. As one might have seen, since 2004 a number of interna-
tional congress/conferences have been held in China, such as APEC Symposium on
the Prevention and Control of Biological Invasion (Beijing 2005), the 1st and 2nd
International Congress of Biological Invasions (ICBC, Fuzhou 2009 and Qingdao
2013), and the 5th International Bemisia Congress (Guangzhou 2009), all of which
facilitate our understanding the invasion issues over the world. More recently, to
enhance collaborative research, several laboratories have been built jointly by China
and other countries, such as the “Prevention & Control Center for Alien Pests” built
in 2014 by Chinese Academy of Agricultural Sciences (CAAS) and North Carolina
State University, and the “Eradication & Management Center for Alien Pests” built
in 2014 by CAAS and Murdoch University.

1.7 About This Book

1.7.1 Why We Want to Publish This Book

Biological invasions have been one of prominent factors that deeply influence
human society and ecology. In China, its significance lies in not only the resulted
loss to economy and damage to ecosystem, but also in the potential threats to food
safety and even national safety. Particularly, the threat to food safety is arising, as
indicated by the fact that agriculture, the biggest industry and the crucial determi-
nant of food-supplying capacity in China, is facing an increasing damage from
IAS. Moreover, clearly, China will have to meet more severe challenges in coming
decades, due to intensifying of the factors that favor biological invasions, such as
human activities and global changes. Consequently, biological invasions in China
are such issues imposing extensive, serious, long-term effects to the country and
requiring utmost solutions. Under these circumstances, publishing a book focusing
the biological invasions specifically in China would be of great value.

It is the time to publish such a book. As revealed above, we have accumulated
huge knowledge from the large number of researches. Some ecosystems, such as
farmlands and forests, have been intensively studied, from which a great of
theoretical points as well as practical management tactics have been resulted. For
the other ecosystems, including water bodies, nature reserves, grasslands and desert
oases, great research progress has also been achieved, although the concerns and
studies for these ecosystems were a bit later. In any cases, we think it is necessary
to review in time what we have done in the past, so that we could extend our future
work in more rational directions.

We expect this book will enhance the information exchange between China and
other counties. Invasion biology is developing rapidly throughout the world, thereby
novel findings in this field are being continually accumulated. Moreover, an increas-
ing number of IAS are becoming common to different countries, which should be
give concerns and studied at the international level. Therefore, international
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exchanges have become more necessary than ever. In this book, most of the ecosys-
tems introduced also exist in other countries, such as farmlands, forests, water bod-
ies and nature reserves, and most of the IAS descried also occur seriously elsewhere.
Thus, we believe overseas readers will hopefully find what they are interested in.

1.7.2 What Are in This Book

The book is divided into four parts.

Part I details the biological invasions and their management in various ecosys-
tems. Both the systems that are extensively managed (e.g., agroecosystem) or natu-
ral (e.g., deserts and nature conserves) were included, with the aim of giving readers
a full picture of biological invasions in China. This part has five chapters, dealing
with agroecosystems (Chap. 2), forest ecosystems (Chap. 3), aquatic ecosystems
(Chap. 4), desert green-islands and grasslands (Chap. 5), and nature reserves (Chap.
6). In each chapter, we focused on topics including: what have contributed signifi-
cantly to the biological invasions in the system, and what kinds of management
strategies and methods have been implemented. At the end of this part, we addressed
the roles of governments in the prevention and management of biological invasion
in China (Chap. 7).

When introducing the ecosystems, we focused largely on these aspects: (i) diver-
sity of IAS, (ii) history and pathways of IAS introductions to China, (iii) major
research advances in species invasiveness, ecosystem invasibility, (iv) management
strategies and techniques, and (v) suggested directions and perspectives for future
research.

Parts I and IIT describe the invasion and management of major IAS in China,
which include insects (Chaps. 8, 9, 10, 11, 12, 13, 14, 15, 16 and 17), nematodes
(Chaps. 18 and 19), snails (Chap. 20), turtle (Chap. 21), fish (Chaps. 22 and 23),
plants (Chaps. 24, 25, 26, 27, 28, 29, 30 and 31), and microbes (Chaps. 32 and 33).
Most of these species have caused serious damages and received considerable atten-
tion in China. They are also largely the ones common to different countries, as
described above. For each species, we focused on: (i) history and pathways of the
species’ introduction to China and its current distribution, (ii) invasion biology of
the species, with the life features contributing its invasion in China be highlighted;
(i) management strategies and techniques, and (iv) suggested directions and per-
spectives for future research.

Part IV gives perspectives on future development and management of biological
invasions in China (Chap. 34).
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1.8 Conclusions

Before 1990s, we learn little about biological invasions, despite large number of
IAS had been presented and caused serious damages in China. Yet, after 20 years,
now we witness that great achievements were made in China both in basic research
and practical management. A great number of serious IAS were extensively investi-
gated for their invasion biology. At the same time, a great number of techniques
have been developed for efficient prevention, interception and control of
IAS. Accordingly, some serious invasive species has been under control with their
damages being reduced substantially. During this process, each part of the country,
including research institutions, government and the public, have concerned much to
IAS issues and strived together to combat them. Based on these achievements and
experiences, now a working framework for research/management of biological
invasions has been established in China.

In conclusion, our research and management capacity towards biological inva-
sion issues have increased greatly as compared with 20 years ago. The work in this
field has largely contributed to the technological and economic development of this
country. It also has greatly reduced the threats to ecological and society of this coun-
try. As biological invasions will likely become more severe in China in the future,
which possibly impose more serious impacts on China economy, ecology and soci-
ety (Liao et al. 2008; Weber et al. 2008; Xu et al. 2012a; Yuan et al. 2015), challenges
to China will continue to increase. We hope reader will learn from this book the
information about the past, current and future of biological invasions in China.
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Chapter 2
Biological Invasions in Agricultural
Ecosystems in China

Mingxing Jiang, Yunshan Huang, and Fanghao Wan

Abstract Agriculture has served as a major contributor for the China’s rapid eco-
nomic development over past decades. However, agroecosystems in this coutry
have been intensively invaded by invasive alien species (IAS), in particular since the
beginning of twentieth century, which cause huge losses to economy and ecological
service values each year. Moreover, now China agroecosystems are at the stage of
being introduced with new IAS at a greater rate due to rapid growth in international
trade and human activities. And, a number of dangerous IAS already introduced are
continuing to expand rapidly. For these reasons, biological invasions in China agro-
ecosystems have attracted great attention since the beginning of this century, both
from governments and research institutions. In this chapter, we first depict the status
of TIAS in China agroecosystems regarding their diversity, source, distribution,
spread and damage, and the factors perceived to have contributed to the IAS intro-
duction and spreading in this country. Then, we show the invasibility of China agro-
ecosystems. The major findings of researches regarding invasiveness of IAS in
China are reviewed. Next, invasiveness and the underlying invasion mechanisms of
some serious IAS were reviewed. Lastly, the major approaches employed for con-
trol of IAS in China agroecosystems were presented, including risk analysis, detec-
tion, monitoring, regional prevention, biological control, replacement control,
breeding and use of resistant crop cultivars, as well as integrated use of invasive
plants. The trend of introducing new IAS into China agroecosystems and the cor-
responding tactics to be taken for dealing with IAS in the future were discussed.
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2.1 Introduction

China’s agriculture, which has developed rapidly since the implementation of
reform and opening-up policy, plays fundamental roles in the economic develop-
ment of this country (Cao and Birchenall 2013). However, China agricultural eco-
systems have been long the main recipient for invasive alien species (IAS), suffering
huge losses each year in economy and ecological service values (Xu et al. 2004a,
2006; Wan et al. 2009a; Qiang et al. 2010; Wan and Yang 2016). Several reasons
were suggested for such a case, including rapid economic development (Lin et al.
2007; Ding et al. 2008; Weber and Li 2008), intensified human activities (Liu et al.
2005; Wang et al. 2011b), and tremendous changes in land-use pattern (Wan and
Yang 2016).

In the past several decades, in particular since the beginning of this century, bio-
logical invasions in agroecosystems have attracted much attention. A huge number
of researches and management practices were undertaken (Wan et al. 2009a; Wan
and Yang 2016). In this chapter, we first describe the overall status of biological
invasions in China agroecosystem, including species composition, source, distribu-
tion, spread and damage. Then, IAS’s invasiveness, major invasion mechanisms,
and the agroecosystems’ invasibility in China are reviewed. Next, we show several
measures that have been largely undertaken in China for management of [AS. Lastly,
we discuss the directions for future development and management of biological
invasions in China agroecosystems.

2.2 Historical and Current Status of Biological Invasions
in China Agroecosystem

2.2.1 Diversity and Source of IAS

According to documentary records, inventory (e.g., Xu and Qiang 2011; Xu et al.
2012a) and recent supplement (Xiaoqing Xian, pers. Commun.), there have been
618 IAS in China by the end of 2015. Of them, 382 species can occur in agroeco-
system, including 254 plants, 88 animals, and 40 microorganisms which present
66.5, 23.0 and 10.5% of the total IAS in agroecosystem, respectively. Ten of them
are members of the world’s 100 worst invasive species defined by the International
Union for the Conservation of Nature (Lowe et al. 2004), and 38 are listed among
the first group of important IAS (52 species) in China that are being managed with
priority (The Ministry of Agriculture of China 2013; Table 2.1). Some notorious
species have been long present in China agroecosystem. For example, crofton weed
Ageratina adenophora (Spreng.) King & Rob., alligator weed Alternanthera
philoxeroides (Mart.) Griseb., common ragweed Ambrosia artemisiifolia L., Siam
weed Chromolaena odorata (L.) King & Rob., water hyacinth Eichhornia crassipes
(Martius) Solms-Laubach, and giant African snail Achatina fulica (Bowdich) have
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been there since 1930s or even earlier. By contrast, some were introduced much
later, such as Mediterranean of the sweet potato whitefly Bemisia tabaci Gennadius
species complex, western flower thrips Frankliniella occidentalis Pergande, red
imported fire ant (RIFA) Solenopsis invicta Buren, and cotton mealybug Phenacoccus
solenopsis Tinsley, which were reported in the 2010s for the first time on China
mainland.

Most of the IAS so far occurring in China agroecosystems were introduced after
1900. Before 1850 and in the latter half of the nineteenth century, respectively only
33 and 35 IAS were recorded from China farmland (not including the species uncer-
tain with introduction years, the same below). However, the number of IAS intro-
duced in twentieth century hit 223, with an average of 22 species (range 11-37
species) being found per decade (Fig. 2.1a). Moreover, from the beginning of
twenty-first century, the newly introduced IAS is increasing at a rate much greater
than ever: during the first decade and 2011-2015, there were 30 and 22 newly
recorded IAS, respectively (Fig. 2.1a). Such a trend was particularly evident after
2005 (Fig. 2.1b).

About 45% of the IAS recorded in China agroecosystem have an origin of North
and South America. Europe and Asia are the second (22.9%) and third (16.4%)
important sources. More than 90% of animal IAS were unintentionally introduced,
whereas at least 54% of plant IAS were intentionally introduced (Qiang et al. 2010).

2.2.2 Geographic Distribution and Spread of IAS

IAS distribute widely in China agroecosystems. Their richness is highest in south-
ern and eastern provinces, while decreased towards northward and northwestward
(Wu et al. 2006; Qiang et al. 2010). Some southern/eastern provinces (e.g.,
Guangdong, Fujian, Zhejiang, Jiangsu, Anhui and Taiwan) have been invaded by
more than 100 IAS in local agroecosystem. Similar distribution pattern can also be
observed for the major IAS (Fig. 2.2).

Distribution and spread of IAS in China are associated with a number of factors.
Climatic condition was thought to have determined their overall distribution pattern
in this country. For instance, tropical or subtropical regions generally have more
IAS than other regions (Wan et al. 2009a; Qiang et al. 2010). Other kinds of physi-
cal factors, such as river, flooding, wind, efc., may have enhanced the regional dis-
persal of some plant IAS. For example, with the help of water stream and wind,
seeds of crofton weed A. adenophora, which are very small, light (ca. 0.4 g per 1000
seeds) and have a specialized feather-like structure (pappus), can be easily carried
and dispersed to neighboring regions (Wang et al. 2011b; Horvitz et al. 2014).

It is widely accepted that rapid economic development in China has induced the
rapid introduction and spread of IAS (Liu et al. 2005; Wu et al. 2006; Lin et al.
2007; Ding et al. 2008; Weber and Li 2008; Qiang et al. 2010). Such an association
can be illustrated by the fact that IAS-abundant regions normally have a higher
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Fig. 2.1 Historical changes in the number of IAS introduced to China agroecosystems. (a)
Number of IAS introduced at various historical stages; (b) Cumulative introduced IAS number
since 1950. Summarized based on Xu et al. (2012a) and the data proviced by Xiaoqing Xian. Not
including the species uncertain with introduction years

economic growth rate relative to other regions, such as the situation in southern and
eastern China described above.

Intentional introductions of alien species among regions (e.g., for economic pur-
pose) have proved causing wide spread of some serious IAS in China. One typical
example comes from A. philoxeroides. This plant was introduced into Shanghai and
Zhejiang (eastern China) in 1930s as horse fodder. In 1950s, it was further intro-
duced to southern China as swine feedstuffs. From 1980s, its geographic range
expanded rapidly, becoming one of the most notorious weeds in China agroecosys-
tem (Pan et al. 2007).

Unintentional introductions by human activities were believed to have tremen-
dously facilitated IAS dispersal in China (Liu et al. 2005; Huang et al. 2010; Wang
etal. 2011b). When persons are traveling by cars, seeds of some invasive plants may
be carried by cloth, cars and other items, thereby dispersed to far regions. For exam-
ple, A. adenophora seeds can easily stick to clothing, footwear or vehicles by the
pappus, thereby disperse along road and rail line for a long distance (Wang et al.



30 M. Jiang et al.

70°E 75°E 80°E 85°E  90°E  95°E 100°E 105°E 110°E 115°E 120°E 125E° 130°E 135°E 140°E  145°E
1 L I L " " L L N I L L L n L "

N
A L
45°N |
| 40°N
40°N J
L 35°N
35°N
L 30°N
30°N
105°E 115°E
o P TR 7T} 25°N
25°N 4 25°N i O ]
¥ . !
20°N ‘
i e o
o] Animals 15°N N | 20°N
Il Microorganisms J Wi
10°N e
PR
| -
- 0 600 1,200 km SN 0 440 kb 15N
|
T T T T T T T T T T
85°E 90°E 95°E 100°E 105°E 110°E 115°E 120°E 125°E 130°E

Fig. 2.2 Geographic distribution of the major IAS in China agroecosystems that have to be man-
aged with priority. A total of 38 species were analyzed which include 19 plants, 16 animals and 3
microorganisms (Table 2.1). Number in parentheses indicates the number of IAS that have already
invaded the corresponding province. The circles have been scaled with number of IAS

2011b). Ansong and Pickering (2013) estimated that nearly 1/3 of invasive weeds in
China could be transported by cars. And, according to announcement of the Ministry
of Public Security, there had been 172 million registered cares by the end of 2015.
For these reasons, we can speculate that human activities, in particular those with
using cars, will probably speed the IAS spread in China agroecosystems.

Other factors, such as urbanization of previous farming areas, land use pattern,
and construction of new transport infrastructure, are also likely affect biological
invasions in China. Promoted IAS dispersal due to rapid urbanization has been
reported from Beijing (Wang et al. 2011a). Changes in land use pattern were thought
to be affecting invasions of alien insect pests in China (Wan and Yang 2016).
Establishing new sea, land and air links between China and other countries/regions
or within the country will probably result introductions of novel IAS into China
agroecosystems.
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2.2.3 Damage

Biological invasions have caused huge economic loss in China. According to a loss
assessment by Xu et al. (2006), in 2000 the IAS caused a direct economic loss of ca.
USD 1.474 billion to China agriculture, most of which was resulted from crofton
weed A. adenophora, common ragweed A. artemisiifolia, whitefly B. tabaci and
Trialeurodes vaporariorum (Westwood), and vegetable leafminer Liriomyza sativae
Blanchard. Potato, which has become the fourth most important food crop in China,
can be reduced by 30-50% with the yield when damaged by Colorado potato beetle
(CPB) Leptinotarsa decemlineata Say (Guo et al. 2016). In 2007 the reported eco-
nomic loss from CPB damage reached USD 3.2 million (Liu et al. 2012). The direct
economic loss caused by A. artemisiifolia and A. philoxeroides was estimated to be
USD 4.4 billion annually (Zhou et al. 2011).

Meanwhile, biological invasions may also change agroecosystems’ properties
and service function. In some regions of southwestern China, for example, A. ade-
nophora invasion was reported to have greatly reduced local soil nutrients (e.g.,
available nitrogen, phosphorus and potassium) (Wu et al. 2007). This plant has also
reduced diversity of native plants in some invaded areas (Ding et al. 2007). Due to
the damage by IAS, the overall of service function would be reduced. Xu et al.
(2006) estimated that the total indirect economic loss to China agroecosystem ser-
vice function was USD 1.405 billion annually.

Also, some IAS, such as RIFA and common ragweed, have impacted human
health in the invaded regions. According to Xu et al. (2012b), more than 1/3 of the
human population in RIFA-infested areas ever suffered stings of this ant, and nearly
10% of victims fevered, with some experiencing dizziness, generalized urticaria or
anaphylactic shock. Hence, the allergic reactions to RIFA stings have been a serious
public health problem in China.

2.3 Invasibility of China Agroecosystems

A number of biotic and abiotic factors can affect invasibility of ecosystems, such as
biodiversity, interspecific relationships, disturbance and resource (Levine and
D’ Antonio 1999; Davis et al. 2000; Eschtruth and Battles 2009). In China, a number
of studies have addressed the influence of these factors.

Associations of invasibility with biodiversity were investigated in A. adenophora
and A. philoxeroides, two notorious invasive plants in China. It was found high rich-
ness of native plants along roads would increase ecosystem resistance to A. ade-
nophora (Lu and Ma 2006). However, another study reported a reverse result, that
when viewing the invasion at a larger (e.g., provincial) scale, increase in native plant
richness would result a higher invasibility to this plant (Lu and Ma 2005). Thus,
their actual associations may differ with the regions and geographic range under
investigation. Invasibility to A. philoxeroides appears to be not much related with
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species diversity. However, the invasibility would be reduced at the presence of the
native species that belong to the same functional group with A. philoxeroides, such
as Alternanthera sessilis (Xu et al. 2004b). As A. sessilis can compete with A.
philoxeroides for similar kinds of resources, the resource available to A. philoxeroi-
des would be reduced and eventually its biomass reduced.

Human disturbance was suggested to be able to increase ecosystem invasibility
for A. adenophora and Siam weed C. odorata. This is often observed in China that
(i) these two plants tend to be abundant near roads (typical human-disturbing habi-
tats) relative to the areas far from the roads (much less disturbed), and they also
generally grow taller near roads (Liu et al. 2007a), and (ii) in forest ecosystems,
they were present primarily in secondary forests (ever much disturbed) relative to
native forests (Dong et al. 2011a).

Presence of high levels of resources in soil can increase invasibility. This has
been found for a number of invasive plant species, including A. philoxeroide (Pan
et al. 2006a), A. adenophora (Lei et al. 2012), mile-a-minute Mikania micrantha
(Zhang et al. 2016b), C. odorata (Quan et al. 2015; Zhang et al. 2016b), praxelis
Eupatorium catarium Veldkamp (Huang et al. 2016), and tropic ageratum Ageratum
conyzoides L. (Huang et al. 2016). For example, high invasibility of abandoned
fields and swamps for A. philoxeroides can be largely attributed to the presence of
rich nutrients in soil, relative to the marsh dunes and grave dunes that are poor in
nutrients and much less invaded by this plant (Pan et al. 2006a). Accordingly, some
argued that increased use of chemical fertilizers is one of primary factors causing
extensive plant invasions in China (Chen et al. 2013).

Besides soil fertility, soil biota has also been evidenced to affect invasibility. For
example, certain microbes can alleviate the allelopathic effects of A. adenophora
against other plants (Zhu et al. 2011; Li et al. 2015¢). Presence of pathogen fungi in
soil may reduce biomass of M. micrantha and change biomass allocation (Gao et al.
2013), thereby reduce the competitive capacity of this plant over native plants.
Therefore, presence of certain soil biota can reduce invasibility of the ecosystem.

2.4 Invasiveness and Underlying Invasion Mechanisms
of IAS in China

Invasion capacity and the underlying mechanisms have attracted much research
attention in China. Based on the analysis of the biology of top ten invasive insect
pests in China agroecosystem, Wan and Yang (2016) claimed there are some evident
traits common to successful insect invaders, including wide host range, high repro-
ductivity, strong adaptation to diverse stress (e.g., adverse temperature, insecticides
and pathogens), release from natural enemies, and mutualism established with other
organisms. Besides, there are some species-specific traits that have significantly
enhanced the invasion of some IAS. For example, rice water weevil Lissorhoptrus
oryzophilus Kuschel can reproduce parthenogenetically, which allows a single
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female adult to produce offspring without the need of finding mates in the newly
introduced range (Chen et al. 2012). The invasive MEAMI of B. tabaci has the
capacity of interfering with indigenous whiteflies’ reproduction through a mecha-
nism “asymmetric mating interactions” (Liu et al. 2007b). MEAM1 has also devel-
oped an indirect vector-virus mutualism with geminiviruses (Jiu et al. 2007; Zhang
et al. 2012; Luan et al. 2013). Both these interspecific interactions were believed to
have driven the invasion of MEAMI1 in China.

New insights have also been obtained for many invasive plant pathogens. For
example, Phytophthora sojae (causing phytophthora root rot in soybean) was found
to be able to secrete a number of effector proteins when interacting with host plants,
such as Avr3b that is a secreted NADH and ADP-ribose pyrophosphorylase capable
of modulating plant immunity (Dong et al. 2011b), and an isochorismatase effector
that disrupts plant salicylate metabolism pathway to suppress host immunity (Liu
et al. 2014b).

Below, we present more details on the invasive plants in China. We focused on
such plants that (i) have serious threat to agriculture, ecosystems or human/livestock
health, (ii) have a broad distribution range, or have a limited range but are rapidly
spreading currently, and (iii) have attracted much research attention in the past
decade regarding their invasiveness. They are reviewed in seven aspects, i.e., adap-
tation to physical stresses, allelopathic effects, phenotypic plasticity, enemy release,
energy-use capacity/strategy, associations with microbial community, and clonal
integration.

2.4.1 Adaptation to Physical Stresses

A number of invasive plants in China were showed to be highly tolerant to adverse
environments. For example, A. philoxeroides can tolerate submergence and high
levels of salt, heavy metals and nitrogen (Ding et al. 2014; Gao et al. 2014; Yang
et al. 2014b; Fan et al. 2015). Due to this capacity, this plant can get established and
grow very well in a diversity of habitats, including fields that are heavily disturbed
by flooding, saline soils, heavy-metal polluted soil, and eutrophic water.

Some natural A. adenophora populations in China can tolerate low temperature
(Li et al. 2008). In southwest China, for example, this plant has evolved to attain
some ecotypes that are capable of tolerating freezing through physiological adapta-
tion. This plant can also tolerate high temperature (Chen et al. 2016). This suggests
that A. adenophora may be benefiting from these features during its spread and has
the potential of reaching further northern and southern regions beyond the current
distribution range.

Strong adaptation has also been found in other invasive plants. For example, the
Canada goldenrod Solidago canadensis is highly tolerant to Pb stress, capable of
excluding or reducing uptake of this metal. This capacity may enable it to outper-
form native plants [e.g., Kummerowia striata (Thunb.) Schindler] and colonize suc-
cessfully in Pb contaminated soil (Yang et al. 2007b; Zhang et al. 2008). Seeds of
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buffalobur Solanum rostratum Dunal can adapt to high salt stress (Wei et al. 2009).
M. micrantha can also tolerate saline to certain degree, with the potential of spread-
ing in coastal saline regions (Hu et al. 2014).

2.4.2 Allelopathic Effects

Allelopathic effects against native plants have been frequently observed in S.
canadensis (Sun et al. 2006; Yang et al. 2007a; Zhang et al. 2009b; Wang et al.
2016), A. adenophora (Yang et al. 2006, 2013; Zhao et al. 2009), and M. micrantha
(Shao et al. 2005; Wu et al. 2009). The general conclusion is that, under the influ-
ence of allelopathic chemicals, seed germination, seedling growth and/or reproduc-
tion of native plants may be remarkably suppressed. Besides, other outcomes may
also be generated. For examples, allelochemicals exuded from S. canadensis may
suppress local soilborne pathogens (Zhang et al. 2011b), and inhibit colonization of
arbuscular mycorrhizal fungi Glomus spp. to native plants barnyard grass
Echinochloa crusgalli (L.) Beauv., K. striata and A. conyzoides (Zhang et al. 2007).
Certain allelochemicals produced by M. micrantha can increase soil nutrients avail-
able to itself (Chen et al. 2009). All these kinds of effects would benefit invasive
plants when competing with natives, exploiting resource, and resisting pathogens.
For this reason, allelopathic effects should have played important even crucial roles
in the plant invasions in China (Xie et al. 2010).

Interestingly, some invasive plants in China have evolved to be more allelopathic
in the introduced range. For example, as compared with the S. canadensis plants
from the USA (native range), those from China (introduced range) could produce
more allelochemicals and exert greater allelopathic effects against native plant K.
striata (Yuan et al. 2013).

2.4.3 Phenotypic Plasticity

Phenotypic plasticity is one of most important invasion mechanisms of plants (Funk
2008; Hulme 2008). In China, this aspect has been much learned in a few species,
such as A. philoxeroides and A. adenophora.

A. philoxeroides in China were found to be highly plastic in response to water,
nutrients, and shading. This feature could be observed not only among geographic
populations, but also among the individuals within a population that grow in differ-
ent habitats. It may exist in plant morphology, anatomy (Geng et al. 2006; Pan et al.
2006b; Zhang et al. 2015a, b; Du et al. 2016), and biomass allocation strategy (Geng
et al. 2007a, b; Zhang et al. 2015b). Furthermore, some studies showed that A.
philoxeroides is more plastic than native congeners (Geng et al. 2006; Pan et al.
2006a). Owing to these attributes, A. philoxeroides has successfully invaded a num-
ber of highly diverse habitats, e.g., aquatic versus terrestrial habitats, and nutrient-
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rich versus nutrient-poor habitats. Now in China it is widely accepted that phenotypic
plasticity has played critical roles in the invasion of A. philoxeroides (Geng et al.
2007a, 2016). Recently, the underlying mechanisms for the phenotypic plasticity of
this weed were investigated. Gao et al. (2010) found that the weed adopts an envi-
ronmentally sensitive, flexible “epigenetic regulatory system”, through which it
undergoes genome-wide epigenetic reprogramming so as to adapt rapidly to chang-
ing environments.

A. adenophora in China also possesses high levels of plasticity (e.g., Feng et al.
2007; Zhao et al. 2012, 2013). It may take place in the responses of the plant to
irradiance (Feng et al. 2007; Zheng et al. 2009), soil nutrients (Wang and Feng
2005; Wang et al. 2006), and elevation (Li and Feng 2009b; Zhang et al. 2009a).
However, the plants of a higher plasticity do not have to be more invasive, suggest-
ing that the roles of plasticity for A. adenophora need further clarification (Zheng
et al. 2012).

Phenotypic plasticity has also been reported in A. artemisiifolia (Qin et al. 2012;
Li et al. 2015b). As compared with the native plant Caesarweed Urena lobata L., A.
artemisiifolia is more plastic in response to irradiance in the traits relating to bio-
mass allocation, growth, and plant structure. Thus, this plant can live well in shaded
conditions while maintain the ability of growing rapidly at elevated irradiance lev-
els, which enables it to outcompete over other plants (Qin et al. 2012).

2.4.4 Natural Enemy Release and Corresponding Changes
in Growth and Defence Characters

The evolution of increased competitive ability (EICA) hypothesis suggests that, as
compared with the plants in native range, the invasive plants out of native range
would evolve to have increased competitive ability while decreased defense/toler-
ance to herbivory following natural enemy release. This hypothesis has been tested
in several invasive plants in China to analyze its associations with invasiveness,
including A. adenophora, C. odorata and A. philoxeroides.

In A. adenophora, the EICA hypothesis has been tested to be true. As an invasion
mechanism, this plant has evolved to increase N allocation to photosynthesis
(growth) while reduce allocation to cell walls, which results in poorer structural
defenses (Feng et al. 2009).

The success of A. philoxeroides invasion in China has been partially attributed to
natural enemy release (Pan et al. 2013). At the same time, in some region this plant
seems to have not evolved following EICA hypothesis, because they can be stimu-
lated to acquire a compensative capacity when exposed previously to native her-
bivory insects and introduced natural enemies (Lu and Ding 2012). Therefore, A.
philoxeroides is probably diverging in China with the potential of evolving a more
delicate growth and defense strategy (Pan et al. 2013).
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In C. odorata, which has grown for over 150 years in nonnative ranges with few
natural enemies (McFadyen 1988), the EICA hypothesis has been tested to be true
by overseas scientists. However, no evidence was detected for such an evolution in
the Chinese populations (Li et al. 2012b). Actually, C. odorata plants in China have
become more resistant to generalists and more tolerant to damage than the plants
from native range (Liao et al. 2014). Moreover, they have evolved to have the ability
of producing novel allelochemicals in response to native competitors and new
enemy regimes, which in turn increases their competitive ability. This suggests that
after being introduced to China, C. odorata has benefited from both EICA and
“novel chemical weapons” in its invasions (Qin et al. 2013; Zheng et al. 2015).

2.4.5 Energy-Use Capacity and Strategy

Association of energy-use capacity and strategy with invasions has been investi-
gated in several notorious invasive plants in China. A number of interesting findings
come from A. adenophora, which was demonstrated to have a high resource (e.g.,
irradiances and nitrogen) capture and use efficiency (Feng et al. 2007, 2011; Feng
2008a, b; Wang et al. 2013). This plant is more efficient in photosynthetic N parti-
tioning and tends to allocate more leaf N photosynthesis (growth), as compared
with native plants, Eupatorium chinense L. and Eupatorium heterophyllum
DC. Therefore, A. adenophora has a higher light-saturated photosynthetic rate, and
a high efficiency in photosynthetic energy use, water use, respiration, efc. (Feng
2008b). Moreover, A. adenophora might have acquired a quicker return energy-use
strategy after being introduced to nonnative ranges (Feng et al. 2011). Clearly, these
advantages have helped A. adenophora become one of the most successful invasives
in China.

High resource capture and use efficiency has also been observed in water hya-
cinth E. crassipes (Xie et al. 2004; Fan et al. 2013) and Wedelia trilobata (L.)
Hitchc. (Song et al. 2010). As the concentration of available nutrients increases, E.
crassipes can duly regulate biomass allocation to optimize resource acquisition (Xie
et al. 2004), and at high nutrient levels it can increase photosynthetic rate as well as
the photosynthetic nitrogen use efficiency (Fan et al. 2013).

2.4.6 Associations with Microbial Community

A number of invasive plant species in China are able to modify microbial commu-
nity in the soil of invaded areas, which, in turn, generates positive feedbacks (ben-
efits) to the invasive plants themselves. This has been referred as a novel invasion
mechanism of plants. A typical example was reported from A. adenophora. After
the microbial community is modified by A. adenophora, the soil will become more
suitable for growth of this plant but may inhibit the growth of co-occurring native
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plants, eventually A. adenophora acquires a higher competitive capacity over natives
(Yu et al. 2005; Niu et al. 2007; Sun et al. 2013; Xiao et al. 2014a; Yu et al. 2014).
Similar results have also been reported from S. canadensis (Zhang et al. 2010b), M.
micrantha (Li et al. 2006, 2007), C. odorata (Xiao et al. 2014b), and A. artemisiifo-
lia L. (Li et al. 2014a). Some of the microbes playing crucial roles such an associa-
tion have been identified, such as arbuscular mycorrhizal fungi (AMF), which are
present in rhizosphere of A. adenophora (Yu et al. 2014) and S. canadensis (Jin
et al. 2004; Zhang et al. 2010b; Yang et al. 2014a).

Besides soil microbes, endophytes may also contribute to invasion. Dai et al.
(2016) showed that an endophytic Bacillus sp. strain could significantly promote W.
trilobata growth but had no effects on the native congener Wedelia chinensis.

2.4.7 Clonal Integration

Under low nutrient conditions, A. philoxeroides can improve net photosynthetic
rate, transpiration rate, stomatal conductance, and ramets’ minimal and maximal
chlorophyll fluorescence through clonal integration (Liu et al. 2008). Some studies
suggest that clonal integration probably have played important roles in the expan-
sion of A. philoxeroides from terrestrial to aquatic habitats (Wang et al. 2009), and
in the expansion in heterogeneous and frequently disturbed environments (You et al.
2016; Zhang et al. 2016a).

The roles of different aspects described above may vary with the plant species
analyzed. Based on the work so far reported by Chinese scientists, we summarize
the relative significance of some of these aspects for the major invasive plants in
China (Table 2.2).

2.5 Management of IAS in China Agroecosystems

2.5.1 Risk Analysis

Since the beginning of this century, at least 100 invasive species were assessed for
the potential of being introduced, establishing, spreading and causing damage in
China agroecosystems. Of them, more than 60 species were determined to have
high risk and should be managed with priority in the future. Management strategy
and techniques have been developed for each of these major IAS (Wan et al. 2009b).
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Table 2.2 The relative significance of different invasion strategies for major invasive plants in
China®

Changing
soil
Energy-use microbial Clonal

Species Allelopathy | Plasticity | strategy/capacity | community | integration
Crofton weed A. +++ +++ + +++
adenophora
Alligator weed A. |+ +++ +++ 4+
philoxeroides
Canada goldenrod | +++ ++
S. canadensis
Siam weed C. ++ +4+ +
odorata
Mile-a-minute M. | +++ + ++
micrantha
Common ragweed + +
A. artemisiifolia
Giant ragweed A. | ++
trifida
Water hyacinth E. | + + +
crassipes
Yellowtop F. +
bidentis

“The number of plus sign (+) stand for the significance degree. The number of this sign was deter-
mined according to the number of articles published in China and overseas

2.5.2 Detection and Monitoring

PCR-based rapid detection techniques have been available for more than 70 inva-
sive plant pathogens, insects and weeds which can not be reliably identified using
conventional methods (Wan et al. 2011). Moreover, highly effective kits have been
developed for a number of pathogens for the rapid detection in entry & exit ports
and the fields, such as P. sojae, Tilletia controversa (an internationally quarantined
pathogenic fungus causing dwarf bunt of wheat), Erwinia amylovora (a pathogenic
bacterium causing fire blight), race 4 of Fusarium oxysporum f. sp. cubense
Schlechtend (Smith) Snyder & Hansen (Foc, a pathogenic fungus causing Fusarium
wilt of banana), burrowing nematode Radopholus similis, potato ring rot Clavibacter
michiganense subsp. sepedonicus, Xanthomonas axonopodis, and Clavibacter
michiganensis subsp. michiganensis (Smith) Davis et al. (a pathogenic causing bac-
terial canker of tomato), efc.

Rapid molecular detection techniques have also been available for the invasive
insects that are too small to be identified or have to be identified at juvenile stages
which may have few diagnostic characters, such as thrips, whiteflies, fruit flies and
leafminers. Recently, DNA barcoding was developed for nearly 200 insects in China
(e.g., Zhang et al. 2011; Qiao et al. 2012; Li et al. 2014b; Liu et al. 2014a).
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Field-monitoring systems have been established nationwide for more than 80
invasive species. In these systems, multiple technical methods are adopted depend-
ing on the biology of targeted insects, which include (i) real-time data-collecting
from the field; (ii) rapid molecular detecting; (iii) chemical pheromone monitoring
using sex pheromones, plant volatile odors, and protein-based attractants; (iv) phys-
ical monitoring using yellow stick traps, spectroscopic technique, and ground pen-
etrating radar; and (v) remote data transferring, analyzing and diagnosis (Wan and
Yang 2016). Based on these techniques, a national monitoring network has been
established, which greatly strengthens the China’s capacity of early warning and
monitoring of TAS.

2.5.3 Regional Prevention

In 2007, a national project commenced to construct a large scale of “prevention
belts” that span the coastal provinces and the ones neighboring other countries. The
objectives were to prevent IAS from being introduced into China, and to prevent the
already introduced dangerous species (e.g., CPB, RIFA, codling moth Cydia
pomonella (L.), and burrowing nematode R. similis) from spreading to other regions
of the country. The belts have been working effectively in some regions. For exam-
ple, to prevent CPB spread, a 250 km “controlling and intercepting belt” was estab-
lished at the frontier of CPB occurring regions, which extends from eastern Mori
Kazak autonomous county to western Barkol county. In this belt, the CPB popula-
tion density has been suppressed to the utmost via the use of chemicals, clearing of
CPB’s wild hosts (e.g., black henbane Hyoscyamus niger L.), and eradicating of the
CPB on non-potato crops whenever possible. Currently the CPB is retrained in a
limited region of Xinjiang and has been successfully prevented from spreading east-
wards (Guo et al. 2011).

2.5.4 Biological Control

Introducing and releasing natural enemies is an environment-friendly, sustainable
approach for control of IAS. Since 1950s China has introduced more than 40 natural
enemy species from overseas (Wan and Yang 2016). Of them, some have been prac-
tically used in fields or greenhouses, such as the flea beetle Agasicles hygrophila
Selman and Vogt, ragweed borer Epiblema strenuana Walker, ragweed leaf beetle
Ophraella communa LeSage, water hyacinth weevils Neochetina eichhorniae
Warner and N. bruchi, and the parasitoid wasp Encarsia formosa Gahan (Table 2.3).

A. hygrophila is one of the most successful biological agents in China. Both
larvae and adults feed on leaves of alligator weed A. philoxeroides and mature lar-
vae also bore stems prior to pupation, from which growth of alligator weed is sub-
stantially suppressed. A. hygrophila can be mass reared in ponds and canals abundant
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Table 2.3 Major natural enemies introduced from overseas to China for control of IAS in

agroecosystems

Natural enemy

Introduction source
and year

Targeted invasives

Flea Beetle Agasicles hygrophila Selman
and Vogt (Coleoptera: Chrysomelidae)

The US, 1986

alligator weed A.
philoxeroides

Ragweed borer Epiblema strenuana
Walker (Lepidoptera: Tortricidae)

Australia, 1990

common ragweed A.
artemisiifolia

Ragweed leaf beetle Ophraella communa
LeSage (Coleoptera: Chrysomelidae)

Unclear; recorded the
earliest in 2001 on
mainland

A. artemisiifolia

Ragweed leaf beetle Zygogramma
suturalis F. (Coleoptera: Chrysomelidae)

Canada, 1987,
former Soviet Union,
1988; Australia, 1990

A. artemisiifolia

Water hyacinth weevils Neochetina
eichhorniae Warner and N. bruchi
Hustache (Coleoptera: Curculionidae)

The US and
Argentina, 1995

Water hyacinth E. crassipes

Butterflies Actinote anteas (Doubleday
and Hewitson) and Actinote thalia pyrrha
(Fabricius) (Lepidoptera: Acraeidae)

Indonesia, 1996 and
2001

Mile-a-minute M.
micrantha

Predatory mite Amblyseius cucumeris
(Oudemans) (Acari: Phytoseiidae)

British, 1997

Western flower thrips F.
occidentalis

Parasitoid Encarsia formosa Gahan
(Hymenoptera: Aphelinidae)

British, 1978

Whiteflies B. fabaci and T
vaporariorum

Parasitoid Encarsia sophia (Girault and
Dodd) (Hymenoptera: Aphelinidae)

The US, 2006, 2008

B. tabaci and
T.vaporariorum

Parasitoid Fopius arisanus (Sonan)
(Hymenoptera: Braconidae)

The US, 2005

Oriental fruit fly B. dorsalis

Parasitoid Diachasmimorpha
longicaudata (Ashmead) (Hymenoptera:
Braconidae)

Thailand, 2004

B. dorsalis

Parasitoid Aphelinus mali (Haldeman)
(Hymenoptera: Aphelinidae)

Japan, 1942

Woolly apple aphid E.
lanigerum

with alligator weed. From 1988 to 1997, alligator weed in some regions of China
was successfully controlled by releasing this beetle. Currently A. hygrophila has
been widespread in the released regions (Wang et al. 2008).

Work is continuing in China with respect to mass rearing and releasing of A.
hygrophila. Jin et al. (2015) developed a more efficient mass-rearing method, where
mature larvae are allowed to pupate outside of stems and thus pupal survival rate
can be increased as compared with conventional rearing method. Meanwhile, the
rearing steps can be simplified. Li et al. (2011) proposed a more rational releasing
density of the beetle. They suggested taking the beetles’ self-dispersing capacity
and the type of habitats (marsh, paddy land, and dry land) into accounts when deter-
mining the release density, so as to guarantee the establishment of a sustainable
post-release beetle population and meanwhile reduce the control’s economic cost.
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Epiblema strenuana and Ophraella communa are the most important control
agents of common ragweed A. artemisiifolia. They damage different parts of the
host: E. strenuana bores stems while O. communa feed on leaves. Based to this
feeding habit, some have suggested using them together so as to increase the overall
control efficiency. During 2007-2010, several release trials were performed in
Hunan, Guangxi, Jiangxi, and Guangdong, with each site reporting good control
results (Zhou et al. 2015). However, both insects have not been widely released yet.

N. eichhorniae and N. bruchi, both native to Argentina and nearby aquatic
regions, are specific biological control agents of water hyacinth. In China, first
release trial was performed in 1996 in Wenzhou, Zhejiang, at which 1000 N. eich-
horniae adults were released to a river 1372 m? with the water surface absolutely
occupied by hyacinths (Ding et al. 2001). Two years later hyacinths were reduced
by 25%, and in the next year nearly all the hyacinths were removed by the weevils.
In following years the weevils were introduced to other regions of China, such as
Ningbo of Zhejiang (Chen et al. 2005) and Kunming of Yunnan (Zhao 2006). The
key problem to be resolved is to increase weevils’ overwintering survival so that
they can produce a sufficient population in following years.

E. formosa is one of the most successful parasitoid wasps so far used in China. It
has been commercialized for the control of whiteflies B. tabaci and T. vaporariorum
in greenhouses (Wan et al. 2008). However, it may not work very well in northern
China due to the stress of low temperature met at release times. To overcome this
weakness, Zhang et al. (2010a) recommended many approaches to be employed
jointly with parasitoid release, including (i) using whitefly-free vegetable seedlings,
(i1) preventing the released parasitoids from escaping from greenhouses, and (iii)
using yellow stick traps and bio-insecticides to reduce whitefly density prior to par-
asitoid release. Moreover, some were seeking more friendly chemical use methods
to reduce negative impacts on E. formosa (e.g., Rao et al. 2012). More recently, it
was suggested using E. formosa together with other natural enemies, such as Orius
sauteri (Poppius), an anthocorid predator of B. tabaci, to achieve high control effi-
ciency (Li et al. 2014c).

Besides the introduced biological control agents, a large number of native natural
enemies have also been screened in China (Wan et al. 2008; Wan and Yang 2016).
Some of them has the great potential of being used as biological control agents in
the future, such as O. sauteri for the control of thrips F. occidentalis (Wang et al.
2014), and some parasitoid wasps for the control of oriental fruit fly Bactrocera
dorsalis (Hendel) (Zheng et al. 2014). However, none of them have been practically
used in the fields yet.

2.5.5 Replacement of Invasive Plants

Replacing invasive plants with selected native plants is a promising control method
around the world (Ogden and Rejmének 2005; Gosper and Vivian-Smith 2009). In
China, such work focused on common ragweed A. artemisiifolia and crofton weed
A. adenophora. A number of native plants proved to be effective for replacement of
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A. artemisiifolia, such as Indigobush Amorpha fruticosa L., common sea-buckthorn
Hippophae rhamnoides L., crownvetch Coronilla varia L., Kentucky bluegrass Poa
pratensis L., and Jerusalem artichoke Helianthus tuberosus L.. As early as early
1990s, some of them were planted in Liaoning province, northeastern China, for
replacing the A. artemisiifolia and A. trifida growing along highways (Guan et al.
1995).

For A. adenophora, more than 40 native plant species were tested for replacing
efficacy, of which pasture plants were found to be most promising (e.g., Zhong et al.
2007). Some tree species also have high potential, such as Chinese red pine Pinus
massoniana Lamb. and swamp mahogany Eucalyptus robusta Sm., which have
been recommended for use in southern mountainous regions of Guizhou province,
southwestern China, for replacement of A. adenophora (Ou et al. 2012).

Work is also on the way for seeking native plants against other invasive plants,
including tropic ageratum A. conyzoides (Li et al. 2012a, 2013), praxelis E. catar-
ium (Li et al. 2009a), M. micrantha, and the yellowtop Flaveria bidentis (L.) Kuntze
(Ma et al. 2011).

2.5.6 Breeding and Use of Resistant Crop Cultivars

Using resistant cultivars is an economical, sustainable and environment-friendly
way for control of invasive crop pathogens. Since 1990s, screening work has been
extensively conducted in China for the germplasms resistant to P. sojae, R. similis,
and Foc race 4. A number of germplasms resistant to P. sojae have been identified
(See chapter 32). Banana germplasms highly resistant to R. similis and Foc race 4
have also been identified recently (Fu et al. 2015; Li et al. 2015a).

China are also seeking resistant stuff for the control of invasive insect pests. A
Siberian crabapple Malas baccata (L.) line, Jin 67, was found to be resistant to
woolly apple aphid Eriosoma lanigerum Hausm., and has the potential of being
used as apple stock for control of this aphid (Deng et al. 1997). More recently, the
apple variety Zhaojin 108 was found to have certain resistance to E. lanigerum (Yin
et al. 2010b). Several transgenic potato lines that express Cry3A protein targeting
CPB have been generated (Zhou et al. 2012; Guo et al. 2016).

2.5.7 Integrated Use of Invasive Plants

In addition to the control methods described above, exploiting invasive plants as
biological resources has also been a promising, sustainable managing approach of
some invasive plants. Yin et al. (2010a) reported A. adenophora as an ideal biofuel
stuff for the production of methane and hydrogen. A. adenophora can also be used
for producing synthetic fodders, organic manure, pesticides, and particle boards
(Zhang et al. 2006; Luo et al. 2009; Yin et al. 2009). Extracts from S. canadensis
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were showed to have antimicrobic activity (Deng et al. 2015) and the cytotoxic
activity against human tumor cells (Liu et al. 2007c; Huang et al. 2012). Some sug-
gested using S. canadensis to produce activated carbon (Luo et al. 2011). Water
hyacinth might be a promising hyperaccumulator for purifying polluted water
(Deng et al. 2009).

2.6 Conclusion and Future Perspectives

China agroecosystem is a kind of large, frequently disturbed, highly heterogeneous
and resource-rich ecosystems. It has been intensively invaded by IAS since 1850s in
particular from 1980s when the reforming and opening-up policy was initiated in
this country, and suffered huge economic losses. To deal with this challenge,
Chinese scientists conducted extensive investigations over IAS invasiveness, eco-
system invasibility, and the problems associated with managements. The obtained
results have remarkably deepened our understanding of the ecological processes of
biological invasions in China, and have enabled us to build the fundamentals essen-
tial for successful management.

As has been speculated more than once, China will be probably invaded by a
great number of novel IAS in coming decades (Jenkins and Mooney 2006; Lin et al.
2007; Ding et al. 2008; Weber and Li 2008; Wan and Yang 2016). Under this back-
ground, China agroecosystem will remain to be a hot spot for new arrivers. Actually,
in the past decade we have witnessed such a trend: from 2006 to 2015 at least 26
novel invasive species invaded China agroecosystems, at a high rate that has never
been reached before (data provided by Xiaoqing Xian). Particularly, establishment
of an increasing number of free-trade zones, the “One Belt One Road”, and new
international transport lines between China and overseas, would even cause more
intensive introductions of IAS to China. It is the time to target the potential IAS in
these settings. Their invasion risk is to be assessed urgently.

China agroecosystems are changing tremendously. The ongoing building of
“new countrysides” and rapid urbanization in China will continue to change local
farmland landscape and cropping systems, which will in turn change habitats of IAS
and their associations with crop systems (Wan and Yang 2016). How and to what a
range these changes will affect invasibility of agroecosystems has to be
investigated.

Effective management systems have been developed for most serious IAS in
China. However, there exist many problems that have to be resolved in time. For
example, new control options have to be developed for the invasive insect pests that
have developed high levels of resistance to insecticides, such as B. tabaci, L. decem-
lineata, L. sativae, and F. occidentalis (Wan and Yang 2016). To increase control
efficacy of biological control agents in northern China, their tolerance to low tem-
peratures is to be elevated, such as for the parasitoid wasps of A. artemisiifolia and
B. tabaci (Kidane et al. 2015; Zhou et al. 2015). Much effort is still required to
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improve present chemical control methods so as to reduce their negative impacts on
natural enemies.

To strengthen management over biological invasions, the central government,
local governments, and the public are required to contribute more in the future.
Ministry of Agriculture (MOA), as the core decision maker, coordinator and man-
ager of top-down control programs of IAS in China, is expected to develop a much
closer relationship with local governments. The public is still to be encouraged to
increase their awareness over biological invasions and engage more in management
programs (Wan and Yang 2016).
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Chapter 3
Biological Invasions in Forest Ecosystem
in China

Min Lu and Jianghua Sun

Abstract With the increasing volume of international trade in forest products
around the world, hidden organisms in cargos were brought into the destination
countries. These alien organisms, including insects, plants, and microorganisms,
were introduced to new ecosystems, spread and threaten local biodiversity (also
known as biological invasions). Nowadays, vulnerable forests in China are being
threatened by large numbers of invasive species. In this chapter, we introduce cur-
rent situation of invasive species in forest ecosystems in China, propose novel theo-
retical researches on biological invasions in forest ecosystems and several invasive
species, as well as discuss main strategies and policies for management of forest
pest invasions.

Keywords Biological invasions ¢ Invasive species ® Forest * Invasive pest ¢ Forestry
invasive alien species

3.1 Introduction

China has a total forest land cover about 208 million hectares with the forest stock
volume reaching 15,137 million cubic meters. However, the forest resources in this
country are largely scarce due to the big population. The forest area per capita was
estimated to be only 1/4 of the world’s average, while the forest stock volume per capita
be only 1/7 (State Forestry Administration of the People’s Republic of China 2014).
Increase in international trade is a major factor causing threats of biological invasion to
China forests (Sun et al. 2002). Each kind of invasive species hiding in soil, seeds,
bonsais and other nursery stocks, logs, pallets, and many wood products may be unin-
tentionally introduced.
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Exotic forest pests can be particularly devastating since the native host species
have not evolved under selection pressure to acquire resistance to invasive spe-
cies, and the invade forests generally lack natural enemies against exotic pests.
Strikingly, half of the most harmful forest pests in China are exotic. It is estimated
that exotic pests cause a loss of about 120 billion RMB each year (Cui et al.
2009). Besides scientists, the government and the general public are also becom-
ing more concerned about the threats to forests posed by alien invasive species
(Wingfield et al. 2015).

3.2 Several Forest Invasive Species in China

In last decades, numerous invasive species had been detected in China, and some
have been paid much attention since their first reports. The major invasive species
are listed in Table 3.1 (Zhao et al. 2015). Of them, a few are occurring very seriously
such as the red turpentine beetle (RTB), Dendroctonus valens LeConte (Coleoptera:
Scolytidae), the pinewood nematode and the invasive plant Eupatorium adenopho-
rum Spreng (Compositae). In this section, we introduce briefly four invasive spe-
cies, mainly focusing on their invasive histories, biology, threats and management
strategies.

3.2.1 Fall Webworm Hyphantria cunea (Drury)

The fall webworm Hyphantria cunea (Drury), native to North America, has spread
to many countries through human activities. In China, it was first recorded in
Liaoning province in the 1970s, and so far has spread to eastern coastal provinces
and part of Shaanxi province (Zhang et al. 2013). It has become a serious invasive
pest to agricultural crops, forests and city ornamental trees. Fall webworm is a
typical polyphagous defoliator, and its host plants include shrubs, crops, vegeta-
bles, orchard trees, conifers and broadleaved trees with a preference for broad-
leaved trees. A total of 175 species of plants are recorded as its hosts in China
(Zhang et al. 2013).

This moth in China have caused serious damages to local forests, including some
valuable ornamental trees. The web formed by its larvae during feeding is a prob-
lem, especially on city ornamental trees. When its population outbreaks, the feeding
larvae defoliate all leaves on a tree, which damages its aesthetic value in cities.
Moreover, larvae may crawl around and sometime get into buildings becoming a
nuisance to humans. The cost of controlling the moth is largely increasing.

Detection, monitoring and management of this invasive pest have been exten-
sively performed in China. The simplest detection method involves surveying the
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webs. Population monitoring is mainly conducted using black-light trapping or
pheromone trapping. An effective and cost-efficient management plan has been
developed over the past 20 years, since fall webworm’s introduction to China. The
measures employed in management plans include: strict quarantine procedures spe-
cifically targeting late-instar larvae and pupae to prevent human activity-induced
long distance spread; encouraging the planting of mixed forest stands to restructure
the current plantation estate; manual removal of webs during the 3rd-4th instar lar-
val stage; and spraying NPV virus during larval stages and releasing the parasitoid
Chouioia cunea during the pupal stage. C. cunea has proven to be very effective and
has been applied in several epidemic areas.

3.2.2 Sirex Woodwasp Sirex noctilio F.

The Sirex woodwasp (Sirex noctilio) F. is a species of horntail, native to Europe,
Asia, and northern Africa (Bernard et al. 2007). In China, it was firstly detected in
Heilongjiang province in 2013 (Li et al. 2015). So far, this pest is mainly distributed
in Heilongjiang province, Jilin province and eastern Inner Mongolia Autonomous
Region. The Sirex woodwasp only attacks conifers, especially pines. The major
hosts include Pinus sylvestris, P. pinaster and P. nigra, all of which are native pines.
In comparison, in the Southern Hemisphere and North America, the wasp attacks
both exotic and domestic pine species, generally in plantations.

The Sirex woodwasp and white rot fungus Amylostereum areolatum have a
mutualistic symbiotic relationship (Li et al. 2015). The wasp creates the optimal
conditions for the infestation through the fungus by drilling into the underlying
wood layers and weakening the host tree. Infestation damage can be divided into
four categories or phases, depending on whether it is caused by the imago, fungus,
larvae or secondary parasites.

(a) The first reaction of the host tree is traced to the adult wasp and occurs after
10-14 days. A toxin secreted by the wasp impairs metabolism in the shoots and
needles, causing loss of water balance. The attacked pines tend to develop flag-
ging. Tip dieback begins with needles which become chlorotic and change from
green to yellowish-red, finally turn completely brown over a 3—6-month period.
The wasp bores holes in the tree. As with many other wood pests, fine resin
drops are present in wasp boreholes of the central trunk. Unstressed trees may
be attacked uniformly along the main stem, while trees with low osmotic
phloem pressure are preferentially attacked, with denser clusters of boreholes
be generated (Madden 1974).

(b) During this process, fungal spores germinate in the boreholes. The fungus
breaks down the lignin, causing white rot. It moves towards the vertically
aligned xylem. The vertical profile shows reddish and white streaks which run
in the direction of growth.
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(c) At the third stage, larvae begin to bore into the wood. By doing this, they eat in
their paths, which at first proceed towards the trunk center, before turning and
running back to the bark. The paths are not visible in cross-section, because
they are heavily blocked with wood flour; they may also be unobserved during
wood processing.

(d) Stressing of host trees and visible larval boreholes appear at the fourth stage.
The infestation is reinforced further by insects or fungi, which in turn may
cause more symptoms. Imago, fungus, and larvae together can cause tree death
in a period ranging from 2 weeks to 8 months (Taylor 1981; Berryman 2013).

Several biological control agents have been employed to reduce populations of
Sirex woodwasp. Deladenus siricidicola (Bedding) has been shown to infect up to
70% of the wasps. The introductions of parasitoid wasps, such as Megarhyssa nor-
toni (Cresson), Rhyssa persuasoria (L.) and Ibalialeu cospoides (Hochenwarth)
have been successful at hyperparasitism, but it is unable to reduce local wasp popu-
lations to <40% (Haugen and Underdown 1990; Cldudia et al. 2012). Although
some success has been detected in slowing the population growth of the wasp, over-
all these measures can not stop the spread of the wasp (Bernard et al. 2007). Other
control methods have also been attempted with bromomethane (CH;Br), through
heat, or by removing the bark (Haugen and Underdown 1990).

3.2.3 Blue Gum Chalcid Leptocybe invasa Fisher & La Salle

The blue gum chalcid Leptocybe invasa Fisher& La Salle (Hymenoptera,
Eulophidae) is native to Queensland and Australia. It is currently spreading through
Africa, Asia and the Pacific, Europe, Latin America and the Caribbean, Near East
and North America (Mendel et al. 2004). In China, this species was first recorded in
Guangxi Zhuang Autonomous Region in 2000, and has been introduced into adja-
cent regions such as Guangdong, Hainan, and Fujian provinces (Wu et al. 2009; Gu
et al. 2012). Transportation of plant materials infected with larvae is the dominant
spread path of this pest. It is therefore very important to avoid the movement of
infested material from infested to uninfested areas, and screening of seedlings for
infestation is necessary before transporting plants among such regions.

A great number of plants may be attached by L. invasa. Suitable host species
include Eucalyptus saligna, E. botryoides, E. bridgesiana, and various clones and
hybrids (Wylie and Speight 2012). Eucalyptus seedlings and trees of less than
3 years old appear to be most vulnerable to L. invasa damage. The adult female
wasp lays her eggs on the midrib, petioles and stem of young trees, as well as on
newly produced coppices and seedlings, resulting in the formation of bump-shaped
galls. These lead to stunted growth of the trees. Five stages of gall development have
been identified prior to wasp emergence (TPCP 2005):

i) One to 2 weeks after egg laying, cork tissue appears at the egg insertion point and gall
development begins within the plant tissue; ii) Development of a typical bump shape until
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the gall reaches its maximum size; iii) Fading of green color on the gall surface, changing
to a glossy pink color; iv) Loss of gall glossiness with a color change occurring to light or
dark red; and v) Emergence holes of wasps visible.

No effective measures have been established. Insecticides have limited effect in
preventing infestations on nursery saplings. There is potential for implementation of
biocontrol through introduction of suitable parasitoid agents, and/or selection of
resistant tree genotypes. The parasitoid Selitrichodes neseri (Kelly & La Salle) is
currently being reared in quarantine in South Africa for potential release against L.
invasa (Kelly et al. 2012).

3.2.4 Loblolly Pine Mealybug Oracella acuta (Lobdell)

The loblolly pine mealybug, Oracella acuta (Hemiptera: Pseudococcidae), was first
reported on pine twigs collected in Mississippi, USA (Lobdell 1930) and is believed
to be native in the Mississippi River basin. It was introduced into Guangdong prov-
ince, China, in 1988 through an accidental importation of infested scions of slash
pine, P. elliottii, from Georgia, USA (Xu et al. 1992; Sun et al. 1996). Currently,
around 264,320 ha of forests across four provinces are infested in China (You et al.
2013). Although O. acuta can feed on a wide range of pine species, damage in
China is most severe on introduced P, elliottii, P. taeda, P. caribaea, and native P.
massoniana. Both adults and nymphs are found to completely cover needles and
shoots on pine branches; they feed at the base of old needles and cause copious resin
flow, at which point the needles turn brown and abscise, resulting in 70-80% of
needle loss (Xu et al. 1992). Feeding directly affects the growth of pine trees by the
extraction of nutrients from shoots and twigs as well as cones. Infestation can cause
growth reduction or malformation, loss of plant vigor, stunting, defoliation, reduced
seed production, and timber yield, and even death of the tree. Sooty mold induced
by honeydew secreted from O. acuta also hampers photosynthesis in needles and
indirectly affects tree growth. Although there is no direct evidence of correlation
between the mortality of various pine species in China with the presence of O.
acuta, growth and production is believed to decline significantly in heavily infested
forests (You et al. 2013).

Upon the discovery of O. acuta in southern China in 1990, efforts were rapidly
initiated to confirm its identity and then to eradicate it, and finally to limit its spread.
Initial eradication efforts involved foliar sprays and trunk injections of 40% ometh-
oate EC and 80% dichlorvos EC at its first arrival site (Xu et al. 1992). When the
insecticide applications proved ineffective against early infestations of O. acuta,
most of the infested branches and limbs were physically removed, and eventually
the entire infested trees were cut and destroyed (Sun et al. 1996). Because of the
failure to achieve early eradication, testing of insecticides was conducted at the P.
elliottii nursery and demonstrated that the combination of 40% omethoate EC and
80% dichlorvos EC could achieve a mortality of 85-90%, with a relatively low cost
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(Xu et al. 1992). Work funded by the National Ministry of Forestry led to the devel-
opment of an integrated O. acuta control program mainly based on chemical and
biological approaches in 1993 (Sun et al. 1996). Main chemicals used for O. acuta
control include diesel oil, rotenone, methidathion, methomyl and omethoate (You
et al. 2013). Three parasitoids (Acerophagus coccois (Smith), Zarhopalus debarri
(Sun) and Allotropa oracellae (Masner)) and two pathogens (Cladosporium dado-
sporioides and Verticillium lecanii) have also successfully been tested as potential
microbial biological control agents of O. acuta (You et al. 2013). The discovery of
natural enemies in local habitats provides a significant foundation for the potential
augmentation and implementation of biological control into a sustainable manage-
ment strategy to better suppress populations of this exotic pest in China, although
further research is required to determine the ecological mechanisms behind the
interaction between natural enemies and O. acuta.

3.3 Basic Theoretical Research on Biological Invasions
in Forest Ecosystem in China

What is the reason for the forest pest becoming invasive in its introduced ranges, but
seldom causing severe damages in its native ranges? Because of our specialized
training, entomologists, pathologists, ecologists, and weed scientists are among the
few who recognize the magnitude of the threat that exotic pests pose to forest eco-
systems. Since the early twenty-first century, many efforts have been made to illu-
minate invasion mechanism on the forest exotic pests in China, and two potential
invasion mechanisms including multi-species synergy and microevolution of alien
species were proposed.

3.3.1 Multi-species Synergy in Biological Invasions

Alien species would meet various obstacles during invasions into new environ-
ments. In this process, some organisms living together could help each other in
adapting to a new environment. For example, pine wilt disease (PWD) is one of the
most serious threats to pine forests worldwide. Its causative agent, the pinewood
nematode (PWN), engages in a symbiotic partnership with its insect vector, the
Monochamus beetle, as well as associated bacteria and ophiostomatoid fungi.
Chemical and molecular signals positively influencing the survival, reproduction,
and spread of PWN in the symbiosis system was described (Zhao et al. 2014).
Longhorn beetles of the genus Monochamus (Insecta: Coleoptera: Cerambycidae)
transmit PWN to susceptible, live pine trees as they engage in maturation feeding
that occurs during the summer. PWN enters through the feeding wound, migrates
mainly via the resin canals of the tree, and feeds on the epithelial cells that line the
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resin ducts, ultimately disrupting the water transport system of the tree (Futai 2013).
Especially at later stages of infection in weak pine trees, PWN feeds on various
wood infesting fungi, such as blue stain fungi (Noritoshi and Kazuyoshi 1997, Zhao
et al. 2014). During the propagative phase of the life cycle, PWN reproduces rap-
idly, developing from the egg, proceeding through four larval stages (J-Jyy), and
finally becoming a reproductive adult. Female Monochamus beetles lay eggs on
weak pine trees in autumn (Futai 2013), and the resulting beetle larvae develop
within pine trees. Under unfavorable conditions such as low food or high population
density, PWN enters the dispersal phase of its life cycle, in which it molts from Jy
into third stage dispersal juveniles (Ji). These juveniles aggregate around the pupal
chambers of the beetle larvae during winter. Once the beetle larvae molt to the late
pupa or young adult stages during the following spring, the Jj; juveniles then
develop into fourth stage dispersal juveniles (J1y), which enter the tracheal system
of the beetle for dispersal (Zhao et al. 2007, 2014). One adult Monochamus beetle
can carry thousands of nematodes in its tracheal system with an average of 1628 for
each beetle (Futai 2013).

Upon entering a healthy pine tree, J;y nematode larvae recover and become prop-
agative J, larvae, which are attracted to terpenes produced by the pine tree. PWN
interacts with beneficial microbiota that may be introduced to the pine tree by the
nematode or its vector beetle. Blue stain fungus, Sporothrix sp. 1, induces the xylem
tissue of the pine tree to produce diacetone alcohol (DAA), which may increase
PWN propagation and beetle larvae growth. Blue stain fungi also provide food to
PWN at later stages of infestation after pine tree death. As conditions deteriorate
inside the pine tree, PWN enters the dispersal phase of its life cycle. J;; nematode
larvae form in response to unknown signals and aggregate around the pupal cham-
ber of the vector beetle in response to terpene signals produced by the beetle larvae.
Then, Ji; molt to Jyy in response to C4 and C,3 chemicals released from the surface
of the emerging Monochamus beetle adult (Fig. 3.1).

3.3.2 Microevolution in Invasive Species

In the process of invasiveness, some invasive species could change their genetic
traits. These changes may happen at very fine scales, but it will make differences in
improving invasive species’ fitness. For example, Leptographium procerum, a fun-
gus vectored by an invasive bark beetle, D. valens, contributed to the invasive suc-
cess of the beetle—fungal complex in China (Lu et al. 2009, 2010, 2011). The fungus
was introduced by the beetle from the United States to China, where several novel
genotypes were identified using microsatellite markers. These novel genotypes
were more pathogenic to Chinese host seedlings than other genotypes and they also
induced the release of higher amounts of 3-carene, the primary host attractant for
the beetle vector, from inoculated seedlings. Thus, more beetles are attracted by
3-carene released from pine. Based on the evolution of a novel genotype during the
two or three decades since its introductions, the invasion success of the
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beetle-fungal complex in its introduced region could be explained. Another exam-
ple is the pinewood nematode. The PWN has caused serious damage to the conifer
forests in many countries. According to the latest researches, some key genes
evolved in pathogenicity have changed, and these changes may explain the increased
threating brought by this pest (unpublished data) (Fig. 3.2).

3.4 Strategies and Policies for Management of Forest Pest
Invasions

Given the tremendous potential impact of forest biology invasions in China, the
main method for tackling this problem is prevention and early detection, backed by
integrated management. Several aspects should be paid great attention:

The Invasion Risk Precontrol Management Risk precontrol management is the
first barrier to prevent pest invasion, and it is the basis for the prevention and control
work. According to the origin country of the main forest pest analysis, current work
should focus on prevention of invasive species from North American continent
countries where latitude is similar to China’s geographic location. Areas with simi-
lar latitudes may have similar climate, which would provide suitable ecological
niches for alien species. Based on scientific and accurate risk assessment, a pest
outbreak data sharing platform including North America, South America, Europe,
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Africa and Oceania should be established. For species which is of high adaption and
fitness and high degree of risk should be included in the “Entry Plant Quarantine
Pest List” which was redacted by General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of China (AQSIQ). According
to such a list, local government of each province could focus on the alien species
listed, which would implement directional management measures in quarantine.

Strengthen the Management of Entry Quarantine Inspection Human carriage
such as wood import and wooden packing is the main way of forest pest invasions,
which is important to prevent pest invasion. The introduction of seedling and breed-
ing material are the most important way of forest pest invasion. During the process
of seedling introduction into a new environment, some other organisms associated
with these seedlings might also be introduced, which may become invasive species.
Main forestry regulatory department shall pay great attention to strengthen the
approval and supervision for introduced plants from abroad and its breeding mate-
rial. All biological materials including seedlings or bleedings should be sterilized.
To speed up the quarantine development, accurate and practical testing as well as
the elimination of processing including quarantine technology and equipment
should be improved.

Intensive Basic Research on Exotic Pests For example, sufficient biological
information on pests concerned can be used to guide decision-making, monitoring
and detection techniques. The goal is to build an efficient and broad early warning
and detection system. A comprehensive database on forest exotics is being com-
piled, in collaboration with Chinese Academy of Sciences (http://www.chinaias.cn/
wjPart/index.aspx). This database presently contains information on 400 species.

Legislation and Regulatory System for Invasive Species As there were so many
entry ports, complete quarantine was almost impossible. Thus, legislation and con-
trol procedures regarding quarantine, inspection, and intentional introduction of
plants or animals need to be strengthened, with more attention to risk assessment
before approval and follow-up monitoring after introductions. Efforts are underway
to strengthen on-site quarantine inspection and domestic quarantine for established
exotic pests, in order to prevent their further spread. However, new legislation is


http://www.chinaias.cn/wjPart/index.aspx
http://www.chinaias.cn/wjPart/index.aspx

64 M. Lu and J. Sun

also required to better prevent exotic pests, including restricting the use of alien spe-
cies in protected areas and promoting the use of native species in reforestation pro-
grams. In addition, it is also necessary to establish a mandatory requirement for
scientific trials and risk assessment prior to large-scale planting of exotic trees.

Monitoring and Detection System Monitoring timely and in place can effectively
prevent forest pest colonization, which is a final barrier to prevent negative effects
caused by biological invasions. To do the work, one step is to strengthen the inspec-
tion in entry port and the monitoring of the surrounding forest. More than 1000
forest-pest monitoring and detection centers have been established at county level
and a further 8000 monitoring stations have been set up across the country. These
centers and stations can monitor both native and exotic forest pests all year round
for early detection. In 2012, the National Inspection and Quarantine Bureau released
the specified port of adjusted 45 invasive plant seedlings. According to the distribu-
tion of ports, carrying out the monitoring work would be efficient. Another policy is
to establish the traceability of plant entry management platform. Entry-exit inspec-
tion and quarantine information can be shared with the competent Forestry
Department. According to this information, traceability to conduct inspection, mon-
itoring and prevention work would be easier. In addition, to introduce alien species
without identification, quarantine and implementation of diversifying the traceabil-
ity management shall be in accordance with the relevant provisions of the state.

International Cooperation and Vertical Control Network It is very important to
strengthen the coordination and information sharing between the relevant govern-
ment agencies for forestry, agriculture, trade, environmental protection and research
institutions in dealing with forest invasive species. It is also important to strengthen
regional and international cooperation. Much work had been conducted in manag-
ing biological invasions. For example, a global conference, the International
Congress on Biological Invasions, had been conducted since 2013 each year. Cause
of forest pest invasion factor, route of transmission, prevention and control work is
complicated. Thus, a multilevel and multidisciplinary collaboration vertical plat-
form to prevent pest invasion hazards should be established including agriculture,
forestry, inspection, transportation, civil aviation, postal and other relevant depart-
ments, which can effectively prevent and control harmful biological invasions.
Agriculture, forestry, and quality inspection departments, according to the division
of responsibilities, should establish epidemic information sharing mechanisms to
strict entry plant quarantine examination and approval and the prison work.
Transport, post, civil aviation departments shall strictly examine the relevant certifi-
cate of plant quarantine, for plants and their products without inspection and quar-
antine shall be rejected shipment or reject mail.
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3.5 Conclusion and Perspectives

Tremendous efforts have been devoted to the monitor and management of forest
invasive species, and obtained great achievement. Fundamental researches, such as
biology of invasive species, should be conducted continually. Regulators cannot
make reasonable judgments about pest risk without basic information about the
biology of the pests. We must also provide good data that can be used to weigh the
value of specific mitigation measures against the costs. It is essential to provide
decision makers with loss estimates, so they can compare the costs and benefits of
regulatory and control options (Zhang and Kang 2003). Today it is difficult to obtain
funding to provide scientific information that demonstrates the importance of exotic
pests. But as we accumulate data that document their ecological and economic
impact, this task will become easier. Once exotic pests become established beyond
the reach of eradication efforts, biological control is desired as part of an integrated
pest management strategy (Zhao et al. 2005). It is encouraging to see the develop-
ment of collaborative projects, such as the China-US D. valens international
project.
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Chapter 4
Biological Invasions in Aquatic Ecosystems
in China
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Abstract Aquatic ecosystems have been largely influenced by non-native invasive
species in China. Despite the fact that negative ecological and economic effects
caused by aquatic invasive species are increasing in number and area affected, the
problem of biological invasions in aquatic ecosystems is highly overlooked in
China — introduction vectors are not (well) regulated or managed, and lessons from
reported disasters are slowly learned. In this chapter, we discuss the general infor-
mation and background of biological invasions in aquatic ecosystems in China. We
divide this chapter into four sections. Section 4.2, non-native species in aquatic
ecosystems: we summarize the general information and distribution patterns of non-
native species in aquatic ecosystems in China. Section 4.3, major vectors: we focus
on three major vectors including shipping, aquaculture, and aquarium and ornamen-
tal trades, and their roles for introductions and spread of non-native species in
China. Section 4.4, known and possible impacts of invasive species: we review rep-
resentative disasters caused by aquatic invasive species and discuss possible risks
caused by non-native species introduced into new environments. Section 4.5, man-
agement of biological invasions in aquatic ecosystems: we generally summarize the
available management solutions, point out existing problems, and propose possible
management solutions for future management. Finally, we discuss common research
gaps among different vectors.
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4.1 Introduction

Increased human activities have largely facilitated introductions and spread of non-
indigenous species (NIS) at a global scale in the past three decades (Levings et al.
2002; Ruiz and Carlton 2003; Carlton and Ruiz 2005). Aquatic ecosystems are
among the most invaded habitats due to various introduction/spread vectors mainly
operated by human activities, such as shipping, aquaculture, and aquarium or orna-
mental trades (Sylvester et al. 2011; Rhyne et al. 2012; Lin et al. 2015). For exam-
ple, only for aquaculture-mediated introductions, more than 5600 records have been
collected by Food and Agriculture Organization of the United Nations (FAO, http://
www.fao.org/fishery/dias/en). Owing to language barriers, difficulties in data col-
lection and many other reasons, the number of introduction events can be largely
underestimated. For shipping-mediated introductions, every hour in every day, more
than 7000 marine and coastal species are estimated to travel unnoticed with ship-
ping vessels across the world’s oceans (World Wildlife Fund 2009). Based on the
survey conducted by World Wildlife Fund (WWF) in 2008, marine invasive species
have been reported for at least 84% of the world’s 232 marine eco-regions (World
Wildlife Fund 2009).

Due to frequent introductions and population outbreaks of introduced invasive
species, many countries/areas are suffering from huge ecological and economic
damages in aquatic ecosystems (e.g. Lodge et al. 2006; Xu et al. 2006; Hulme
2009). In addition, the cost is extremely high for prevention, early detection and
rapid response, and control/management of aquatic invasive species. In 2010 alone,
USA committed $78.5 million in investments to prevent introductions of Asian
carps to the Great Lakes (U.S. Fish & Wildlife Service 2012).

Among many countries suffering from biological invasions in aquatic ecosys-
tems, China is among the most affected ones. China has a large number of water
bodies, including more than 2800 inland lakes (total coverage area > 78,000 km?),
53.6 million km? wetlands, 45,000 river basins with coverage area > 50 km?, and >3
million km? territorial sea waters (>32,000 km coastal lines). As China’s economy
develops fast in the past four decades, these water bodies have been highly influ-
enced by human activity-mediated introductions of an extremely large number of
non-native species (see Sect. 5.2 for more detail). For example, a total of 179 spe-
cies (virus and bacteria excluded) were introduced internationally into China for
aquaculture or due to aquaculture-related activities (Lin et al. 2015). As China spans
five climatic zones (50° latitude), covers approximately 5200 km from east to west,
and supports extremely divergent habitats, non-native may find suitable habitats to
successfully establish and subsequently become invasive, although initial entry
points may not provide suitable environmental conditions for introduced non-native
species. Here we define non-native species as those that historically have never
occurred in a particular region and differentiate them from invasive species which
we define as high impact species.
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Non-native species

Invertebrate  Plant/algae Invertebrate  Plant/algae
(53) (49) (13) (55)

Invasive (25) Invasive (15) Invasive (5)
Invasive (6)
— —_
¥
Invasive (3) Invasive (12)
Vertebrate Vertebrate
(24) (370)

Fig. 4.1 Taxonomic group composition of non-native species internationally introduced into
China

4.2 Non-native Species and Their Distributions in Aquatic
Ecosystems

4.2.1 Agquatic Non-native Species

Following a comprehensive review of available literature, we identified a total of
564 non-native species in aquatic ecosystems in China, 438 and 126 of which were
recovered from freshwater and marine habitats, respectively (Fig. 4.1). Because
clear historical records are not available in many parts of China, the number of non-
native species is likely much greater than that summarized here. In addition, com-
pared to freshwater habitats, the relatively poorer records in marine and coastal
ecosystems are likely responsible for the smaller number of marine non-native spe-
cies. Indeed, the lack of historical records is globally common in many oceans and
coastal regions, where we cannot even make a simple list of which species are non-
native (e.g. Carlton 2009; Geller et al. 2010). Although domestic transfers of non-
native species have caused significant ecological and economic loss in China (see
Lin et al. 2015), both the poor historical records and large numbers of water bodies
in China make it extremely difficult to generate a clear list (except for aquaculture-
mediated introductions). We therefore focus on non-native species which were
introduced internationally in this section. For domestic transfers, relatively clear
records are available for aquaculture-mediated introductions. We discuss such a
type of introduction in Sect. 5.3.2.
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Fig. 4.2 Geographic distribution of invasive species at the provincial scale

In freshwater ecosystems, the most abundant group of non-native species was
vertebrates (370 species), accounting for 84.5% of all freshwater non-native species
(Fig. 4.1). In contrast, only 13 (3.0%) freshwater non-native invertebrate species
were recovered from available literature (Fig. 4.1). In marine and coastal ecosystems,
the number of non-native plants/algae, invertebrates and vertebrates were 49, 53 and
24, accounting for 38.9%, 42.1% and 19.0% of all non-native species, respectively.

Among the 564 non-native species in China, 69 species (12.2%) have caused nega-
tive effects in recipient water bodies, 25 and 44 of which were recovered from freshwa-
ter and marine ecosystems, respectively. The percentages of invasive species in each
group largely varied. For both marine and freshwater ecosystems, the largest ratios were
detected in invertebrates, with 5 species (38.5%) in freshwater ecosystems and 25 spe-
cies (47.2%) in marine ecosystems. However, the ratios of invasive species were rela-
tively low for some groups, for example, only 3.2% for freshwater vertebrates (Fig. 4.1).

4.2.2 Distribution of Aquatic Non-native Species

In general, the geographic distribution of invasive species varies largely at the pro-
vincial scale (Fig. 4.2). The distribution of non-native species is very similar to that
of invasive species (figure not shown). Coastal provinces and provinces in South
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China received more invasive species than northern and inland provinces (Fig. 4.2).
For example, a total of 53 invasive species were detected in coastal provinces in
South China (Fig. 4.2). Marine organisms, including 15 red tide-causing algae and
20 fouling species, dominate the invasive species in these provinces. These invasive
species, which were likely introduced by shipping-mediated vectors such as ballast
water and hull fouling, were detected in bays and coastal waters with a high risk of
red tide blooming, such as the Daya Bay and Dapeng Bay in South China. Compared
to South China, the number of invasive species in Middle, West and Northwest
China were comparatively smaller (Fig. 4.2). The smaller number of invasive spe-
cies in these provinces is not due to the smaller number (area) of water bodies. For
example, the Qinghai-Tibetan Plateau has the largest number of inland lakes but
smallest number of invasive species (Fig. 4.2). Compared to coastal and southern
provinces, water bodies in inland provinces receive less human activity-mediated
disturbance (e.g. Lin et al. 2007), leading to a smaller number of non-native species
introduced into water bodies located in these areas.

4.3 Vectors for Introductions and Spread

As natural dispersal such as free-swimming larvae/juveniles advected by water cur-
rents and active swimming for large animals (e.g. fish) occurs only in a limited
number of species and may only affect local and regional scales, here we focus on
human activity-mediated vectors that commonly facilitate introductions and spread
of numerous non-native species in China. The human activity-mediated vectors in
China mainly include aquaculture (e.g. Lin et al. 2015), aquarium and ornamental
trades (e.g. Cheung and Dudgeon 2006), those associated with shipping such as bal-
last water and hull fouling (e.g. Zhang et al. 2014a, b), and several others such as
intentional introductions for ecosystem restoration and wetland conservation (e.g.
Feng et al. 2014).

In general, vectors for introductions and spread of non-native largely vary
between freshwater and marine ecosystems (Fig. 4.3). In freshwater ecosystems,
aquarium and ornamental trades are responsible for the largest proportion of intro-
duced non-native species (306 species, 69.9% of all freshwater non-native species;
Fig. 4.3), followed by aquaculture-mediated introductions (116 species, 26.5%; Fig.
4.3). Only 10 species (2.3%) were introduced for particular purposes such as wet-
land restoration (Fig. 4.3). For marine ecosystems, 66 species were introduced for
aquaculture, accounting for 52.4% of all introduced marine non-native species. A
total of 55 species (43.0%) have clear records that were introduced via
shipping-mediated vectors, mainly thorough ballast water and hull fouling (Fig.
4.3). However, the percentage may be largely underestimated, owing to many huge
ports newly constructed in China and incomplete survey of vast areas (see below
subsection for more detail). Only two species (1.6%) were introduced via aquarium
and ornamental trades, and two species, and two species (1.6%) were intentionally
introduced for ecosystem restoration and wetland conservation (Fig. 4.3).
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Fig. 4.3 Composition of Freshwater Marine

major vectors responsible
for introductions of
non-native species in both
marine and freshwater
ecosystems in China

B Aquaculture Bl Aquarium & ornamental trades
[l Shipping [l Others [l Unknown

4.3.1 Shipping-Based Vectors

Owing to fast population growth and improved efficiency in shipping, global trade
has increased dramatically since 1950s (Hulme 2009). The increased global trade,
as well as rapid development of novel shipping routes, creates great opportunities
for the introduction and spread of aquatic non-native species globally. As one of the
most important nodes of many newly developed shipping routes and networks,
China has become a major destination and transfer terminal for shipping. When
ranked based on port throughput in 2013, eight out of the ten world’s largest ports
are located in China (Table 4.1). Thus, a large number of non-native species must be
introduced into China through shipping-mediated vectors, such as ballast water, hull
fouling and fellow travelers (i.e. non-native species that inadvertently accompany
the shipment of objectives).

As expected, among 44 invasive species in marine and coastal ecosystems, the
major introduction vector is shipping: 34 species (77.3%) were introduced by bal-
last water (13 species) and hull fouling (21 species; Table 4.2, Fig. 4.3). Bryozoans
(13 species) dominate the marine invasive species introduced via hull fouling, while
all detected red tide-causing algae algae (13 species) were introduced by ballast
water (Table 4.2, Fig. 4.3). The introduced species via shipping, especially red tide-
causing algae, have caused significant ecological and economic damages to local
environments (see Sect. 5.4 for more detail).

Compared to intentional introductions such as those mediated by aquaculture
and ornamental trades (see below sections for more detail), non-native species intro-
duced via shipping are usually detected after they cause environmental problems
(i.e. become invasive). Such detection lag is more obvious in China, mainly owing
to the lack of effective surveillance/monitoring systems and management policies
along long coastal lines. Among 34 invasive species introduced via shipping, the
invasion dates of 23 species (67.6%) remain unknown (Table 4.3). Consequently,
the invasion histories of these species remain largely unknown.
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Table 4.1 Top ten ports ranked based on the total cargo in 2012

Total cargo (million metric tons)
Rank | Port Country 2011 2012
1 Ningbo-Zhoushan China 691 744
2 Shanghai China 727.6 736
3 Singapore Singapore 531.2 538
4 Tianjin China 451 476
5 Rotterdam Netherland 434.6 441.5
6 Guangzhou China 429 434
7 Qingdao China 375 402
8 Dalian China 338 373
9 Tangshan China 308 364.6
10 Yingkou China 261 301.1

4.3.2 Aquaculture

Aquaculture develops extremely fast in both farming area and production during the
past two decades in China. The total production in 2012 was 53.95 million tons in
quantity and US$ 69.1 million in value, 13 and 22 times more than those in 1984,
respectively (data from FAO at http://www.fao.org). The total farming area for marine
and freshwater aquaculture in 2012 reached 21.8 million hm? and 59.1 million hm?, six
and 19 times more than those in 1980, respectively (data from China Fisheries Yearbook
2013). By 2012, China has dominated the reported aquaculture production, accounting
for almost 60% of the global production (see Lin et al. 2015 and references therein).

Coupled with several factors such as improved breeding and farming technolo-
gies, the introduction and use of non-native species contributes significantly to rapid
development of aquaculture in China. More than 25% of total production in China
is derived from non-native species (see Lin et al. 2015 and references therein). Two
well-known examples are the Pacific white shrimp Penaeus vannamei and red
swamp crayfish Procambarus clarkia. The total production of the former species
reached >74% (marine) and 44% (freshwater) of the total production of the category
‘shrimp, prawn, crayfish and lobster’ (Lin et al. 2015). Although the read swamp
crayfish has caused significant ecological and economic damages to various aquatic
habitats in China, its farming area and production keep increasing, reaching more
than 0.5 million ton and accounting more than 30% of the total production of the
category ‘shrimp, prawn, crayfish and lobster’ (Lin et al. 2015).

Compared to other vectors, there are relatively clear records for aquaculture-
mediated introductions. A total of 179 species (virus and bacteria excluded) were
internationally introduced into China for aquaculture (i.e. intentional introductions)
or due to aquaculture-related activities (such as fellow travelers; Lin et al. 2015).
More than half of these intentionally introduced species has been successfully
farmed in China (see Table 4.3 in Lin et al. 2015).

The introduction and use of non-native species for aquaculture in China can be
traced back as early as 1920s, but the number of species introduced before 1970s is


http://www.fao.org
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Fig. 4.4 Number of non-native species introduced into China due to aquaculture or related activi-
ties (Figure was adapted and modified from Lin et al. 2015)

small (13 species; Fig. 4.4). More than 150 species were introduced in the past 40
years, with an average 3.8 species per year (Fig. 4.4). Among the 179 species, fish (111
species) is the most abundant, followed by molluscs (27 species), algae (16 species),
and crustaceans (14 species). The introduced fish and molluscs cover a wide range of
taxonomic groups — ten orders for fish and eight infraorders/families/superfamilies for
molluscs (Fig. 4.5). So far, 17 species (9.5%) have caused negative effects on local
environments (Tables 4.2 and 4.3; see next section for more detail on negative effects).

The international introductions of non-native species have gained significant
attention; however, the domestic transfers of species to local water bodies where
transferred species do not naturally occur have been highly overlooked. Indeed,
there exists a large scale of domestic transfers in geographically large countries
such as China, where valued aquaculture species are usually restricted to limited
geographical regions (Lin et al. 2015). Due to the lack of policies and easy
transportation, the number of individuals per introduction, geographical scales
involved, and the frequency of transfers are much larger than those of international
introductions (See Lin et al. 2015 and references therein). All provinces in China
have records of introductions of non-native species for aquaculture.

Based on all available records, 73 species have been domestically transferred for
aquaculture within China (Fig. 4.5). Among these 73 species, fish is the most abun-
dant and also diverse group, accounting for 83.6% of all transferred species and
covering 12 orders (Fig. 4.5). Despite that 12 species have clear records of negative
effects/history of biological invasions in native and/or introduced ranges, they have
been frequently introduced into new water bodies (see Table 4.2 in Lin et al. 2015
for more detail). Similarly to non-native species introduced internationally, the
domestically transferred species have caused significant ecological and economic
damages to local water bodies (see Lin et al. 2015 and references therein).
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Fig. 4.5 Taxonomic composition of non-native species internationally introduced into China (a)
and domestically transferred within China (b) due to aquaculture or related activities. The number
of species in each taxon is shown in brackets after taxon name (Figure was adapted and modified
from Lin et al. 2015)

4.3.3 Aquarium and Ornamental Trades

Intentional release from aquarium and ornamental trades is an important vector for the
spread of aquatic non-native species (McDowall 2004). The aquarium and ornamental
trades has a long history of transporting and introducing aquatic non-native species
into regions where they are not native. Thus far, species from the aquarium and orna-
mental trades is responsible for one-third of the world’s aquatic non-native species
(Padilla and Williams 2004). Studies showed that the most popular species sold in the
aquarium trade had a higher probability to establish in local ecosystems (e.g. Duggan
2010). Despite that the aquarium and ornamental trades have been considered as one
of the most important vectors for introductions of non-native invasive species, such a
vector has received relatively little attention from both scientists and policy makers
(e.g. Padilla and Williams 2004; Thomas et al. 2009; Strecker et al. 2011).

In China, aquarium and ornamental trades has become the biggest vectors respon-
sible for introductions of freshwater non-native species (Fig. 4.3, Table 4.4). The
traded pets cover a large number of specie and diverse taxonomic groups (Table 4.4).
Among 306 species introduced through aquarium and ornamental trades, turtle is the
biggest group (115 species, 37.6%), followed by fish (112 species, 36.6%), frogs (47
species, 15.4%) and aquarium plants (33 species, 10.8%). Compared to several
countries such as U.S.A. where statistical data is available for the number of hobby-
ists, market size and revenue derived from aquarium and ornamental trades (e.g.
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Table 4.4 Aquatic non-native species introduced into China via aquarium and ornamental trades.

Habitat Phylum/division Class Family Species
Freshwater Chordata Osteichthyes 13 72
Chondrichthyes 1 2
Reptilia 10 115
Amphibia 17 47
Actinopterygii 10 32
Mammalia 1 1
Mollusca Gastropoda 1 2
Angiospermae Dicotyledons 5 10
Gymnospermae Monocotyledons 15 23
Coniferopsida 1 2
Subtotal 10 74 306
Marine Chordata Osteichthyes 1 1
Actinopterygii 1 1
Subtotal 2 2 2
Total 12 76 308

Padilla and Williams 2004), such statistical data is largely unavailable in China.
However, the huge markets can be reflected by a survey on traded turtles conducted
in 2000-2003 (Cheung and Dugeon 2006). After a 35-month survey of turtles traded
in only two cities (Guangzhou and Shenzhen) and one special administrative region
(Hong Kong), a total of 950,251 individuals of 157 turtle species were recorded,
covering around 60% of the global chelonian fauna (Cheung and Dugeon 2006).
Considering the large number of cities in China (> 600 cities), the number of species
and individuals traded in aquarium and ornamental markets must be extremely large.
Owing to the unavailability of data and “black markets (see below)”, the number of
non-native species that we report here may be only a small part of the traded ones.

Among 306 species introduced through aquarium and ornamental trades, the intro-
duction dates of 284 species (92.8%) were unknown, mainly owing to illegal intro-
ductions and trades. Despite that China has relatively strict laws and regulations for
introductions of live species and their inspection and quarantine, almost all of these
traded species were not registered in and approved to be legally traded by authorities/
agencies such as General Administration of Quality Supervision, Inspection and
Quarantine of the People’s Republic of China (AQSIQ) and Ministry of Agriculture
of the People’s Republic of China (MOA). Although great efforts have been made to
stop illegal introductions and trades, such “money-driven activities” are increasing.
For example, based on the statistics from AQSIQ, the number of illegally imported
species intercepted by AQSIQ was 3972 in 2011, 4331 in 2012 and 4838 in 2013
(data from AQSIQ official website at http://www.aqsiq.gov.cn/).

The non-native species introduced via aquarium and ornamental trades may
become invasive after they escape or are released into local water bodies. They may
escape from tanks and breeding facilities, the drainage of water containing organisms
from tanks, and public aquariums (Padilla and Williams 2004). Also, they are released
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into natural water bodies as unwanted pets for several reasons, such as too large to be
fed, aggressiveness, and high reproductive rates (Padilla and Williams 2004; Gertzen
et al. 2008). Moreover, the ritualistic release of species during religious practices is
also one of the most important ways to have non-native species colonize local water
bodies (Padilla and Williams 2004; Gertzen et al. 2008). One of the well-known
examples is the wide spread of red-eared turtle Trachemys scripta in China. This
turtle species is widely used as the first choice for ritualistic release of Buddhist activ-
ities. Based on an incomplete survey, there exist a total of 68 aquaculture farms in 17
provinces, 140 huge trading markets in 34 provinces, and 51 release ponds in 18
provinces in China (Liu et al. 2011). The number of red-eared turtles traded in China
is more than 30 million (Liu et al. 2011 and references therein). This turtle species has
successfully colonized a large number of freshwater bodies nationwide, and caused
extinct of many native aquatic species (Liu et al. 2011 and references therein).

4.3.4 Other Vectors

In addition to the three major vectors mentioned above, non-native species were intro-
duced into China due to several more purposes. One representative example is the intro-
duction of the smooth cordgrass Spartina alterniflora for wetland/coastal conservation
and restoration. S. alterniflora, native to the Atlantic and Gulf coasts of North America,
was introduced into China in 1979 (An et al. 2007). Some biological characteristics,
such as fast growth, high fecundity, well-developed belowground structures and high salt
tolerance make S. alterniflora a suitable species for ecological restoration (Hinkle and
Mitsch 2005). However, following its initial introduction, S. alterniflora spreads
extremely quickly. Now, it has successfully established along coasts from Tianjin along
Bohai Sea to Guangxi along South China Sea, and covers more than 112,000 ha by 2000
(An et al. 2007). The high invasiveness of S. alterniflora highly threats many related spe-
cies/ecosystems such as mangrove forests. For example, fast growth and wide spread of
S. alterniflora have thoroughly destroyed all mangrove forests in Ningde, Fujian Province
(Du et al. 2006), and mangrove tidal flats in Qi’ao Mangrove Nature Reserve (Zhuhai,
Guangdong Province) were covered entirely by S. alterniflora (Chen et al. 2009).

4.4 Influence of Aquatic Invasive Species

Detrimental effects of introduced aquatic species fall into two broad categories: ecologi-
cal and socio-economical influence. However, these two categories are not independent.
Ecological changes caused by introduced invasive species can cause socio-economic
damages, and socio-economic damages are usually companied by ecological changes.
Socio-economic damages can be extremely large, however, data for such damages is
largely unavailable, scare and/or extremely difficult to collect in China. We therefore
focus on ecological influence of introduced invasive species in this section.
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Under the circumstance that increasing human activities have extensively altered
aquatic ecosystems, disentangling the respective roles of biological invasions and
other anthropogenic stressors in causing major ecological impacts is a key challenge
to invasion ecology (see Ricciardi and MaclIsaac 2011). In addition, established non-
native species may become invasive after a lag phase of many years in new environ-
ments where populations remained small and localized (O’Dowd et al. 2003; Jeschke
and Strayer 2005). Here we discuss well-known significant negative ecological
effects caused by aquatic invasive species so far in China (Tables 4.2 and 4.3).

Generally, the well-known negative ecological effects caused by aquatic invasive
species in China mainly include: (1) habitat damage; (2) community change (3) pests
of agriculture and aquaculture; (4) biodiversity loss; (5) genetic pollution/extinction.

4.4.1 Habitat Damage

The well-known habitat damages caused by invasive species are those associated
with red tide blooms. China has more than 150 red tide-causing species, covering a
wide range of taxonomic groups such as dinoflagellates, diatoms, cyanobacteria,
chrysophyta (Zhou et al. 2001). Many of these red tide-causing species remain cryp-
togenic, with only 13 species having clear records as non-native species (Table 4.3).
Due to frequent outbreak, extremely long lasting time, large geographical area and
significant ecological effects, China has become one major country seriously affected
by red tide blooms. Since 1998, super-large red tide blooms (covering area > 1000 km?)
occur along Chinese coasts every year. For example, the invasive sea sparkle
Noctiluca scintillans causes red tides along coasts of four major seas (i.e. Bohai,
Yellow, East and South China Seas) almost every year (see Annual Bulletin of Marine
Environmental Status of China at the State Oceanic Administration, People’s
Republic of China’s official website at http://www.soa.gov.cn). One of the well-
known red tides caused by this species occurred along the coast of Liaoning Province
from the Yalu River estuary to the coast near Changhai County in 2011. This red tide
covered more than 4000 km?, and caused significant damage to marine ecosystems
(see Annual Bulletin of Marine Environmental Status of China 2011 at http:/www.
soa.gov.cn), such as rapid changes of pH, luminous permeability and dissolved oxy-
gen. In addition, after red tide blooms, algae cell decomposition consumed a large
amount of water dissolved oxygen. All these changes have caused significant conse-
quences on biodiversity and food webs (see Zhang 2007 and references therein).

4.4.2 Community Change

Some invasive species affect communities owing to their strong competitive abili-
ties (Tables 4.2 and 4.3). One well-known example is significant community change
caused by an introduced invasive small bivalve Mytilopsis sallei in China. M. sallei
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is considered a Central American origin, and was introduced into mainland China
most likely via hull fouling at the beginning of the 1990s. Soon after its introduc-
tion, M. sallei overgrows and out-competes native species, and becomes dominant
members of benthic communities (Wang et al. 1999; Cai et al. 2014). Field surveys
showed that invasions of M. sallei have caused significant changes of benthic com-
munities and associated biomass of benthic species (Cai et al. 2014). Interestingly,
phytoplankton communities have been significant changed due to filtering feeding
of huge populations (Lin and Yang 2006).

4.4.3 Pests of Agriculture or Aquaculture

Several introduced species, such as Pomacea canaliculata and Strongylocentrotus
intermedius, has become pests for agriculture/aquaculture (see Lin et al. 2015 for a
list of invasive species for aquaculture). For pest species for agriculture, one notori-
ous example in China is the apple snail Pomacea canaliculata, which is a native of
South America. Since its first introduction into Taiwan in 1977 and then into
Guangdong Province for aquaculture in 1981, P. canaliculata has rapidly spread in
South China and become a huge threat to rice farms (Hu et al. 2014). P. canaliculata
has an extremely high fecundity, rapid growth rate and sexual maturity: an adult
female can produce 2400-8700 eggs with successful hatchery rate as high as >90%,
and after 4 months, new generation can reach sexual maturity and reproduce (Xian
et al. 2008 and references therein). Consequently, P. canaliculata can form large
populations in a short period of time, and subsequently can thoroughly destroy rice
farms very quick by feeding on rice seedlings and leaves. For example, in Guangdong
Province in 1991, more than 667,000 ha rice farms were thoroughly destroyed by P.
canaliculata (Xian et al. 2008and references therein). Although great efforts have
been put to control this pest species in China, it still threatens rice farms, especially
in South China. In addition, P. canaliculata impacts public health by acting as a
vector of disease-causing species such as Angiostrongylus cantonensis (Lv et al.
2009).

4.4.4 Biodiversity Loss

Despite that it remains difficult to disentangle respective roles and effects of each
stressor, such as human activities, pollution and introductions of non-native species,
on biodiversity loss in aquatic ecosystems (see Ricciardi and Maclsaac 2011 and
references therein), biological invasions appear to be a principal contributor to bio-
diversity loss in some aquatic ecosystems in China. One well-known event is the
negative effects caused by introductions of fish from the Yangtze River drainage into
major lakes in Yunnan Province, a hotspot of biodiversity for freshwater fish in
China (Chen et al. 1998). After introductions of the four major Chinese carps (black
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carp Mylopharyngodon piceus, grass carp Ctenopharyngodon idellus, silver carp
Hypophthalmichthys molitrix, bighead carp Aristichthys nobilis), the number of
native fish in Lake Dianchi, the biggest lake in Yunan Province, decreased extremely
fast: from 23 to 15 in 1978, to eight in 1982, to two in 1997, and only one in 2007—
2008, and all endemic species become extinct now (Chen et al. 1998; Yuan et al.
2010). Although many factors, such as overfishing, reclamation of land from lakes,
pollution, and many others may contribute to the loss of endemic biodiversity, there
exists a fact that both the number and production of non-native species increase
(Chen et al. 1998; Yuan et al. 2010), suggesting that introductions of non-native spe-
cies is a principal contributor to biodiversity loss.

4.4.5 Genetic Pollution/Extinction

Hybridization between native and non-native species has many biological and evo-
lutionary consequences, one of which is rapid adaption to local environments (e.g.
Kovach et al. 2015). Hybridization between native and non-native species is consid-
ered as one of the most important mechanisms for non-native species to survive
Allee or stochastic effects (i.e. non-native species can be eliminated in the absence
of hybridization mainly owing to low population density). Through hybridization,
genetic pollution such as loss of genetic variation, breakdown of population struc-
ture, and even species extinction may occur as rapid introgression of non-native
genetic materials into native gene pools (e.g. Huxel 1999; Bartley et al. 2001; Hails
and Morley 2005; Yang et al. 2011). Using mathematical simulations, Huxel (1999)
found that displacement of native gene pools could occur very rapidly: less than five
generations. The disappearance of native gene pools leads to another extinction, i.e.
genetic extinction. Genetic extinction, which is different from ‘traditional extinc-
tion’ (i.e. permanent disappearance of a species), is largely ‘invisible’ and cannot be
verified without detailed genetic analyses (Lin et al. 2015). Indeed, genetic extinc-
tion occurred in China through both intra-specific and inter-specific hybridizations
between native and non-native species. For genetic extinction through intra-specific
hybridization, the Pacific abalone (Haliotis discus hannai) represents an example.
Japanese stocks of Pacific abalone were introduced into North China to successfully
resolve the high-mortality problem (>90%) caused by diseases in 1994 through
intra-specific hybridization between Chinese and Japanese stocks (Zhang et al.
2004). However, after 20 years hybridization practice and aquaculture in China,
almost all individuals caught from the wild are hybrids now (Wang 2011). For
genetic pollution/extinction through inter-specific hybridization, carps in lakes in
Yunan Province represent good cases. For example, almost all carp individuals
(genus Cyprinus) in Lake Xingyun were derived from inter-specific hybrids (Yang
et al. 2011).
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4.5 Management of Biological Invasions in Aquatic
Ecosystems

As non-native invasive species remain major environmental and ecological prob-
lems in China and such problems have become more severe with increased human
activities as mentioned above, management of biological invasions represents one
of the most important actions towards mitigating the problems. However, invasion
biology generally suffers from an obvious “knowing-doing” gap (Esler et al. 2010),
that is, scientific knowledge and recent research progress are often poorly translated
into effective management strategies (Darling 2015). Such a gap is more obvious in
aquatic ecosystems in China, as sufficient management solutions are significantly
lacking when compared to invasive species in terrestrial ecosystems, especially
those pests to agriculture and forest ecosystems (Wan et al. 2012). Although signifi-
cantly negative effects have been well-known and/or reported in aquatic ecosys-
tems, extremely slow responses, poor coordination between government and
academia, as well as increased illegal activities (such as aquaculture, trade, etc.)
make invasions to aquatic ecosystems more problematic and severe.

Management strategies can be categorized as two types: species-based and
vector-based; however, vector-based management can be more effective than
species-based management, especially aiming at management of a large numbers of
species (e.g. Williams et al. 2013). Here we discuss the management solutions on
aquatic invasive species in China based on vectors, although some management
solutions and technologies are common among multiple vectors. Owing to the poor
and/or unavailable management towards many vectors, we both summarize research
progress and, more importantly, propose possible solutions/managements for each
vector. Finally, we discuss some common research gaps among different vectors.

4.5.1 Management of Shipping-Based Vectors: Extremely
Little Effort Versus Huge Problems

Despite the fact that eight out of the ten world largest ports are located in China and
huge volumes of ballast water are discharged into Chinese coastal regions (Table 4.1),
both scientific studies and sufficient management are largely lacking. A search based
on multiple combinations of key words associated with shipping-based biological
invasions in China resulted in only one article at the Web of Science (search done on
March 31, 2015). In this paper, Zhang and her colleagues aimed to establish a testing
system for ballast water treatment suitable for China based on three Chinese species
(Zhang et al. 2014a, b). Articles and reports from Chinese libraries only focused on
species identification/survey in very limited geographical regions, ports and/or ves-
sels. In contrast, such little research effort has recovered a large number of non-native
invasive species. For example, more than 240 phytoplankton species were detected in
surveys on ports in Fujian, Rizhao and Shanhai, 62 and 21 of which were categorized
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as red tide-causing species and/or non-native species, respectively (Li et al. 2006;
Yang et al. 2009; Zhou et al. 2012). These introduced species have caused significant
damages to local water bodies: a total of 792 red tide blooming events were reported
between 2000-2009, with an average of 79.2 events/year (Ge et al. 2013).

For the effectiveness of management, the laws and regulations in China clearly
ban the illegal discharge of ballast water into any regions of Chinese coasts.
However, these laws and regulations, mainly including Marine Environment
Protection Law and Regulations on Administration of Prevention and Control of
Pollution to the Marine Environment by Vessels, were made based on the prevention
of chemical (especially petroleum) pollution and infectious diseases to human. For
management of biological organisms, they provide directions for pathogenic micro-
organisms; however, they largely neglect other species such as algae and zooplank-
ton species, although some species have been reported as invasive species causing
problems in both Chinese and international coastal zones.

Compared to several countries such as U.S.A., Australia, Canada and New
Zealand where shipping-based vectors are well managed, China should take imme-
diate actions to improve the following issues: (1) conduct comprehensive studies on
both spread and/or post-establishment dynamics, develop management technolo-
gies and solutions, and make science-based laws and regulations; (2) clarify the
administrative and management roles of each agency; (3) enhance the mandatory
report and inspection/quarantine for any incoming vessels into Chinese water bod-
ies; (4) clearly make ballast water management (such as ballast water exchange) and
hull husbandry mandatory for any incoming vessels into Chinese water bodies; (5)
punish more strictly on any violation of laws and regulations, and clarify the respon-
sibility for direct and indirect costs for any future problems.

4.5.2 Management of Aquaculture-Based Vectors: Clear
Policies on Overlooked High-Risk Activities

The management of aquaculture-based vectors largely depends on the availability of
policies and the implement of such policies. So far, both national and regional laws/
regulations have clearly directed how to claim, evaluate and then introduce non-
native species from international origins for aquaculture. Several representative
national laws/regulations include Law of People’s Republic of China on the Entry
and Exit Animal and Plant Quarantine, Marine Environment Protection Law of the
People’s Republic of China, Fisheries Law of the People’s Republic of China and
Administrative Management Regulations on Stocks and Seedlings for Aquaculture.
However, there are many crucial points need to be added and/or fixed during intro-
duction practices, such as the checklist is not updated on time, risk assessment for
species to be introduced and post-introduction surveillance programs are not manda-
tory, the trial culture period for invasion risk assessment is not defined properly, and
responsibilities are not clearly defined if negative effects occur after introductions.
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Several aquaculture-associated practices with high risks have been highly over-
looked. These overlooked high-risk activities include large-scale domestic transfers
of non-native species for aquaculture, artificial inter- and intra-specific hybridiza-
tions, and mass release of non-native species for ranching. In China, these activities
are common and caused significant ecological and economic problems (see Lin
et al. 2015). However, no policy is available to regulate and manage these high-risk
activities. Consequently, the policy must be clearly made based on the principle that
all activities are considered potentially harmful and therefore forbidden for practice
unless risk is acceptably low by risk assessment. The basic principles and associated
solutions have been recommended by Lin et al. (2015).

4.5.3 Management of Aquarium and Ornamental Trades:
Effort Needed for Prevention of Illegal Introductions,
Restrict Management and Public Education

Despite that the Law of People’s Republic of China on the Entry and Exit Animal
and Plant Quarantine clearly bans any illegal introductions of non-native species,
the number of illegally introduced species sharply increased: from 3972 in 2011 to
4838 in 2013. Consequently, prevention of illegal introductions represents the first
priority and also the most effective means of reducing the future costs of invasive
species introduced through aquarium and ornamental trades in China. Although
there remain extreme difficulties in the enforcement of regulations/laws in a large
number of international ports in such a big country, extra effort should be made to
improve current laws/regulations and their enforceability. In addition, extensive
public education should be performed to clearly show the environmental and legal
consequences of introductions of invasive species.

After invasive species are introduced into China and sold in pet markets, man-
agement becomes almost impossible. More seriously, many highly invasive species
can be purchased over the internet. The management of internet trade is more dif-
ficult than that for “traditional shops”. Indeed, it remains difficult to manage traded
invasive species even in relatively smaller geographical scale. For example, the
experience in California showed that prevention through regulation of the aquarium
hobby and trade was difficult (Padilla and Williams 2004). Consequently, restrict
guidelines should be implemented to regulate industry, buyers, sellers, and the pub-
lic. For the enforcement of restrict regulations, for example, all breeding stocks
must be certified as “invasive-free”. In addition, the outflows from breeding facili-
ties and large-scale aquariums must be strictly sterilized to prevent the accidental
release of species. To prevent release from retailers and hobbyists, mono-sex popu-
lations (i.e. male or female only) should be allowed to be sold in markets. In addi-
tion, public education has approved as an effective measure. For example, educating
both retailers and hobbyists about invasive species and steps they can take to reduce
the risk had an immediate impact (Padilla and Williams 2004).
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4.5.4 Common Research Gaps Among Vectors: Risk
Assessment and Early Detection

Current risk assessment on invasive species in China is largely focused on terrestrial
organisms. Owing to apparent differences in biological characteristics and environ-
mental conditions between terrestrial and aquatic habitats, the risk assessment systems
established for terrestrial organisms should modify before applying to aquatic habitats.
Recently, several studies have tried to establish common risk assessment systems on
aquatic invasive species in China (e.g. Ma et al. 2009; Wang et al. 2014). Several key
points, such as universality across taxa and the elimination of biased results derived
from experts’ decisions, should be highly improved in these established systems.

Indeed, for deliberate introductions, the International Council for the Exploration
of the Sea (ICES) has published a Code for of Practice on the Introductions and
Transfers of Marine Organisms. This Code recommends effective procedures and
practices to diminish potential risks caused by introductions of non-native species.
The most up-to-date version of this Code (published in 2005) provides all concerns
expressed in former versions and follows the precautionary approach adopted from
FAO principles with the goal of reducing the spread of invasive species (ICES
2005). The ICES Code has become a well-recognized instrument, and its essential
components have been widely applied to the evaluation of species introductions.
Apparently, several major components should be well adopted and implemented
into risk assessment programs based on the Code (Lin et al. 2015).

Recent studies have illustrated that prevention of invasive species can be more
cost-effective than post-establishment management to control the establishment and
spread of newly introduced non-native (Lodge et al. 2006; Finnoff et al. 2007).
Consequently, early detection has been recommended as one of the first priorities
for management plans for invasive species (e.g. Lodge et al. 2006; Vander Zanden
etal. 2010). So far, there is no systematic and comprehensive early detection system
for aquatic invasive species in China.

The biggest technical challenge for early detection is the identification of potential
invasive species present at extremely low abundance in communities (Darling and
Mahon 2011; Zhan et al. 2013). Such detection challenge becomes more obvious in
some particular ecosystems such as aquatic habitats where organisms may be small,
geographically constrained, and hidden beneath the water surface (Zhan et al. 2013;
Xiong et al. 2016). Traditional methods, which rely on capture using different sampling
instruments and then identification via assessment of morphological and/or anatomical
characteristics, have been empirically proven as low-resolution means for detection of
newly introduced non-native species in aquatic environments (e.g. < 2% using bulk
samples, Harvey et al. 2009). Consequently, cost-effective, accurate, high-throughput
and common methods across an array of taxa are desired to overcome the detection
challenge of traditional methods (Darling and Mahon 2011; Zhan et al. 2013).

Recent technological advances have driven rapid development of many DNA-
based methods designed to facilitate early detection of invasive species in aquatic
environments (see review by Darling and Mahon 2011). The use of DNA-based
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methods have highly improved the detection efficiency and accuracy for rare spe-
cies in aquatic communities (e.g. Zhan et al. 2013). Particularly, rapid advance in
high-throughput sequencing technology has radically changed our ability to iden-
tify biodiversity in communities (e.g. Zhan et al. 2013, 2014a). Many advantages,
such as extremely deep sequencing and low cost per sequence, have intensified
researchers’ interest to use high-throughput sequencing-based methods for early
detection of invasive species (Zhan et al. 2013). Consequently, comprehensive early
detection programs can be established based on genetic methods such as high-
throughput sequencing to powerfully screen for all invasive species simultaneously,
as long as technical issues are well addressed (e.g. Zhan et al. 2014a, b, Zhan and
Maclsaac 2015).

4.6 Conclusions and Future Perspectives

China has become one of the most influenced countries by aquatic invasive species.
As the disturbance to aquatic communities derived from frequent human activities
is increasing, it is therefore expected that the introduction of non-native species
becomes common and the influence of invasive species is expected to become more
severe. Despite that the study of aquatic invasions has become a dynamic area in
invasion biology in China, many fundamental questions remain to be answered and
effective technologies and management strategies are largely required. Although
huge efforts should be put into numerous research areas to address the problems
caused by aquatic invasive species, several issues should be solved as priorities
based on current situation in China.

Practically, the lack of risk assessment and sound management for non-native
species is particularly obvious in China. Despite that significantly negative effects
have been well recognized and widely reported in both literature and public media,
lessons from known disasters are slowly learned and problems caused by aquatic
invasive species are largely overlooked. Consequently, there is an extremely urgent
need to construct, develop and implement risk assessment and sound management
strategies for aquatic invasive species. In addition, policies should be implemented
and put in place to make all essential points and issues mentioned above well
functional.

Theoretically, the understanding of causes and consequences of biological inva-
sions is extremely poor in China. For many highly invasive species, causative fac-
tors for successful invasions remain poorly understood. Future studies should focus
on the contributions of each factor, including introduction vectors, biological/
genetic characteristics, and environmental/ecological changes, to invasion success.
Blackburn and his colleagues proposed a model for biological invasions (Blackburn
etal. 2011). This model provides a good platform to unify a series of comprehensive
studies to understand how these factors, either alone or by interactions/networks,
underlie the invasion success.
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Chapter 5
Biological Invasions in Desert Green-Islands
and Grasslands

Amanulla Eminniyaz, Juan Qiu, Carol C. Baskin, Jerry M. Baskin,
and Dunyan Tan

Abstract The desert ecosystem is an important component of the terrestrial eco-
systems in China, as it contains a large number of rare species and important wild
animal and plant genetic resources. Meanwhile, oases and grasslands, two major
geographical landscapes in deserts areas, play an important role in the local econ-
omy and are sites where many invasive species have become established. To evalu-
ate the current situation of alien invasive species in Chinese desert areas and to
provide support for controlling alien invasive species, we have collected and ana-
lyzed the relevant references. There are 165 alien invasive species in Chinese desert
areas, 88, 57 and 20 of which are plants, animals and microorganisms, respectively.
The occurrence of invasive species differs in each province of the Chinese desert
area; the number of invasive species is higher in Xinjiang, Gansu and Inner Mongolia
than in Qinghai and Ningxia. Most of the alien invasive species in the desert region
come from North America and Europe. The amount of time required for establish-
ment of a new invasive species in the desert area is decreasing, but the number of
new invasive species is increasing. In addition, alien invasive species in the Chinese
desert area have caused serious negative impacts on local economy, agriculture,
human health, social stability and minority ethnic group culture. Although research-
ers working in the Chinese desert area have achieved some remarkable goals in
preventing establishment and spread of alien species and have thereby reduced their
negative effects on agricultural production, many unsolved problems still exist.
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Therefore, we suggest establishment of regulatory policies, improved coordination
between departments, and increased technical research and application.

Keywords Biological invasions ¢ Chinese desert areas * Detrimental economic
effects  Alien species ¢ Invasive species ® Prevention and control programs

5.1 Introduction

5.1.1 Geographical Scope and Division of Chinese Desert
Areas

The purpose of this review is to gain an understanding of invasive species in the
desert areas of China, but first some background information about the desert will
be presented to show the context in which rapid invasion of alien species is occur-
ring. Chinese desert areas occur in northwest China between longitudes 74° to
109°E and latitudes 33° to 48°N (Natural Division Working Committee of China
Academy of Sciences 1959; The Central Weather Bureau 1978; Chen 1987; Yin
1997). They include the western part of Inner Mongolia Autonomous Region, west-
ern part of Ningxia Hui Autonomous Region, Gansu Province, Qinghai Province
and most parts of Xinjiang Uyghur Autonomous Region (Fig. 5.1). The total area of
the northwestern desert is about 1.09 x 10® km?, accounting for 11.4% of the land
area, and it includes basins (Tarim, Junggar, Qaidam, Hami, Yili, Barkol and
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Fig. 5.1 Distribution maps of desert area in China
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Turpan), sandy deserts (the Taklimakan Desert, the Gurbantunggut Desert, Badan
Jilin Desert, Tenggeli Desert, Kumtag Desert and Ulan Buh Desert) and gravel des-
erts (Hashum Gobi, Beishan Gobi, Nuomin Gobi and Jiangjun Gobi) (Wu 1980; Liu
1982). By the year 2012, the total population in deserts of China was about
82.48 million, and the minority populations (25.40 million) accounted for 30.81%
of the total (National Bureau of Statistics 2012).

Chinese desert areas are characterized by low precipitation, extreme temperature
fluctuations, strong sunshine, and winter sand storms (Li et al. 2008). The soil is
mainly gravelly alluvium on black stones, sandy aeolian deposits (sand dunes) and
weathered residual material on bare rock, but there also are loess, river alluvium and
lacustrine sediments. These soil matrixes form various types of soil, depending on
climate. In the temperate arid climate zone of northwest China, grey brown desert
soil, grey brown (desert type) aeolian sandy soil and sierozems soils are formed. In
the warm temperate extreme arid zone of northwest China, brown desert soil and
brown desert aeolian sandy soils are formed. In addition, saline soils are found in
association with lakes, rivers and marshes (Yin 1997).

According to soil type, temperature conditions, amount of precipitation, vegeta-
tion cover, and life form of dominant plant species, Chinese desert areas can be
divided into different types. According to soil type, Chinese desert areas can be
divided into sandy desert (desert), gravel desert (Gobi), loamy desert (loess), clay
desert (salt desert) and rock desert (stony butte) (Li et al. 2008). According to tem-
perature conditions, they can be divided into temperate desert (northern Xinjiang
and Alashan), warm temperate desert (southern and eastern Xinjiang) and plateau
(highland) desert (Qaidam) (Natural Division Working Committee of China
Academy of Sciences 1959; The Central Weather Bureau 1978). According to the
amount of precipitation and vegetation cover, they can be divided into semi-desert
(annual precipitation between 200 to 100 mm), common (true) desert (annual pre-
cipitation between 100 to 50 mm) and extremely arid desert (annual precipitation
below 50 mm) (Chen1987). In the semi-desert, because the amount of precipitation
is relatively high, vegetation growth is good reaching a coverage of 30-40%.
Vegetation is mainly composed of strongly drought-tolerant, semi-lignified woody
species, but it also includes a large number of herbaceous species. In the common
desert, vegetation coverage is only 20-30%, soil organic matter content is low, and
there are few or no herbaceous species. In the extremely arid desert, vegetation
coverage is <10%. According to the life form of the dominant plants, Chinese desert
areas can be divided into four categories (Editing Committee of China vegetation
1980; Hou 1982): (1) Small tree desert dominated by Haloxylon ammodendron and
Haloxylon persicum, (2) Shrubby desert dominated by Ephedra przewalskii,
Sarcozygium xanthoxylon, Nitraria sphaerocarpa, Gymnocarpos przewalskii,
Ammopiptanthus mongolicus, Potaninia mongolica, Caragana tibetica, Caragana
korshinskii, Calligonum arborescens, and Ammodendron argenteum, (3) Subshrub,
half shrub desert with Reaumuria songarica, Salsola passerine, Sympegma regelii,
Nanophyton erinaceum, Anabasis elatior, and Artemisia saposhnikovii, and (4)
Mat-forming half shrub desert mainly with Ceratoides compacta and Ajania
tibetica.
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5.1.2 Characteristics of Oases and Grasslands in Chinese
Desert Areas

We need to pay attention to oases and grasslands in the desert because they often are
heavily impacted by human activities such as farming and grazing, thereby creating
open niches for the establishment of invasive species. An oasis is a unique geo-
graphical landscape feature in arid, semi-arid areas with sufficient water to support
plant growth, and it is one of the three major geographical landscapes in the desert
(Gao et al. 2002; Lii et al. 2004). It has an “island” shape (Fan et al. 2004; Sun et al.
2005), and due to the presence of water the natural or cultivated vegetation forms a
strong contrast with the surrounding desert environment. Biomass production of an
oasis is significantly higher than that of the surrounding deserts (Wang 2010). Water
is the basic element for formation of an oasis, and the vegetation mainly depends on
water from outside the system, i.e., water comes from springs, wells or an irrigation
system (Wang 2000).

Oases can be divided into different types, according to the level of human inter-
vention (semi-artificial oasis, natural oasis, and artificial oasis), different climate
zones (tropical, subtropical, temperate zone and temperate desert oasis), history or
age (ancient oasis, old oasis and new oasis), geomorphology (valley oasis, fan-
shaped alluvial plain and delta oasis type), source of water (irrigation oasis, and
natural oasis with well or spring water) and economic function (agricultural, town
and industrial or mining oasis) (Chen 1995; Zhang and Wang 1995).

Oases in Chinese deserts are mainly distributed in the west of the Helan,
Wushaoling, Qilian and Altun Mountains, as well as vast areas of the northern
Kunlun Mountains, all of which are part of the vast Eurasia Steppe Desert Grassland
Region (Comprehensive Survey Team of Xinjiang Resources Development of
China Academy 1989). In China, about 69,646 km? of the arid land is oasis, account-
ing for 4.33% of the Chinese desert land area (Lii et al. 2004).

Although oases occupy less than 5% of the Chinese desert land area, they sup-
port 95% of the human population and 90% of the social wealth of the desert.
Therefore, the rise and fall of the oasis economy is closely related to the lives of
people in the desert (Lii et al. 2004). In recent decades, the scale of development and
utilization of water and soil resources has increased rapidly in desert regions of
China for industrial, agricultural and economic development of oases. However,
along with human population growth, the oasis ecosystem in China continues to
deteriorate. Signs of this damage include: (1) river shortening, lake atrophy or dry-
ing, and water pollution including increased salinity; (2) serious soil erosion and
expansion of desertified land; (3) increased surface salt accumulation, i.e.,
salinization; (4) farmland soil pollution; (5) increases in number of invasive species;
(6) increases in plant diseases and insect pests; and (7) increases in amount of culti-
vated land, all of which seriously affect the survival and development of the oasis
(Lii et al. 2004; Li et al. 2006).

Grasslands, which are dominated by herbaceous plant species in arid and semi-
arid regions, are the most widely distributed type of vegetation globally (Liu et al.
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2005), and they need to be given attention in terms of being potential sites for the
establishment of invasive species. The intensive use of grasslands for grazing often
results in overgrazing and thus destruction of the herbaceous canopy, thereby creat-
ing open sites for the establishment for invasive species. The herbaceous plant com-
munity is dominated by perennial tufted or rhizomatous grasses and various forbs
that have the ability to tolerate drought. According to their biological and ecological
characteristics, the grasslands of China can be divided into four types, meadow
steppe, plain grassland (steppe), desert steppe (desert grassland) and alpine grass-
land, with the desert grassland being the most widespread.

The desert grassland region of China has a continental climate and receives
<200 mm of precipitation annually. It is mainly distributed in central and northern
Inner Mongolia Autonomous Region, central and eastern Ordos Plateau of Inner
Mongolia Autonomous Region, central part of Ningxia Hui Autonomous Region,
eastern Gansu province, and the low slopes of mountains in Xinjiang Uyghur
Autonomous Region. Plants are normally 23-30 c¢m in height, and cover 30—40% of
the soil surface. Various species of grasses can grow in desert grassland, including
Stipa tianschanica var. klemenzii, Stipa glareosa, Stipa tianschanica var. gobica,
and Cleistogenes songorica. Although biomass production is relatively low, desert
grasslands are suitable for grazing of sheep and horses. Desert grasslands have pale
chestnut, brown and light sierozem soils, and the humus layer is thin. At present,
with global climate change and increased grassland desertification, desert grass-
lands in China are facing problems such as decline in productivity. It is fragile and
may be subject to vegetation and soil degradation, increased desertification and
invasion by alien species.

5.1.3 Characteristics of Agriculture and Stockbreeding
in Chinese Desert Areas

Most of the agriculture occurs in the oases, and it mainly relies on river water that
comes from melted snow in the mountains. Oasis agriculture is mainly distributed
on the alluvial plain, and crop production is greatly influenced by the elevational
gradient, ground water depth and soil texture, salinity, and fertility. In addition,
oasis agricultural systems are surrounded by large tracts of Gobi-type desert; thus,
crop land can be influenced by wind, drought and salinity. The agricultural oasis has
low species diversity and thus low ecological stability; therefore, it is has little eco-
logical resistance against the invasion of alien species.

The climate of the desert oasis is well suited for crop production. Light and heat
resources of the desert oasis during the warm season are particularly rich with long
days of clear skies; i.e., little rain or clouds. Therefore, high utilization of light
energy results in good fruit production and coloring and growth of crops such as
cotton, corn and tomato, sunflower and melon. Thus, the good light, heat and water
resources in the desert oasis provide a reliable guarantee of high yield and quality of
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crops. Application of plastic film technology to fields to reduce loss of the water
applied to crops during irrigation further strengthens the agricultural productivity of
the oasis, especially for crops such as cotton and melons. Thus, oasis agriculture is
an important aspect of the economy of the arid region, and is known for its ancient
history (more than 1000 years), advanced technology (irrigation agriculture), and
high and stable yields.

Facility agriculture, i.e., crop production in structures where light, water and
temperature are maintained at optimal levels to maximize growth, is an important
part of agriculture in Chinese desert areas. At the end of 2011, the total facility agri-
culture area in Ningxia, Gansu, Xinjiang and Qinghai was 805 km?, 880 km?
760 km? and 133 km?, respectively. Some of main crops are planted in agriculture
facilities in autumn, winter and early spring, including tomato, pepper, melon,
watermelon and cucumber.

The natural grasslands in the desert region of China have a large number of forage
species that have high nutritional value and good yield, i.e., Festuca ovina, Stipa
capillata, Agropyron cristatum, Phleum pretense, Bromus inermis, Dactylis glomer-
ata, Poa pratensis, Roegneria kamoji, Alopecurus pratensis, Trifolium pretense, T.
repens, Onobrychis viciuefolia and Medicago sativa. Also, these forage species are
well adapted to the natural seasonal conditions of the grasslands and have different
feeding values and utilization modes for the various kinds of livestock. According to
the management and feeding mode, animal husbandry can be divided into three graz-
ing systems: mountain, plain oasis, and plain oasis confined. The most important/
abundant livestock are sheep and goats, and the secondarily important animals are
cattle, horse, goat, donkey, camel, mule and yak. Due to the influence of vertical
climate belts in the mountains, forage growth and thus grazing have a strong seasonal
character. Thus, depending on the region, grasslands can be grazed in (1) summer,
spring and winter, (2) summer and winter, and (3) in all four seasons (in the plains
region). Only 10.18% of the grassland area in China can be grazed in all seasons;
therefore, animals in most areas have to be moved/shifted to different pastures.

5.2 Current Status of Alien Biological Invasion in Chinese
Desert Areas

There are 165 alien invasive species in the desert region of China, of which 88, 57
and 20 species are plants, animals and microorganisms, respectively (Tables 5.1, 5.2
and 5.3; Fig. 5.2). The invasive plants belong to 23 families and 64 genera, and the
most common families are Asteraceae, Poaceae and Brassicaceae. The invasive ani-
mals are insects which mainly belong to Coleoptera (24 species), Plecoptera (12
species), Diptera (13 species) and Lepidoptera (8 species). Fungi, viruses and bac-
teria account for 44.3%, 36.1% and 19.6%, respectively, of the invasive microbes
(Table 5.3). Richness of invasive species differs among provinces. There are more
invasive species in Xinjiang, Gansu and Inner Mongolia than in Qinghai and
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Fig. 5.2 Percentages of invasive alien species of different taxa in Chinese desert areas

Ningxia. About 120 invasive species have been found in Xinjiang, while the number
is only about 70 in Ningxia and Qinghai (Fig. 5.3).

About 50% of the alien invasive species in the desert region of China comes from
North America and Europe. This may be due to similar climates and environments
in North America, Europe and China, which allows alien species to quickly adapt to
habitat conditions in China and successfully become invasive within a relatively
short period of time. Since China is one of the largest trading partners with North
America and Europe, frequent trade and personnel exchanges many provide many
opportunities for alien species to enter the Chinese mainland (Fig. 5.4).

Some of the invasive species in the Chinese desert area were intentionally intro-
duced (e.g. plants propagated for forage, fodder, industrial materials, medicines,
vegetables, lawn plants, and ornamentals) or unintentionally with the importation of
logs or plants growing in soil. However, some invasive species have spread by natu-
ral ways, such as along with water and/or wind, or by insects flying from one site to
another. Unintentional introductions are the main reason for the increase in number
of invasive species in the Chinese desert region in the past 20 years. It should be
noted that over 80% of the invasive species in this region are found in disturbed
areas such as fields.

The invasion history of alien species into the China can be divided into four
stages, depending on number of species introduced. The first stage was from six-
teenth to nineteenth century, when only <20 foreign species were introduced
because during this time there was little domestic and foreign exchanges in the
desert area. In the second stage, from early-mid nineteenth century to 1949, there
was a rapid increase in the number of introduced alien species due to increased trade
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between China and surrounding countries. The third stage, from 1949 to 1978, cor-
responds with the development of much exchange between China and surrounding
countries. The fourth stage, from 1978 to present, is the outbreak stage, which cor-
responds with China’s rapid economic development and exchange with countries all
over the world. Thus, the great increase in number of alien species has contributed
to outbreaks of alien species and led to an increase of quarantines to help control the
spread of pests (Fig. 5.5).

5.3 Analysis of Primary Cause of Biological Invasion
in Chinese Desert Areas

1. The eco-geographical environment is diverse. The desert area of China is
characterized by complex landforms, diverse climate, and mountains surrounded
by basins in which there is a mosaic of oases and various kinds of deserts, includ-
ing desert grassland, and some lakes and wetlands. This complex geographical
environment creates a diverse ecological system in the desert area of China, in
which alien species from various habitats can find a suitable habitat for growth
and reproduction. Also, the ecological environment in the desert area of China
increasingly is being disturbed by human activities such as destruction of the
natural vegetation by farming and overgrazing, which promote the invasion of
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alien species by removing species that are potential competitors, thereby increas-
ing the speed of range expansion.

2. The ecosystem is fragile. Excessive grazing and land reclamation for irrigated
farming may cause serious disturbance and/or destruction of the original eco-
logical system, and potentially result in rapid expansion of desertified land and
atrophy of natural lakes. These disturbances of the natural environment can lead
to the formation of a large number of vacant niches in the ecological community
that increase the susceptibility of ecosystems to biological invasions. Due to
human-related disturbances, desert areas have become one of the most vulnera-
ble regions to biological invasions in China.

3. The desert area of China is a connection to western Asia and Europe. The
desert area of northwestern China is bordered by the People’s Republic of
Mongolia, Russia, Kazakhstan, Kyrgyzstan, Tajikistan, Afghanistan, Pakistan
and India. In ancient times, the “Silk Road”, which was the main route for trade
between China and western Asia and Europe, passed through the desert area of
northwest China. Thus, the Chinese desert region has played an important role in
the communication between the east and the west, and since the reform and
opening up of China, many roads and airports have been built in these regions.
The “Eurasian Continental Bridge railroad”, which crosses the desert area, is a
good foundation for China to further strengthen the development of foreign
exchange and no doubt promotes some additional biological invasions. Further,
a lot of foreign agricultural products have been introduced into the desert area of
China.

4. Chinese desert area has superior and unique natural conditions. Climates of
the Chinese desert area differ greatly. The Yili River Valley in Xinjiang has a
mild and humid climate, and mean annual average temperature is 10.4 °C, sun-
shine is 2870 h, precipitation is 417.6 mm (600 in mountainous areas), making
this the most humid desert area in China. Not surprisingly, the Yili River Valley
is one of the main regions invaded by alien species in the Chinese desert area. In
contrast, the Turpan Basin has a dry and hot climate, and the mean annual aver-
age temperature is ~13 °C, precipitation is about 16 mm, and evapotranspiration
is up to 3000 mm. In Toksun County in the Turpan Basin, the highest recorded
temperature is 49.6 °C, and average annual precipitation is only 5.9 mm, making
it the most arid place in China. In the Turpan Basin, the average maximum tem-
perature is over 38 °C in June to August, the annual amount of sunshine is
3200 h, annual accumulated temperature above 5300 °C, and frost free period is
up to 270 days. These unique climatic conditions in the Turpan Basin are suitable
for the successful invasion of harmful alien organisms that require a high tem-
perature environment, such as the insects Aphis gossypii and Carpomya
vesuviana.

5. Economic development promotes invasion of alien species in the Chinese
desert area. When areas of the desert are disturbed during the construction of
economic or tourism projects, they can serve as centers for the establishment of
invasive species and for the dispersal of invasive organisms to other areas. For
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example, in Uriimgi city, one of the fastest growing economic centers in China,
the GDP reached 15.8 billion USD in 2010 and economic growth has increased
nearly 200 times in the past 20 years. At the same time, Uriimgi city is a domestic
and foreign transportation hub, and it is the biggest commodity distribution cen-
ter in the Chinese desert area with eight national-level ports. Thus, the city is the
largest entry point of manufactured goods and alien species in northwestern
China. Clearly, the special geographical and economic attributes of Uriimgi city
have made it the area with the highest incidence of invasion of alien species in
the desert of northwest China.

Climate change has increased the risk of biological invasion. There is a
close relationship between global climate change and biological invasions, and
global climate warming in particular may aggravate the occurrence of and dam-
age by alien species. Studies on climate change for more than 40 years in the
Altai area of northern Xinjiang and the invasions of the insect Locusta migra-
toria have shown that temperature increases have favored the establishment of
this insect (Li et al. 2008). Increased temperatures allow eggs to overwinter and
healthy individuals to hatch in spring, thereby favoring the growth of
populations.

Facility agricultural production provides a bridge for invasion of alien spe-
cies. Facility agriculture has developed rapidly in almost all the prefectures, cit-
ies and counties in the Chinese desert area, and it has become a feature of local
agricultural production and an important way for farmers to increase their
income. However, facility agriculture may create a situation that benefits inva-
sions of alien diseases, insects, and plants. This is mainly because the environ-
mental conditions of winter (greenhouse) agricultural production not only create
extensive shelter in which alien invasive species can safely overwinter, but they
provide abundant food sources and habitats. Thus, the environment that pro-
motes the growth of vegetables in winter may also promote establishment and
growth of pest populations. For example, Liriomyza sativae was first found in
greenhouses in Xinjiang in 1996, and then it spread all over Xinjiang in a few
years. Invasions of the whitefly Bemisia tabaci, which is a major vector of
viruses, also underwent the same process. B. tabaci was first found in 1998 in
Uriimgi city in Xinjiang, and then it was found in Turpan City in 1999 in a local
greenhouse used for growing vegetables. Later, the population expanded greatly,
and B. tabaci migrated from greenhouse vegetables to cotton fields, where it
caused great damage. In the late autumn, B. fabaci transferred from cotton fields
back to greenhouses during the winter and caused harm to vegetable plants in
greenhouses. This whitefly has spread rapidly to most oases in the Chinese desert
area, causing significant damages to oasis ecosystems. It was first found on cot-
ton in Akesu city and Awati County in 2011, and in the same year B. tabaci was
found in an area of 175 km? in Kashkgar and Hotan.
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5.4 Effect of Invasive Species in the Chinese Desert Area
on Economy, Agriculture, Human Health and Social
Stability

5.4.1 Economy

Spread and extensive damage by alien invasive species in Chinese desert areas have
directly caused economic losses. For example, the invasions of Locusta migratoria
from Kazakistan into Xinjiang in 1999 covered an area of 4180 km? and caused total
crop failure in an area of 1330 km? (~32% of invaded area) (Yu and Hou 2004). The
cotton aphid Aphis gossypii invaded in the 1980s, and its sustained outbreaks in cot-
ton growing areas in Chinese desert areas have caused severe economic losses
(Wang and Jiao 2000; Yao 2004). Although Verticillium dahliae was reported early
in the 1950s and 1960s in the desert region of China, it only occurred sporadically
in some cotton growing areas and caused no obvious harm. However, this fungus
has spread rapidly and has caused serious damage since the 1980s, along with the
rapid development of cotton production in the desert region of China, and extensive
introduction of new cotton varieties from other parts of China where V. dahliae
occurs. At present, it is widely distributed in the desert area in China. Leptinotarsa
decemlineata is a major invasive insect, and it has spread to all parts of Xinjiang,
causing major damage to many crops such as potato and eggplant and thus severe
economic losses (Guo et al. 2010). The alien invasive insect Carpomya vesuviana
was first reported in Xinjiang in 2007, and during that year it occurred in an area of
54.7 km?. This insect attacked red jujubes, causing very heavy economic losses for
this fruit growing industry.

In the desert area of China, great efforts have been made in prevention and con-
trol programs. Direct economic losses caused by the 16 main invasive species,
including L. migratoria, A. gossypii, V. dahliae, L. decemlineata, C. vesuviana, on
agriculture production in Xinjiang in 2010 was 183 million USD and control costs
were 4.95 billion USD (Guo et al. 2010).

5.4.2 Agriculture

Some alien species compete with native species for resources and space and may
reduce species diversity of natural ecosystems. In the agricultural landscape, inva-
sive plants such as Solanum rostratum, Xanthium spinosum, and Xanthium italicum
that grow in oases, grasslands, pastures, roadsides, ditches, abandoned farmlands
and landfills can outcompete native plants for water, light and nutrients. Due to the
loss of native species, the biological diversity in invaded areas has been reduced
greatly, and ecological equilibrium has been destroyed (McCormick 1977; Lin and
Tan 2007).
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Alien species can largely effect growth of crop species. For example, water
extracts of X. spinosum roots, stems and leaves can inhibit seed germination of
wheat and alfalfa. These extracts not only reduce the final germination percentage
of seeds, but they also extend the seed germination period (Dong et al. 2014). Water
extracts of S. rostratum stems and leaves can significantly inhibit the germination of
tomato seeds (Ping et al. 2012). Ambrosia artemisiifolia, which is one of the world’s
most harmful weeds, can quickly form a single-dominant community, thereby
inhibiting the growth of crops and wild plants and causing decline and extinction of
the native plant community (Zhang and Liu 2000).

Some alien species can hybridize with crop species, thereby causing changes in
genetic structure and diversity (e.g. genetic pollution). For example, the invasive
plant S. rostratum has crossed with tomato and potato, and such genetic introgres-
sion can facilitate its invasiveness (Lin and Tan 2007).

Invasions of poisonous species can cause death or decline in health of livestock.
The desert area of northwest China is one of the important livestock producing areas
in the country, and the native vegetation of the desert steppe is vital for the animal
husbandry. However, the geographical position and fragile ecological environment
make the desert area vulnerable to invasions by alien species. In recent years, with
an increase in international trade, the risk of invasion of alien species into the desert
area of China has increased greatly. At the end of 1980s, there were 81 poisonous
weeds such as Aconitum carmichaeli, Achnatherum inebrians, Oxytropis glabra,
and Pedicularis abrotanifolia in desert grassland of China, and they occurred in a
limited area of only 1296 km?. However, in 2007 there were 104 species that
occurred in an area of 187,280 km?.

The invasive plants S. rostratum and X. spinosum have spread to Xinjiang and the
Inner Mongolia Autonomous Region in the Chinese desert area. Plants of both spe-
cies have numerous thorns, which can cause serious skin irritation of livestock and
reduce the value of wool (Lin and Tan 2007). Further, the leaves, berries and roots
of the S. rostratum contain alkaloids that act as neurotoxins, and thus are highly
toxic (Orgell et al. 1958). If cattle and sheep eat S. rostratum, they can develop
severe enteritis and bleeding, and even finally die (Simic 1943; Bah et al. 2004).

5.4.3 Human Health

Sweet potato long beak shell (Ceratocystis fimbriata) is one of the dangerous patho-
gens that can damage crops in China. It can cause a variety of diseases such as sweet
potato blight. This fungus can cause potato pieces used for planting to decay, and it
can kill plants and destroy the sweet potatoes after they are harvested and placed in
storage. In addition, toxic substances produced by the fungus often cause human
and livestock poisoning (Liu et al. 2003). Another threat to human health in the
desert area is due to activities of the invasive potato beetle. This insect feeds on
leaves, which causes the concentration of glycoalkaloid to increase significantly in
the tubers. If humans eat these tubers, they can become ill (Dinkins et al. 2008;
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Dinkins and Peterson 2008). Further, pollen of Ambrosia artemisiifolia can cause
allergic reactions in susceptible people when pollen is dispersed from June to
September. People who lack antibodies to the pollen may experience asthma, chest
tightness, dizziness and other symptoms, and they may have other complications
that result in death. If A. artemisiifolia becomes mixed with cow feed, the milk and
milk products have an unpleasant smell and taste (Zhang and Liu 2000).

5.4.4 Social Stability and Development

Invasive species can have a profound detrimental impact on the lives of local farm-
ers and herdsmen. The plant and animal resources of the agricultural and grassland
ecosystems are an indispensable part of the lives of the local people. Thus, when
invasive alien species cause a serious negative impact on the productive of these
systems, people will suffer. That is, invasions of alien species usually result in a
reduction of the income of farmers and herdsmen, which directly lowers their qual-
ity of life. For example, in the Inner Mongolia grasslands, invasive rats heavily
impact an area of about 373,300 km? each year (i.e. 14% of the available pastoral
lands) resulting in an annual loss of nearly 20 million tons of forage grass. Ondatra
zibethicus is one of the most harmful species among the invasive rats, and its num-
bers can reach 80 thousand to120 thousand each year. This species digs a 20 m long
hole, which causes serious damage to the grassland vegetation, and it not only eats
forage grasses but also feeds on grass seeds. Thus, this species causes major eco-
nomic losses in Inner Mongolia grasslands (Tian et al. 2015).

5.4.5 Minority Ethnic Group Culture

National culture is the sum of the material and spiritual wealth that is produced and
created by the people. The deserts of northwest China have many ethnic groups, and
each has its own special features and characteristics that contribute to the formation
of a special regional culture. Ethnic groups such as Uyghur and Hui mainly live in
the oases, and they are engaged in agriculture. The Kazak and Mongol mainly live
in the desert grasslands, and they are involved in animal husbandry. Alien invasive
species can have detrimental effects on both crop production systems and natural
ecosystems of the desert grasslands, which would endanger the stability of regional
ethnic cultures. Agrostemma githago is the main weed in wheat crops, and its seeds
are poisonous to humans and livestock if eaten, along with the grain (Pang et al.
2015). Cenchrus pauciflorus is one of the main weeds in Inner Mongolia grasslands.
When its fruits mature, the spiny involucre became hard and sharp, and they can
injure livestock. Thus, this species has a serious negative impact on grazing and
utilization of natural grassland (Pang et al. 2015).
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5.5 Problems and Countermeasures for Prevention
and Control of Alien Species Invasions in the Chinese
Desert Area

5.5.1 The Existing Problems

Although people working in the Chinese desert area have made great efforts in pre-
venting establishment and spread of alien species and reduced their harmful effects
on agricultural production, many unsolved problems still exist. For example, there
is a great need to establish regulatory policies, improve coordination between
departments, and increase technical research and application.

1. Lack of knowledge. Overall, the public in desert areas of China has not yet
learned fully about the problems associated with biological invasions. Thus,
traveling people may carry plants and their products out of epidemic areas, and
relevant organizations or individuals may not conscientiously perform quaran-
tines. In some cases, people introduce new species without conducting tests to
determine if they have the potential to become invasive. Since 1995, about 68%
of the new alien invasive species in the Chinese desert area were intentionally
introduced by humans via importation of nursery stock, flowers and germplasm
resources, etc.

2. Control is not strict. In the Chinese desert area, programs/procedures for risk
assessment, early warning, eradication, and control of biological invasions have
not been established. Further, in areas where biological invasions have occurred,
no plans for ecological restoration have been developed. Prevention and man-
agement responsibilities for invasive species are dispersed among various
departments, and there is lack of coordination. Thus, it is very difficult to have
an early detection program and to do the early eradication treatments that are
required to stop the spread of a new invasive species in an area. For the majority
of alien invasive species, if they are not controlled shortly after they invade an
area, then we can expect further dispersal and ecological harm. In general, the
present management system of alien species does not meet the needs of modern
agricultural production and cannot safeguard agriculture or natural desert
ecosystems.

3. Research is weak. There is a poor understanding of the reasons why alien spe-
cies spread in Chinese desert areas, and research is needed to determine the dis-
persal mechanisms and to develop the methods of preventing dispersal.

4. Investment is insufficient. In recent years, the government has invested some
money in monitoring and in prevention and control of invasive species in the
Chinese desert area. However, funding needs to be increased to develop research
programs devoted to solving the problems of how to control invasive species.
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5.5.2 Countermeasures

The countermeasures on prevention and control of alien species invasions in Chinese
desert area are to (1) strengthen the training of government employees to recognize
the species that are invasive, (2) increase public awareness and develop a central
office where people can report locations where they have seen invasive species, (3)
strengthen enforcement of the existing laws relevant to alien invasive species to
ensure that these species remain inside quarantine areas, (4) establish additional
special laws and regulations, (5) unify and coordinate management operations for
control of invasive species, (6) formulate emergency prevention and control plans
and response mechanisms by relevant departments, (7) increase investment in sci-
ence and technology and thus improve research ability, (8) enhance invasion risk
assessment, (9) learn more about the ecology and biology, (10) establish a monitor-
ing, risk assessment and early warning system for regional major alien species, (11)
establish an information-sharing system for alien species between local regions and
departments, (12) establish a mechanism for collection of information about major
alien species in neighboring countries, then develop a system of risk analysis, infor-
mation release and joint action, and (13) strengthen comprehensive control of
regional major invasive species.
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Chapter 6
Biological Invasions in Nature Reserves
in China

Hui Guo, Susan J. Mazer, Xinyu Xu, Xi Luo, Kailing Huang,
and Xiaohong Xu

Abstract One consequence of the rapid economic development in China is the
rapid increase in the ecological threats posed by alien species. Nature reserves serve
as barriers to species invasions, but there is now no reserve in the world that is free
from introduced alien species. In this chapter, we review studies of alien species
invasions in nature reserves of China, analyze the invasion pattern across reserves,
and propose suggestions for the management of invasive species in nature reserves
in China. By searching available databases, we found a total of 37 studies focusing
on biological invasions in 24 nature reserves in China. The Dinghushan Nature
Reserve has the largest number of invasive species, followed by Taohongling,
Tianmushan and Ganshiling reserves, whereas Yiwulvshan, Yalujiangkou and
Dayudao have the fewest invasive plant species. Alternanthera philoxeroides,
Amaranthus spinosus and Euphorbia hirta are the species most frequently reported
to occur in nature reserves, while Compositae, Amaranthaceae and Gramineae are
the three most frequently reported families. The number of invasive species reported
declines with increasing latitude, but is not significantly correlated with reserve age,
elevation, or area. We analyzed an index of invasion (the ratio of invasive to total
plant species), which increases with nature reserve age, and decreases with eleva-
tion and the number of plant species in reserves; the effect of elevation, however, is
not detected when controlling for the number of plant species or reserve area. When
controlling for the effect of reserve area, the number of invasive species is positively
correlated with the total number of plant species. Although manual, chemical,
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mechanical, and biological methods have been suggested for the control or eradica-
tion of invasive species, each method has its own limitation. We suggest that global
changes and disturbances (e.g., N deposition) should be taken into account when
assessing the risk of alien species and designing management strategies.

Keywords Biological invasion ¢ Degree of invasion e Invisibility ® Nature reserve

6.1 Introduction

Since the implementation of the “Reform and opening” policy in the 1970s, China
has achieved and maintained a high growth rate in gross domestic product and inter-
national trade. Economic development has induced habitat destruction and/or frag-
mentation as well as air and water pollution, and their combined effects have caused
a dramatic decline of plant biodiversity; as many as 5000 species are currently
endangered in China (Lépez-Pujol et al. 2006). One of the consequences of rapid
economic development in China is the dramatic increase in the threats posed by
alien species (Ding et al. 2008). For example, the total numbers of harmful alien
animals, plants, and other pest organisms intercepted at Chinese borders grew at
least tenfold from 1990 to 2005 (Ding et al. 2008). The invasion of alien species
may not only displace native and agricultural species, but it may also cause damage
to habitats and ecosystems. In sum, in addition to affecting ecosystems and contrib-
uting to the extinction of native species, invasive species can cause major socio-
economic damage.

Nature reserves can help to prevent invasions by alien species by providing a
buffer of relatively undisturbed vegetation; invasions appear to be most likely in
disturbed habitats. For example, in an analysis of more than 27,000 non-native plant
presence records in South Africa’s Kruger National Park, Foxcroft et al. (2010)
reported that the number of records of non-native invasive plants inside the park
declined rapidly beyond 1500 m from the edge.

In China, the first modern nature reserve was founded in 1956 and new reserves
were regularly established until 1964 (Zhujing 1989; Fig. 6.1). After a six-year
‘retreat’ stage from 1965 to 1972, the establishment of natural conservation areas in
China continued again. In the 1990s, as public awareness of conservation grew,
even with growing tension between activities that promoted economic development
and practices that promoted conservation of natural resources, the number of
national nature reserves constructed per year increased, reaching a peak around
2000 (Fig. 6.1). After 2000, many new nature reserves were set up by provinces or
counties rather than by the nation. By the end of 2014, China had established a total
of 2718 national and local reserves, primarily forests (52.4%), wildlife refuges
(24.5%) and inland wetlands (13.91%) (Fig. 6.2). Compared with the natural con-
servation areas in developed countries such as United States, those in China are
apparently much younger (Appendix I).
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Fig. 6.1 The cumulative number of natural conservation districts set up since 1956
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Fig. 6.2 The percentage of different types of natural conservation districts

Because of rugged mountains in the west and vast desert areas in central China,
the population is concentrated within a surprisingly small area (Riley 2004).
Previous studies in other countries have reported a positive relationship between the
extent of exotic species’ invasion and human disturbance or visitation. For example,
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in a survey of 234 New Zealand reserves, Timmins and Williams (1991) found that
the proximity of towns, distance from roads/railway lines, human use, reserve shape
and habitat diversity were the most important factors determining the degree of
invasion. Similarly, others have reported that an increase in the number of human
visitors led to an increase in the number of exotic species (Usher 1988; Macdonald
et al. 1989; Lonsdale 1999). Given that the introduction of plant species from one
region to another is closely related to human activities, China’s high population
density poses a greater risk of exotic species’ invasions into reserves than that faced
by countries with small or low-density populations.

High population density and economic growth have also resulted in elevated
atmospheric nitrogen deposition in terrestrial and aquatic ecosystems (Liu et al.
2013). Over the past 30 years, China’s emissions have increased to the point where
it has become by far the largest creator and emitter of nitrogen globally (Liu et al.
2011). N deposition levels have commonly exceeded 20 kg N ha—1 year—1 in cen-
tral and east China, a level above which ecosystems health is seriously threatened
(Bobbink et al. 2010). In ecosystems with predominantly nutrient-poor soils, the
addition of nutrients can constitute a major disturbance, which has been shown in
many examples to facilitate invasions by non-native species (Hobbs 1992).

In this chapter, we review studies of alien species invasions in nature reserves,
analyze the invasion pattern across reserves, and offer several suggestions for the
management of invasive species in China.

6.2 Brief Review of the Studies on Alien Species Invasions
in Nature Reserves in China

Nature reserves are a suitable “laboratory” for studying the effect of undisturbed
habitats on the likelihood of alien species invasions. Indeed, studies in various kinds
of nature reserves (e.g., national parks, biosphere reserves, and small-scale nature
reserves) have yielded a few generalizations that apply at both global (Lonsdale
1999) and national levels (Pysek et al. 2002), but few studies have been conducted
in China. Here, we first summarize those studies that directly address the process
and outcome of biological invasions in nature reserves and conservation areas in
China.

By searching the available databases (CNKI, WANFANG DATA and Web of

99 <

Science) using the keywords, “invasion”, “exotic” or “alien” or “introduced” “inva-
sive species”, “nature reserve” or “natural conservation area” or “protected area”,
and “China”, we found only 37 studies focusing on biological invasions in 24 nature
reserves (Appendix II). In most of these studies, the authors simply listed the names
of the invasive plants that had been reported in focal reserves, and briefly introduced
their invasion histories or inferred the possible paths of their invasions. For exam-
ple, invasive alien plant species in the Dinghushan National Nature Reserve were

investigated using transects and plot surveys, and a total of 14 invasive alien plant
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species were found in the experimental, buffer, and core zones (Song et al. 2009). In
the Shiwandashan National Natural Reserve, 23 invasive species representing 21
genera and 12 families were reported (Wei et al. 2006). Similar investigations were
conducted in the Dashahe nature reserve in Guizhou province; Bawangling and
Ganshiling nature reserves in Hainan province; Hengshuihu nature reserves in
Hebai province; Jinfoshan nature reserve in Chongqing city; Jinhuacha nature
reserve in Guangxi Zhuang Autonomous Region; and Lishan nature reserve in
Shanxi province.

A few studies focused on single invasive plant species. For example, Solidago
canadensis (Asteraceae), a noxious invasive plant in the Lushan Natural Reserve of
Jiangxi Province, was studied to reveal its pattern of spread and to identify its poten-
tial effects on biodiversity in a woodland (Tang et al. 2012). While low sunlight and
the predominance of foggy weather of the Lushan Nature Reserve were not suitable
for the spread of S. canadensis, the herb layer was nevertheless dominated by this
species, which caused a significant decline in the diversity of co-occurring species
(Tang et al. 2012). Qin et al. (2004) reported the effects of the invasive Spartina
alterniflora on the flora, fauna, and ecosystem of the Chongming island and
Jiuduansha nature reserves, and they proposed strategies for controlling S. alterni-
flora in coastal nature reserves. Bai et al. (2013) reported the consequences of
Phyllostachys edulis invasions for plant community composition by examining the
changes in plant diversity in different communities over a seven-year period (2005—
2011) in the Tianmushan Nature Reserve. P. edulis negatively affected plant com-
munities by causing significant declines in two measures of diversity: Simpson’s
Diversity Index and Pielou’s Eveness Index (Bai et al. 2013).

We identified only five studies that reported invasions of animals or insects into
nature reserves in China (Jiang et al. 2007, 2010; Luo et al. 2007, 2012; Zeng et al.
2013). We found no experimental studies that identified the factors that promote
invasive species and no comparative studies examining patterns of invasions across
nature reserves. Similarly, we found no studies that identified the process by which
any alien species has invaded a nature reserve.

The shortage of relevant studies could be due to several factors. First, the impor-
tance and value of nature reserves in resisting biological invasions has not received
sufficient attention by plant community ecologists and conservation biologists.
Second, there might not be adequate funding available to support the research of
plant ecologists engaged in basic scientific research. Our understanding of the
effects of invasive species on the structure, composition, and function of natural
ecosystems would be improved if more financial resources were allocated to
researchers to conduct experimental and comparative studies of the effects of inva-
sive species on species diversity and ecosystem function. Third, the management
policies of government-supported nature reserves do not place a high priority on the
study and control of invasive species. Fourth, public awareness of the ecological
risks posed by introduced species needs to be increased. The preservation of China’s
biological diversity for future generations can only be ensured if government,
media, and educational and research institutions collectively take the responsibility
for educating and informing the public of its value.



130 H. Guo et al.
6.3 Invasive Species in Nature Reserves in China

Our survey of the basic attributes of nature reserves in China is presented in
Appendix III. The number of invasive plant species per reserve ranges from 3 to 51,
wherein Dinghushan has the largest number of invasive species, followed by
Taohongling, Tianmushan and Ganshiling reserves; by contrast, only three invasive
species have been reported in Yiwulvshan, Yalujiangkou and Dayudao (Fig. 6.3).

Alternanthera philoxeroides, Amaranthus spinosus and Euphorbia hirta are the
three exotic species that have been reported most frequently in the 24 well-studied
nature reserves in China (these species have been reported in 17,17 and 15 reserves,
respectively), followed by Erigeron annuus, Bidens pilosa, Chromolaena odorata
and Ipomoea purpurea (Table 6.1). Compositae, Amaranthaceae and Gramineae are
the three families most frequently reported in the 24 nature reserves, followed by
Euphorbiaceae, Solanaceae, Convolvulaceae and Leguminosae (Fig. 6.4). Exotic
species representing other families are relatively rare and only occasionally found
in these reserves (Fig. 6.4).

Annual invasive plant species have the highest frequency across all nature
reserves, accounting for 388 occurrences (Fig. 6.5a; Table 6.1). Perennial invasive
plant species also are very high in frequency, accounting for 266 occurrences,
whereas biennial invasive plant species are comparatively rare (Fig. 6.5a). When
invasive plant species are classified by growth form, herbaceous species have the
highest frequency across reserves, while shrubs, trees and climbing vines are rarely
recorded (Fig. 6.5b).

Only 11 invasive animal and insect species have been reported in nature reserves
in China. Specifically, Ondatra zibethica (muskrat), Neovison vison (American
mink), Oncorhynchus mykiss (Steelhead Trout) and Amphiesma vibakari (Asian
keelback) were reported to invade the Changbaishan reserve and to have large
effects on the populations of native species (e.g., wild duck) (Luo et al. 2012);
Procambarus clarkia (Red Swamp crayfish), Rana catesbeiana (Bullfrog) and
Pomacea canaliculata (Channeled applesnail) were found in the Poyanghu reserve
(Zeng et al. 2013); Pomacea canaliculata, Hemiberlesia pitysophila (Pine needle
scale) and Oracella acuta (Mealybug) were reported to invade the Jiulianshan
reserve (Jiang et al. 2010); Rattus norvegicus were found in the Shedaolaotieshan
reserve (Luo et al. 2007) ; and Hyphantria cunea (Fall webworm) were found in the
Kunyushan reserve (Jiang et al. 2007). Pomacea canaliculata was the only species
to have been reported in two reserves (Poyanghu and Jiulianshan reserves).

Although there are no invasive species reported in other reserves, this does not
mean they are absent. On the contrary, the invasive species listed above have a high
probability of having invaded reserves with similar habitats or environments.
Additional investigations are urgently needed in other nature reserves, so as to avoid
or limit large losses of ecosystem function and economic values that may result
from unreported and uncontrolled biological invasions.
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Fig. 6.3 The number of invasive species recorded in each of the 24 natural conservation districts

6.4 Patterns of Plant Invasions in Natural Conservation
Districts in China

Although it seems that there is now no nature reserve in the world that is free of
introduced alien species, nature reserves were reported to be invaded about half as
often as sites outside reserves (Lonsdale 1999). The degree to which a nature reserve
is invaded depends on a variety of factors, including the attributes of the alien spe-
cies, the diversity of native species, the area of a reserve, the degree of human dis-
turbance, ongoing environmental change, etc. (Usher 1988; Lonsdale 1999). As
these factors change in the future, the importance of alien species in nature reserves
may increase. Here, we synthesize data across reserves in order to identify the pri-
mary factors that appear to determine the extent of invasions by alien plant species
into China’s nature reserves. We compiled and then analyzed a data set based on the
published literature; given that there are limited data available for animals and
insects, we focus on invasive plants here.
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Table 6.1 The frequency of Species Count | Probability

the 20 m(?st cqmmonly Alternanthera philoxeroides | 17 0.025

reported invasive plant -

species among 24 nature Amaranthus spinosus 17 0.025

reserves Euphorbia hirta 15 0.022
Erigeron annuus 14 0.021
Bidens pilosa 13 0.019
Chromolaena odorata 13 0.019
Ipomoea purpurea 13 0.019
Ageratum conyzoides 12 0.018
Amaranthus viridis 12 0.018
Chenopodium ambrosioides | 12 0.018
Amaranthus retroflexus 11 0.016
Axonopus compressus 10 0.015
Mimosa pudica 10 0.015
Crassocephalum 9 0.013
crepidioides
Ipomoea cairica 9 0.013
Oxalis corymbosa 9 0.013
Ricinus communis 9 0.013
Avena fatua 8 0.012
Conyza canadensis 8 0.012
Datura stramonium 8 0.012

Count refers to the number of reserves in which each
species has been reported; probability refers to the pro-
portion of occurrence of each species to the overall
occurrence of all invasive species
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Fig. 6.4 The count of species classified by family reported in natural conservation districts (Count
refers to the number of reserves in which each family has been reported)
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6.4.1 Data Set

The data used in this section were extracted primarily from the primary scientific
literature and from the Ministry of Environmental Protection of the People’s
Republic of China. Species lists were obtained for each of the 24 nature reserves
(Appendix III). The total number of all plant species and the number of invasive
plant species were recorded for each reserve. For each nature reserve, the following
attributes were also obtained:

Year Established We aimed to determine whether the number of invasive species
increases with the age of a reserve. If older nature reserves were established prior to
any major disturbance, they may exhibit greater resistance to alien species invasions
than younger ones.

Mean Elevation The mean elevation of each nature reserve was estimated as the
midpoint between minimum and maximum elevation recorded (PySek et al. 2002).
Given that habitats and vegetation change with increasing elevation, different eleva-
tions may be differentially invasible to alien species. We tentatively hypothesized
that nature reserves at higher elevations may be less invasible due to lower tempera-
tures and more stressful abiotic environments.

Latitude We recorded the boundary latitudes including both highest and lowest
values across the range of each reserve. Temperate ecosystems are predicted to be
more invasible than tropical ecosystems (Lonsdale 1999).

Nature Reserve Area One controversy is whether several small reserves will con-
tain more species than would a single reserve of equal total area. Large reserves are
able to harbour larger populations and contain greater habitat diversity but well-
designed and carefully managed small reserves can effectively protect more popula-
tions of rare species than a single large area that is not well-designed (Primack
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2000). By analyzing the relationship between reserve area and the number of inva-
sive species, we tried to evaluate whether small nature reserves are more vulnerable
to invasions than large ones. This question has been repeatedly raised but not rigor-
ously answered (Usher 1988).

Native Plant Species Native species richness may predict the degree of exotic spe-
cies richness because it reflects not only the area of the site but also its habitat
diversity (Lonsdale 1999). Here, we examined the correlation between the total
number of plant species and the number of invasive species across reserves in order
to investigate the effect of the flora’s diversity on the degree of invasions. Our pri-
mary hypothesis is that — all else being equal — relatively species rich communities
are more stable, have fewer vacant niches and are less invasible than relatively
depauperate communities; an alternative hypothesis is that communities with more
plant species also have higher habitat diversity, which may facilitate the introduc-
tion of a greater number of alien species.

Mean Annual Temperature & Mean Annual Precipitation These variables were
obtained from the China Meteorological Administration and used to detect whether
the extent of plant invasion is correlated with climatic factors.

6.4.2 Data Analyses

Linear bivariate regressions were conducted to detect whether the focal dependent
variable (the number of invasive plant species) was correlated with each indepen-
dent variable, i.e., the attributes of nature reserves represented by year, latitude,
reserve area, the number of native plant species, mean annual temperature and pre-
cipitation. In addition to using the number of invasive species as the dependent
variable, we conducted a separate set of linear bivariate regressions in which we
used an index of invasion, V, as the dependent variable, where V is defined as:

V =100*1/S

where I is the number of invasive species, and S is the number of plant species
(Usher 1988). Because the Dongzhaigang, Jiuduansha and Hongshulin reserves
belong to typical tidal ecosystems characterized by relatively low plant species rich-
ness compared to other ecosystems, we excluded these three reserves when analyz-
ing the relationship between V and the independent variables above. We also
examined the relationship, among reserves, between the number of invasive species
and the residuals of the linear regression of the number of plant species on the
reserve area. Using these residuals allowed us to control statistically for the effect of
reserve area when examining the relationship between the number of invasive spe-
cies and the number of plant species per reserve.
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6.4.3 Factors Correlated with the Degree of Plant Invasion
in Nature Reserves

We estimated Pearson pairwise correlations between all pairs of independent vari-
ables (Table 6.2). The number of invasive species is significantly correlated only
with latitude; reserves at higher latitudes have a lower number of invasive species.
The index of invasion, however, is negatively correlated with elevation, the number
of native plant species and reserve age (Table 6.2).

6.4.3.1 Established Time

There is no significant relationship between the number of invasive species and the
year in which a reserve was established (Fig. 6.6a). However, the index of invasion
was positively related to the year of establishment (r> = 0.21, P = 0.030, n = 21;
Fig. 6.7a). In younger reserves, the ratio of invasive species to total plant species
was significantly higher than in older ones. This pattern suggests that older nature
reserves show higher resistance to alien species invasions than younger ones, per-
haps because the older reserves were established at locations with less disturbance.

6.4.3.2 Elevation

No significant correlation was found between the number of invasive species and
elevation (Fig. 6.6b), whereas the index of invasion significantly decreased with
increasing elevation (1 = 0.41, P = 0.0012, n = 21; Fig. 6.7b and Table 6.2). The
reason is that the total number of plant species increases with increasing elevation,
but the number of invasive species remains constant (the correlation is not signifi-
cant between the number of invasive species and elevation). This result is consistent
with the hypothesis that nature reserves at higher elevations may have lower invasi-
bility due to their lower temperatures and more stressful abiotic environments.
Consequently, as native species expand their ranges into higher elevations in
response to global warming, invasive species may not have the same potential to
migrate to higher elevations.

6.4.3.3 Latitude, Annual Temperature and Annual Precipitation

A significant negative relationship was found between the number of invasive species
and latitude (1> = 0.18, p < 0.0324, n = 24; Fig. 6.6¢), but not between the index of inva-
sion and latitude (Fig. 6.7¢). These results suggested that the reserves in lower latitudes
may be more susceptible to invasions than those in high latitudes. The independence
between the index of invasion and latitude indicates that the ratio of invasive to total plant
species does not change with increasing latitude; however, we do not know whether other
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Fig. 6.7 The linear regression relationships between the index of invasive and (a) the established
year; (b) the elevation; (c) the latitude; (d) the reserve area; (e) the log number of plant species; (f)
the residuals of the total number of plant species on the reserve area; (g) the average temperature
and (h) the annual precipitation of natural reserves
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characteristics of native or invasive species may change with latitude. Neither the number
of invasive species nor the index of invasion was correlated with mean annual tempera-
ture or precipitation (Figs. 6.6g, h and 6.7g, h), but these climatic variables provide only
a rough approximation of a large or topographically complex reserve’s climate.

6.4.3.4 Nature Reserve Area

The results of this study with respect to reserve area and invasibility of reserves
could potentially inform strategies for reserve establishment and design. We found
that there was no significant linear relationship between the number of invasive spe-
cies or index of invasion and reserve area (Figs. 6.6d and 6.7d). However, a non-
linear relationship existed between the index of invasion and reserve area
(y =4.58-0.01x"%; p < 0.015, n = 21; Fig. 6.7d), indicating that the largest reserves
have a dramatically lower number of invasive species and index of invasion than
smaller ones.

6.4.3.5 Native Plant Species

We detected a significant relationship between the number of invasive species and
the total number of plant species (1> = 0.16, P = 0.0449, n = 24; Fig. 6.6¢). When
controlling for the effect of reserve area, a nearly significant positive linear relation-
ship was detected (1> = 0.14, P = 0.0640, n = 24; Fig. 6.6f). The positive relationship
between invasive and plant species richness found here is consistent with the
hypothesis that richer plant communities are evidence of greater habitat diversity; if
so, then both native and alien plant species respond to the greater habitat diversity
in a similarly positive way. However, among reserves, the index of invasion was
negatively correlated with the number of plant species (r* = 0.62, p < 0.0001, n =21,
Fig. 6.7e), which suggests that reserves with higher species richness may be more
stable and less susceptible to invasions than those with less plant species. The nega-
tive correlation between index of invasion and the number of plant species was
independent of reserve area (1> = 0.30, p < 0.0077, n = 21; Fig. 6.7f).

The multivariate general linear models also indicated that the number of native
plant species was the most important factor in controlling the number of invasive
species and index of invasion, independent of variation in elevation or area (Table 6.3).

6.4.3.6 Coastal Reserves

The three coastal reserves — Dongzhaigang, Hongshulin and Jiuduansha — have very
high indices of invasion (v = 11.36, 40.82 and 37.5, respectively: almost 20 times
higher than other reserves (which have a median value of 1.78). These results sug-
gest that the plant communities in reserves located on coasts are characterized by a
much larger fraction of invasive plant species. One interpretation is that the coastal
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Table 6.3 Multivariable analyses using general linear models

Number of invasive species | Index of invasion

Model 1 Source DF |F Ratio |Prob>F F Prob > F
R?>=0.3622 Ratio

Number of plant | 1 5.82 0.0267 1.90 0.1841

species

Elevation (m) 1 0.48 0.4960 3.37 0.0826

Area (hm?) 1 5.51 0.0305 1.85 0.1903
Model 2 Number of plant | | 3.21 0.0890 2.69 0.1171
R?>=0.1669 species

Elevation (m) 1 0.40 0.5341 3.25 0.0872
Model 3 Number of plant | 1 6.93 0.0164 10.51 0.0043
R?=0.3451 species

Area (hm?) 1 5.68 0.0277 1.66 0.2125

Model 1: Dependent variable: Number of invasive species and Index of invasion; Factors: Number
of plant species, Elevation (m) and Area (hm?); Model 2: Dependent variable: Number of invasive
species and Index of invasion; Factors: Number of plant species, Elevation (m). Model 3:
Dependent variable: Number of invasive species and Index of invasion; Factors: Number of plant
species, Area (hm?)

reserves are more invasible due to their higher vulnerability and diffusibility relative
to inland sites; another interpretation is that coastal reserves contain so few native
species that even a few invasive species result in a high index of invasion (the aver-
age number of native species is 1581 in inland reserves, and 138 in coastal reserves).
Coastal and island reserves should receive more attention in preventing and manag-
ing invasive species.

6.5 Risk Assessment and Management of Invasive Species
in Nature Reserves in China

A central goal of protecting natural areas is to preserve biodiversity and to sustain
ecosystem function. While nature reserves or protected areas provide barriers to
invasive species (e.g., Foxcroft et al. 2010), the management of invasive vegetation
in natural reserves is a significant challenge. Therefore, to assess the risk of alien
invasive species and to identify and implement effective methods for managing
invaded vegetation are important and urgent objectives. In this section, we review
the management strategies previously proposed in studies of nature reserves in
China and offer our suggestions based on the most recent publications.

6.5.1 The Management Strategies Proposed by Chinese
Government and Researchers

The Ministry of Environmental Protection of the People’s Republic of China pro-
vides little general advice for controlling alien invasive species. For example, it’s
suggested that relevant people or departments should investigate alien species
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regularly; draw up a plan for invasive species prevention and monitoring; replace
invasive species by local species when restoring the vegetation; and enhance public
education to increase awareness of alien species, etc. While the government is pay-
ing more attention and providing more funding to manage alien invasive species,
there are few specific policies, regulations, and implementation of the above sug-
gestions in specific reserves.

By reviewing studies of biological invasions in nature reserves in China, we
found that most authors proposed methods and strategies for invasive species man-
agement, and even discussed the potential effectiveness of each method. For exam-
ple, in studies of Tongguling, Dongzhaigang, Datian, Shiwandashan, Xingdoushan,
Fangchengjinhuacha and Dinghushan reserves, it has been suggested to build data-
bases of alien invasive species and to promote early warning and emergency
response systems (Qin et al. 2008; Wei et al. 2006; Lu et al. 2005; Wu and Li 2012;
Song et al. 2009). In addition, the authors encourage using manual, mechanical and
biological methods to control invasive plants. Manual removal is time-consuming
but can be a highly effective method for controlling invasive plants. One of the
negative effects is that pulling plants from the ground may cause unintended soil
disturbance, and subsequently result in further invasions. Although mechanical
removal was always suggested, this method may not be appropriate in natural areas
because of the serious disturbance to soils and non-target vegetation caused by
heavy equipment. If it’s essential to use heavy equipment to remove invasive spe-
cies, then plans for replanting and monitoring native plants following mechanical
removal should be carefully developed prior to mechanical removal. There was no
successful case of biological control reported so far, even though it’s appealing and
may be implemented in the future.

Chemical control of invasive plants was suggested by several authors. For exam-
ple, herbicides were thought to be effective for the control of invasive plants, as
reported in studies of the Dashahe (Lin et al. 2008), Huacha (Wu et al. 2009) and
Tianmushan reserves (Chen et al. 2011). While herbicides or pesticides were sup-
posed to be effective, we have not seen relevant laws or regulations that control the
training and certification of those who apply these chemicals. Anyone who applies
herbicides in natural areas should have basic training in herbicide application tech-
nology and be able to comply with all the instructions and directions for use.

Some researchers suggested that the government should enhance public educa-
tion (Lu et al. 2005; Qin et al. 2008; Wu and Li 2012). The importation and spread
of invasive plants can be significantly reduced by public education. People who are
aware of the problems caused by invasive species have the responsibility to educate
others about their identity, impacts, and control so as to reduce further ecological
destruction or degradation of native ecosystems.

Another method suggested by Chinese researchers is to explore the use of inva-
sive species as natural resources (Liu et al. 2008; Chen et al. 2011). It has been
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proposed, for example, that some invasive plants may potentially be used as Chinese
medicine (Chen et al. 2011).

6.5.2 Suggestions: Consider Global Changes and Disturbance

Global changes and biological invasions are primary threats to global biodiversity
that may interact in the future (Dukes and Mooney 1999). For example, a meta-
analysis revealed that in terrestrial (primarily plant) systems, native and non-native
species responded similarly to environmental changes, but in aquatic (primarily ani-
mal) systems, increases in temperature and CO, largely inhibited native species
(Sorte et al. 2013). As climate change proceeds, aquatic systems may be particularly
vulnerable to invasions. Across systems, there could be a higher risk of invasions at
sites that become more climatically hospitable, whereas sites shifting towards
harsher conditions may become more resistant to invasions (Sorte et al. 2013).
Therefore, climate change and its impacts on native vs. alien species should be
taken into account when assessing the risk of alien species and drawing up strategies
for their management.

In addition, conservation efforts must include explicit consideration of distur-
bance to preserve biodiversity and ecosystem function. While moderate frequency
or intensity of disturbance fosters high species richness, major disturbances in plant
communities can promote alien species invasions. For example, input of atmo-
spheric nitrogen was apparently to blame for the increasing dominance of grass
species and the loss of many forbs, regardless of management (mowing, grazing and
burning) in grassland communities (Lake and Leishman 2004; Bai et al. 2010).

6.6 Take Advantage of Ecology Theories

6.6.1 Allee Effect

The Allee effect refers to a positive relationship between individual fitness and popu-
lation size or density. The concept of Allee effects can be integral to risk assessments
and to the prioritization of resources allocated to manage alien species, as some spe-
cies with strong Allee effects may be less successful as invaders. While conservation
biologists or restoration ecologists may attempt to minimize Allee effects (by maxi-
mizing genetic variation) in native species so that their local extinction is less likely,
invasion biologists should consider the Allee effect as a factor that can be used to
inhibit the establishment success or the spread of an invading species (Tobin et al.
2011). To reduce population size or density below an Allee threshold could be an
effective strategy to control invasive species. The reduction of population size or
density could simply be induced by the application of herbicide or pesticides or by
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manual removal. In this way, invasive species with strong Allee effects might be
effectively controlled. Other methods could also be chosen to give rise to an Allee
effect in invasive species. For example, the disruption of mating can prevent popula-
tion growth, potentially contributing to population extinction. The release of natural
enemies can also lead to widespread population reduction or extinction of an alien
species, thereby causing a dramatic population collapse and range retraction of inva-
sive species (Elkinton et al. 2004). Moreover, habitat loss or fragmentation could
decrease population size and be exploited to slow down the rates of range extension
and population spread, and even promote species eradication (Tobin et al. 2011). For
example, propagules that arrive ahead of the expanding front could be strategically
fragmented through control tactics or selectively targeted based on their density and
spatial extent so that only fragmented colonies remain (Tobin et al. 2011).

6.6.2 Corridors

Habitat corridors that increase species dispersal and richness for many native taxa
may have unintended negative effects, potentially increasing the spread of invasive
species. In addition, corridors may increase the spread of unwanted disturbances
such as fire. Haddad et al. (2014), however, conducted a literature review and meta-
analysis to evaluate the prevalence of each of these negative effects, and found no
evidence that corridors increase disturbance or non-native species invasions.
Another study focused on river corridors, which provide crucial links to the sur-
rounding landscape but are also major conduits for invasion of alien species
(Foxcroft et al. 2007). Foxcroft et al. (2007) developed a framework to assess the
risk that alien plants in watersheds adjacent to a protected area would invade the
protected area along rivers; this framework was then applied to Kruger National
Park (KNP) in South Africa. They reported that KNP was facing increasing pressure
from alien species in the upper regions of the drainages of neighboring watersheds
(Foxcroft et al. 2007). Their framework might be applicable to plants and other pas-
sively dispersed species that invade protected areas located in the lower regions of
drainage basins. The inconsistency among results calls for more studies to seek
evidence of corridor-mediated effects on invasive species or disturbance, and to
provide theoretical support for invasive species management.

6.6.3 Invasibility

The success of a given species’ invasions into a reserve depends on the invasibility
of the focal plant community and on the invasiveness of the alien species. Invasibility
can be defined as “the susceptibility of biological communities to colonization and
dominance by introduced organisms” (Lonsdale 1999; Fridley 2011), and can be
strongly influenced by community features such as species composition, diversity,
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and biomass. The degree of invasion in any given community is the outcome of
previous interactions between its invasibility and the invasiveness of its alien spe-
cies (e.g., propagule or invader attributes or traits), and depends on the proximity to
exotic species sources such as ports and large cities, on disturbance, and on the time
since invasions (Guo et al. 2015). To quantify the invasibility and degree of invasion
in a given reserve based on unified indices of invasibility and degree of invasion can
be used to uncover basic ecological patterns across systems, and to inform land
management and ecological restoration (Guo et al. 2015). In future studies, reserve
managers or conservation biologists need to measure community features (e.g., spe-
cies richness, biomass, and area), the degree of invasion, and the invasiveness of
alien invasive species in order to evaluate the potential for continued invasions and
to generate effective management strategies.

6.7 Other Issues

6.7.1 Encouragement to Establish Non-profit Organizations
Jor the Control of Invasive Species

The Florida Exotic Pest Plant Council (FLEPPC) is a nonprofit professional organi-
zation founded in 1984 to increase public awareness of the significant threat that
alien invasive plant species pose to native species, communities, and ecosystems,
and to develop integrated management and control strategies to halt the spread of
exotic species in natural areas. FLEPPC maintains a list of plant species considered
by a committee of botanists, ecologists, and land managers to be invasive in Florida.
This list is available on the FLEPPC website (http://www.fleppc.org). Similar orga-
nizations or councils should be initiated in each province in China, and then inte-
grated into a nationwide network that provides accessible databases of invasive
species; such a resource would facilitate studies of invasion mechanisms and inva-
sive species distributions across different spatial scales.

6.7.2 Policy-Making

Policy-making by government or managers should involve scientists (local scien-
tists in particular) from different research disciplines. Local scientists often know
most about their region’s reserves and invasive species, and scientists with different
backgrounds may identify different problems and propose alternative and comple-
mentary (or synergistic) solutions. In addition, specific reserves should develop cus-
tomized strategies for controlling alien species invasion based on their specific
attributes.
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6.8 Conclusion and Perspectives

Nature reserves represent suitable laboratories for studying the factors that serve as
barriers to rapid invasions. By searching the available peer-reviewed literature, we
found only 37 studies that focused on biological invasions in 24 nature reserves in
China. In particular, there was shortage of studies that identify mechanisms or pat-
terns of biological invasions. In the present study, we found that the age of nature
reserves, latitude, and the number of plant species influence the number of invasive
species or the index of invasion in nature reserves. The positive relationship between
the number of invasive species and total number of plant species found in the pres-
ent study (Fig. 6.6e) provides indirect support for the hypothesis that richer plant
communities contain greater habitat diversity. Moreover, coastal and island reserves
should receive greater attention and protection against further invasions due to their
relatively high indices of invasion.

Although China’s government is paying more attention and providing more
funding to manage alien invasive species, the Ministry of Environmental
Protection of the People’s Republic of China provides little guidance for the con-
trol of alien invasive species, and there is a lack of specific policies, regulations,
and implementation of management strategies or methods in China’s nature
reserves.

We suggest that both global change and disturbance (e.g., N deposition) should
be taken into account when assessing the risk of alien species and developing
management strategies. Meanwhile, ecological concepts such as the Allee effect
may be important and potentially applied to controlling alien species in nature
reserves.

In this chapter, we first conducted a brief survey of studies regarding biological
invasions and nature reserves in China. Many nature reserves that have not been
studied yet are likely to have been invaded. More investigations and studies should
be conducted in other nature reserves, so as to avoid large losses of ecosystem func-
tion and economically important resources from biological invasions that have not
yet been reported. To assess the risk of alien invasive species and find viable meth-
ods to manage invaded vegetation is important and urgent for the sustainability of
China’s wild species.
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Chapter 7
Roles of Chinese Government on Prevention
and Management of Invasive Alien Species

Rui Wang, Fanghao Wan, and Bo Li

Abstract The invasion and expansion of alien species in China is rising sharply in
recent decades, due to increased transport, trade, and travel. China has become one
of the countries most seriously affected by invasive species. In response to the
severe threat of invasive alien species in China, the national strategies for managing
invasive species have been developed, which defined the roles and responsibilities
of government. In the past decades, Chinese government has initiated a series of
activities to build administrative capacity, strengthen research capacity, promote
international cooperation and raise public awareness. In addition, Chinese govern-
ment promoted the implementation of coordinated measures and cooperative efforts
throughout China and development of new prevention and control technology to
prevent or minimize adverse impacts of invasive alien species (IAS) on biodiversity,
as well as their consequences for the economy and human health and well-beings.
But to meet the challenge of IAS in the new era, continued support of both existing
and new initiatives should be reinforced or established.
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7.1 Introduction

The introduction of species beyond their natural range is rising sharply due to the
unprecedented rate and magnitude of globalization. Increased international trade,
transport and travel have enormously promoted the biological invasions in China,
which now has become one of the countries most seriously affected by invasive spe-
cies (Wan et al. 2002; Lin et al. 2007; Ding et al. 2008). In China, invasive alien
species cost the forestry and agriculture industries billions of dollars annually in
increased costs of production, harvest losses and losses to international markets,
threatening the sustainable development of Chinese forestry and agriculture (Xu
et al. 2006; Wan et al. 2009). For example, the outbreak of tobacco whitefly (Bemisia
tabaci Genndius) has caused fetal losses to vegetable production (Hu et al. 2011).
Moreover, invasive alien species have severe and often irreversible impacts on
native ecosystems, severely threatening China’s biodiversity and genetic resources
(Wan et al. 2002, 2005, 2008). For example, Crofton weed (Argentina adenophora),
an invasive alien weed has formed mono-dominant colonies in the invaded area by
its strong reproductive capacity and rapid dispersal as well as its competition and
allelopathy effects to repel surrounding native plants (Yang et al. 2006). The weed
spreads rapidly in large areas of southwestern China, excluding a large number of
native plants and simplifying flora composition as well as corresponding fauna (Niu
et al. 2007; Wan et al. 2009). Additionally, some invasive species are affecting pub-
lic health. For example, important fire ant is ferocious, and it often builds its nest
near the residential area and attacks the people interfering with nest (Lu et al. 2008;
Ju et al. 2012). As international trade, travel and other factors are increasing the
frequency of new species introductions to China, the threats posed by invasive alien
species would much severer in the future.

As a response to biological invasion, China has developed the national strategies
for managing invasive species. In the strategies, the roles and responsibilities of
government in were clearly defined, and the government has initiated a series of
activities.

7.2 National Management Strategies for IAS

The IAS problem is not only induced by IAS themselves, but also related to human
activities and ecosystems (Wan et al. 201 1a, b). Thus, biological invasions are not
only a scientific topic to be addressed by academia, but also a management issue
that government and the public has to face, both at regional and international levels.
Accordingly, the China national management strategies of IAS focus on three
aspects: building administrative capacity, strengthening research capacity, promot-
ing international cooperation and raising public awareness.

Managing biological invasion is a systematic project which requires collaborat-
ing of different administrative sectors. Therefore, the development of administrative
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capacity mainly focuses on the establishment of policy and legislation to clarify
leadership and coordination roles between different levels of governments and
define their duties and responsibilities for managing IAS, including establishing
early detection and warning systems, initiating rapid responses, building informa-
tion sharing platforms, and designing national plans and priority actions to prevent
new invasions, etc.

The strengthening of research capacity mainly focused on, by providing suffi-
cient financial support, conducting in-deep fundamental and applied research (Wan
etal. 2009). Different emphases should be put for fundamental and applied research.
The fundamental research is mainly to explore key scientific issues of invasion pro-
cess, including invisibility of alien species, introduction mechanism, IAS popula-
tion establishment and eco-adaption evolution, IAS competitive, exclusion
mechanisms and displacement effect on native species, invasion impacts on struc-
ture and function of ecosystem. While applied research mainly focuses on develop-
ing prevention and control technologies, including risk assessment and early
warning techniques for potential IAS, real-time inspection techniques and rapid and
precise detection system for invaded and potential invasive species, field monitor-
ing, emergency and eradication of worst IAS, biological control and ecological res-
toration of worst IAS in specific ecosystem.

As invasive alien species are an international problem, international cooperation
and extensive information exchange should be established by making national
cooperation plan for joint issues with common interests. Similarly, within the coun-
try, public education should also be promoted via various media, plans for public
campaign to support management of biological invasions as raising public aware-
ness is key to changing public perceptions and values and creating support for pro-
grams directed at controlling or preventing invasive alien species.

7.3 National Activities on Biological Invasions in China

In accordance with the national strategies as described above for managing IAS,
Chinese government has initiated a series of activities to realize the objectives.

7.3.1 Activities for Developing Administrative Capacity

Clear leadership or appropriate coordination is now in place in China for IAS pre-
vention and mitigation, which involve relevant sectors and different levels of gov-
ernment. Since 2003, Chinese government implemented series of activities for
managing biological invasions. Firstly, central government (State Council) assigned
Ministry of Agriculture (MOA) to be in charge of the leadership and coordination
among different ministries and departments of Central and Local governments in
2003. MOA'’s role and responsibility include: establishing a coordinating platform
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Table 7.1 Partial information on eradication activities carried out in China in the past 15 years

Year Target species number Number of provinces Number of counties
2003 3 3 15

2005 5 10 100

2015 20 21 >1000

for dealing IAS problem among different ministries and departments, coordinating
the IAS actions of different departments, making national strategies and plans for
prevention and management of IAS, and developing international cooperation.

To fulfill its duty and responsibility, MOA has established three new organiza-
tions to meet the requirements of the administrative, research and monitoring of
IAS. MOA firstly established Office for Alien Species Management in 2003 for
coordinating and dealing with IAS problems among different governmental minis-
tries and departments. In the same year, Center for Management of Invasive Alien
Species (CMIAS) was established to advance IAS research on basic and applied
sciences and technologies. In 2012, MOA established Rural Energy & Environment
Agency to improve its ability in warning and monitoring of IAS.

In addition to establishment of new organizations, MOA has also carried out
several other activities. They are: (i) drafted a 10-year work plan to identify specific
initiatives with other governmental ministries, (ii) conducted an evaluation on the
current legal and regulatory authorities relevant to invasive species, (iii) worked on
IAS risk assessment criteria and procedure and screening 52 most important inva-
sive alien species for priority actions, and (iv) launched a nation-wide integrated
eradication and control activities on 15 IAS pests since 2003. In 2003, these activi-
ties focused on only three major invasive alien species in 15 counties of three prov-
inces. Until 2015, these activities had covered 20 major species in more than 1000
counties of 21 provinces (Table 7.1).

Additionally, several regulations, contingency plans and technical specifications
have been drafted by national department, province or local government in China.
Hunan province issued provincial regulation for management of IAS in 2011.
Ministry of Environmental Protection issued technical guideline for assessment on
environmental risk of alien species in 2012. Almost all the provinces and more than
100 counties released contingency plans for management of important IAS.

7.3.2 Activities for Developing Research Capacity

Research plays a critical role in the management of invasive alien species as it is the
way in which new information is obtained and communicated. Complying with
strategy framework for research capacity building, a series of research programs
were launched by different ministries including Ministry of Agriculture (MOA),
Ministry of Science and Technology (MOST), and National Natural Science



7 Roles of Chinese Government on Prevention and Management of Invasive Alien... 153

600 71 20.00

I Cumulative Number of Projects 1 18.00
500
=e— Fund(million USS) 16.00
200 14.00

12.00
300 10.00

8.00

Fund (million USS)

200 6.00

4.00

Cumulative number of projects

100
2.00

0.00
1999 2001 2003 2005 2007 2009 2011 2013 2015

Year

Fig. 7.1 Projects sponsored by NSFC from 1999 to 2015

Foundation of China (NSFC), etc. Generally, these programs can be classified into
two types, fundamental research and applied research.

Since twenty-first century, China has started to put more attention on fundamen-
tal research of IAS. Fundamental research projects are mainly funded by the MOST
and NSFC. Until 2015, MOST and NSFC have funded approximately US$ 30 mil-
lion for fundamental research projects. MOST has supported two successive proj-
ects under national basic research and development program (“973” program) in the
field of fundamental research on invasive mechanisms of IAS from 2003 to 2013.
Generally, these projects focus issues in invasion biology, including population
establishment and range expansion of IAS, ecological adaption and evolution of
IAS, and structure breakdown and function recession of invaded ecosystems.

Since 1999, NSFC have funded more than 500 projects with accumulative fund
exceeding 18 US$ million and both number of projects and funds have increased
steadily (https://isisn.nsfc.gov.cn/egrantindex/funcindex/prjsearch-list) (Fig. 7.1).
Compared to the national basic research and development program, NSFC funded
projects cover more scientific questions including risk assessment and early warn-
ing, detection and surveillance, genetic diversification and evolution, ecological
adaptation mechanisms, interactions between invasive species and native species,
the process of expansion and outbreak, resistance of ecosystems to biological inva-
sions, ecological and economic impacts of biological invasions, and the impacts of
human activities on biological invasions and control and management. And the sci-
entific questions covered by the NSFC funded projects has broadened gradually
since 1999 and 10 main scientific questions of invasion biology have been covered
after 2007 (Table 7.2).

In addition to fundamental research, a series of applied research programs have
been sponsored by different ministries (MOA, MOST, etc). Since 2006, seven proj-
ects were supported by Ministry of science and technology focusing on exploring
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Table 7.2 NSFC sponsoring range of general projects in Invasion Biology

Scientific questions

Year RA |[D/S |GV |EA [IBS |[PE |RE [EEI |HAI |[CM
1999 v v v v
2000 v Vv
2001 v vV v

2002 v v v
2003 v Vv v

2004 v VY v

2005 v VAR VA R VA VAR VA R4
2006 VOV VNV VWV VY
VY VYV VIV VWY
2008~ R A R A A N A N A Y

RA risk assessment, D/S detection/surveillance, GV genetic variation, EA ecological adaptation,
IBS interactions between species, PE population expansion, RE resistance of ecosystem, EEI eco-
logical and economic impacts, HAI human activity impacts, CM control & management

risk assessment and early warning techniques for potential IAS, developing real-
time inspection techniques and rapid and precise detection system for invaded and
potential invasive species, setting up bio-control of IAS in agriculture and forestry,
IAS survey and bio-safety evaluation system in China. Since 2007, MOA and
Ministry of environment protection funded more than 10 projects for development
of new control technology for major invasive species e.g. Crofton weed, coastal
plain yellow-tops, the western flower thrips, oriental fruit fly, tobacco whitefly, spi-
raling whitefly, etc.

7.3.3 International Cooperation and Public Awareness

According the national strategy, we carried out widely international cooperation.
Firstly, Chinese government cooperated and harmonized international agreements
related to IAS (such as CBD, IPPC, etc). Secondly regional strategies were devel-
oped for adjacent countries, bi-lateral & multi-lateral cooperation. For example by
sponsoring the APEC workshop on IAS, the APEC IAS Strategy Framework was
submitted to and endorsed by APEC senior officials and ministers.

A series of public awareness education activities were conducted through vari-
ous media, such as TV and training course. For example since 2003, Center for
Management of Invasive Alien Species (CMIAS) and Rural Energy & Environment
Agency have organized more than 20 training courses for administrative staffs, local
officials, technicians and the public to improve their technical skills and administra-
tive capacity on control and management of IAS and public’s understanding and
preventive awareness of IAS.
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7.4 Future Perspectives for Managing IAS in China

In the past decades, Chinese government has put great efforts on managing the IAS
in China and made great progresses in administrative and research capacity building
in managing IAS. Generally, achieved progress promoted the development and
implementation of coordinated measures and cooperative efforts throughout China
to prevent or minimize adverse impacts of invasive alien species (IAS) on biodiver-
sity, as well as their consequences for the economy and human health. But to meet
the challenge of IAS in the new era, the following should be reinforced or
established.

Firstly, new national legislation specific to management and control of invasive
alien species should be issued and existing regulations related to management and
control of alien species should be enforced. While current regulations in China pro-
vide a foundation for protecting plants and habitats from invasive alien species, a
complete legal analysis should be conducted to evaluate all existing legislative and
regulatory coverage relating to invasive alien species in China, identify weakness or
gaps, assess operational capabilities and recommend means by which a comprehen-
sive, integrated national/provincial legal framework can be established. Additionally,
the regulations and supervision systems should be standardized for isolation and
quarantine of introduced species. Implementing these measures should help change
the current incomplete supervision of introduced species. Strict inspection should
be conducted on various biological resources introduced intentionally.

Secondly, national guideline for research and management of biological inva-
sions should be developed to promote the practical implementations in relevant
national and provincial departments. According to the current conditions of admin-
istrative management and scientific research, the guideline should comprise the
medium and long-term development plans on prevention, risk evaluation, early
warning, fast detection, epidemic monitoring, and communication, effective control
technique, ecological restoration or repair of ecosystems, etc.

Thirdly, based on the current monitoring and early warning systems for agricul-
tural, forestry and marine ecosystems, centers for IAS monitoring and early warn-
ing should be established at national and regional levels to form a monitoring and
early warning network across the country. A reporting mechanism should be estab-
lished for IAS monitoring and early warning. A national rapid response system
between different departments as well as rapid response task force within each
department should be set up to make standard management plans for first discovery
of IAS to later dispose and to form an effectively coordinated operation mechanism
from the central and local governments. National emergency management plan for
IAS and general principles of emergency management procedures should be set as
well as corresponding provincial management system.

Additionally, dissemination of scientific knowledge and public education on bio-
logical invasions should be enhanced. A complete database system and information
sharing platform should be set up through integrating all the information of estab-
lished and potential IAS in China. A national technique training base should be
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established for prevention and control of biological invasions. Public awareness
education should be improved through various vectors such as lectures on internet,
TV and radios or training courses.

Finally, international cooperation and extensive information exchange should be
reinforced by making national cooperation plan for joint issues with common inter-
ests. The comprehensive cooperation should be conducted on risk warning and
management, classic biological control technology, ecological repair technology,
area-wide integrated management technology, control technology and strategy, etc.
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Chapter 8
The Whitefly Bemisia tabaci (Gennadius)

Xiaowei Wang and Nianwan Yang

Abstract The whitefly Bemisia tabaci (Gennadius) is a species complex contain-
ing at least 35 morphologically indistinguishable cryptic species. Some members of
the complex are pests of agricultural and horticultural crops in temperate and tropi-
cal regions. During the past 20 years, two species of the complex, Middle East-Asia
Minor 1 (hereafter MEAM1) and Mediterranean (hereafter MED), which have been
commonly referred to as the B and Q ‘biotypes’, have risen to international promi-
nence due to their global invasions. In the middle-1990s, the MEAMI species
invaded China most probably with the import of infested plants and seedlings and
has become a pest since the late 1990s. In 2003, the MED species of the B. tabaci
complex was first recorded in China and it is now the dominant species in the
Yangtze River Valley and eastern coastal areas. In this chapter, we first reviewed the
invasion histories of MEAMI1 and MED whiteflies in China and their negative
effects. Then, the research progresses on behavior, biotic, environmental and molec-
ular mechanisms of MEAMI1 and MED whitefly invasions and replacement of
native whitefly species were discussed. Finally, the strategies for whitefly manage-
ment in China were summarized. These research efforts have provided solid foun-
dation for future investigations on the molecular mechanisms of whitefly invasions
and are expected to open important avenues for the discovery of novel strategies for
whitefly management in China.
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8.1 Introduction

The whitefly Bemisia tabaci (Gennadius) is a phloem-feeding insect that lives pre-
dominantly in temperate and tropical regions (Byrne and Bellows 1991; Naranjo
et al. 2010). It is highly polyphagous and attack more than 600 plant species includ-
ing food, vegetable, fiber and ornamental host plants under field and greenhouse
conditions (Brown 1995). Bemisia tabaci is now recognized as a species complex
containing at least 35 cryptic species (Boykin and De Barro 2014; De Barro et al.
2011; Liu et al. 2012; Xu et al. 2010a). Some members of the complex are consider-
able pests of ornamental, vegetable and cotton production, causing damages directly
through feeding and indirectly through the transmission of plant viruses (Fig. 8.1)
(Naranjo et al. 2010). During the past 20 years, two species of the complex, Middle
East-Asia Minor 1 (hereafter MEAM 1) and Mediterranean (hereafter MED), which
have been commonly referred to as B and Q whiteflies, have risen to international
prominence due to their global invasions (Dalton 2006; De Barro et al. 2011; Liu
et al. 2007). The invasive MEAMI has been considered as one of the world’s top
100 invasive species according to the International Union for the Conservation of
Nature and Natural Resources (IUCN) (http://www.issg.org) and are regulated spe-
cies in a number of countries, e.g., Australia, Africa, China, EU, and United States.
Similarly, the MED species has also begun to invade a large number of countries in
Africa, Asia, Europe and America from the Mediterranean region.

Fig. 8.1 Whiteflies cause damage directly through feeding and indirectly through the transmission
of begomoviruses
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Interestingly, despite MEAM1 and MED species of the B. tabaci complex are
highly invasive, other members of the complex apparently lack the capacity to
invade and establish in neighboring regions. It suggests that the invasive ability for
MEAMI and MED is actually uncommon. Therefore, unraveling the process and
mechanism of whitefly invasions may be crucial to advance studies on their biology
and introduce new methods to control them. In this review, we will outline the inva-
sion processes and mechanisms of MEAM1 and MED whiteflies in China and then
summarize the recent developments in the management of B. fabaci. These research
efforts have provided valuable information for future investigations on the molecu-
lar mechanisms of whitefly invasions and are expected to open important avenues
for the discovery of novel strategies for whitefly management.

8.2 The Invasion of B. tabaci in China

Although the invasions of B. tabaci have caused devastating consequences world-
wide, the invasion history and processes of MEAM1 and MED have been poorly
documented in most instances. The whitefly B. tabaci was first recorded in China in
1949. However, for several decades, this insect was not considered as a severe agri-
cultural pest. In the middle-1990s, the MEAMI species invaded China most prob-
ably with the import of infested plants and seedlings (Luo et al. 2002; Zhang 2000).
Subsequently B. tabaci has gradually become a severe agricultural pest and signifi-
cantly threatened the vegetable production in China since the late 1990s. The exotic
MEAMI1 whitefly species was found to be the dominant species in many agricul-
tural production regions in 1990s (Luo et al. 2002). For example, among the 23 B.
tabaci populations collected from 1999 to 2001 from 14 provinces, 17 populations
were MEAMI. Interestingly, MEAMI1 whiteflies mainly occur in regions near the
coast or with convenient transportation while only six populations are other species
distributed in the inland or mountainous regions (Qiu et al. 2003a). It was also found
that during the invasion of B. tabaci MEAM1, a number of native whitefly species
have been completely replaced in many regions, such as in Zhejiang Province,
China during 2004-2006 (Liu et al. 2007).

In 2003, one population collected from poinsettia in Yunnan Province was identi-
fied as B. tabaci MED based on the mitochondrial cytochrome oxidase subunit I
(mtCOI) gene (Chu et al. 2005). Later on, Chu et al. (2012) examined the whitefly
populations collected from ten provinces and found that MED was only occasion-
ally detected in Yunnan, Beijing and Henan and MEAMI1 was still the dominant
species in China. However, in the subsequent years, B. tabaci MED was detected in
many regions in China and has replaced the previously well-established MEAMI.
For instance, in 2001, among the 22 whitefly populations collected from 15 prov-
inces, MED were found in 19 populations (Teng et al. 2010) . Of the 14 samples
collected from 2008 to 2009, nine populations belonged to MED, three were
MEAMI, and two were a mixture of MED and MEAM1 (Wang et al. 2010b). Hu
et al. (2011) found that during June 2009 to March 2010 among the 16 provinces in
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south and east China, 12 provinces had MED. Pan et al. (2012) found that, for the
55 populations collected from 18 provinces, 43 populations were composed of
MED. These data demonstrate that though the exotic MEAMI1 was predominant
across China in the past, the MED is now the dominant species in the Yangtze River
and eastern coastal areas, and MEAMI is the predominant species only in the south
and south eastern coastal areas.

8.3 Invasion Mechanisms

The population dynamics of B. tabaci is governed entirely by four processes — birth,
death, immigration and emigration. Each of them is governed by a wide array of
interacting biotic and abiotic factors that determine whitefly occurrence and abun-
dance over time and space (Naranjo et al. 2010). During the last decade, a number
of factors that contribute to the invasion and spread of MEAM1 and MED in China
have been investigated, such as mating interactions (Liu et al. 2007), host plant
adaptation (Xu et al. 2015a), insecticide resistance (Pan et al. 2015), virus-vector-
host mutualism (Luan et al. 2013a) and the roles of endosymbionts (Bing et al.
2013; Himler et al. 2011). These studies suggest that the successful invasions of
MEAMI1 and MED in China is largely due to their intrinsic biological traits, such as
high insecticide resistance, wide host range and strong reproduction capacity. These
findings will help us to develop novel strategies to manage the invasion and spread
of MEAM1 and MED in China.

8.3.1 Asymmetric Mating Interactions

Reproductive interference is one of the major factors mediating species exclusion
among insects. Liu et al. (2007) found that asymmetric mating interactions between
different cryptic species of B. tabaci species complex was a driving force contribut-
ing to widespread invasions of the MEAMI1 species in China and Australia. The
authors conducted long-term field surveys, caged population experiments, and
detailed behavioral observations in Zhejiang, China, and Queensland, Australia, to
investigate the invasion process and its underlying behavioral mechanisms. During
invasion and displacement, they found that the increased frequency of copulation
led to increased production of female progeny among invaders, as well as reduced
copulation and female production in indigenous genetic groups. Such asymmetric
mating interactions may be critical to determining the capacity of a haplodiploid
invader and the consequences for its closely related indigenous organisms.

The cryptic species MEAM1 and MED of B. tabaci complex have invaded many
parts of the world and often exhibit niche overlap and reproductive interference.
However, contrasting patterns of competitive displacement between the two invad-
ers have been observed. Sun et al. (2014) investigated the role of reproductive
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interference on species exclusion between MEAM1 and MED in China. In mixed
cohorts of the two species, MEAMI always excluded MED in a few generations
when the initial proportion of MEAMI1 was >0.25. Importantly, as MEAM1
increased in relative abundance, MED populations became increasingly male-
biased. All these results suggest that MEAMI1 should have a stronger reproductive
interference than MED, leading to reduced frequency of copulation and female
progeny in MED. These findings not only reveal the importance of reproductive
interference in the competitive interactions between the two invasive whiteflies, but
also provide a valuable framework against which the effects of other factors mediat-
ing species exclusion can be explored (Sun et al. 2014).

8.3.2 Host Plant Adaptation

The capacity of the MEAM1 and MED species of B. tabaci species complex to
invade has often been linked to their presumed wider host range than the indigenous
competitors. To determine whether the invasive MEAMI species and the indige-
nous Asia IT 1 whitefly species, commonly referred to as the ‘ZHJ2 biotype’, differ
in their ability to use different host plants, Xu et al. (2011) compared their develop-
ment, survival and reproduction on eight crop species/cultivars that are commonly
cultivated in Zhejiang, China. Of the eight host plants tested, MEAM1 performed
substantially better than ZHJ2 on squash, tomato and tobacco; MEAMI1 and ZHJ2
preformed equally well on cotton and sweet potato, while ZHJ2 performed better
than MEAMI1 on kidney bean and pepper. These results indicate that while MEAM 1
generally has a wider host range than many indigenous B. fabaci, an indigenous B.
tabaci can perform as well as or better on some host plants. This suggests that the
differential capacity to use various host plants between whitefly species is important
in mediating the process of invasions by an alien whitefly species. Sun et al. (2013a)
also examined the effects of host plants on the competitive interactions between the
two species in the laboratory. When cohorts with equal abundance of MEAM1 and
MED were set up on different host plants, MEAM1 displaced MED on cabbage and
tomato in five and seven generations, respectively, but MED displaced MEAM1 on
pepper in two generations.

Despite its importance, few studies have addressed the molecular mechanisms of
B. tabaci against major plant secondary defense compounds. Alon et al. (2012)
compared the gene expression between B. fabaci adults on wild-type Nicotiana
tabacum plants or transgenic plants constitutively activating the phenylpropanoid/
flavonoids biosynthetic pathway. Both the SSH and cDNA microarray analyses
indicated a complex interaction between B. tabaci and secondary defense metabo-
lites produced by the phenylpropanoids/flavonoids pathway, such as expression of
detoxification, immunity, oxidative stress and general stress related genes. However,
the elevated transcriptional activity was not accompanied by reduction of whitefly
reproductive performance, indicating high adaptability of B. fabaci to this large
group of plant secondary defense metabolites (Alon et al. 2012). The same research
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group also investigated the effects of aliphatic and indolic glucosinolates on the
expression of detoxification genes in MEAMI1 and MED whiteflies (Elbaz et al.
2012). The result suggests that the two species use rather different strategies to cope
with plant defense responses. While MEAMI1 utilizes inducible defenses, MED
invests significant resources in being always ‘ready’ for a challenge (Elbaz et al.
2012). Xu et al. (2015a) compared the performance of the invasive MEAM1 and the
indigenous Asia II 3 whitefly species following host plant transfer from a suitable
host (cotton) to an unsuitable host (tobacco) and analyzed their transcriptional
responses. Transcriptional analysis showed that the patterns of gene regulation were
very different with most of the genes up-regulated in MEAM1 but down-regulated
in Asia IT 3. Compared to the constitutive high expression of detoxification genes in
MEAMI, most of the detoxification genes were down-regulated in Asia II 3.
Enzymatic activities of P450, GST and esterase further verified that the detoxifica-
tion of MEAM1 was much higher than that of Asia II 3. These results reveal obvious
differences in response to host transfer in MEAMI and Asia II 3.

8.3.3 Roles of Vector-Virus—Plant Interactions in Biological
Invasions

Begomoviruses are a group of single stranded DNA viruses exclusively transmitted
by the whitefly B. fabaci in a persistent, circulative manner (Czosnek and Ghanim
2002). During this process, virions are acquired by the stylet of whitefly vectors
from the plant phloem, moving along the esophagus to the midgut, then crossing the
gut epithelial cells to the hemocoel, circulating with the hemolymph and reaching
the salivary glands, and finally were secreted with saliva (Gray et al. 2014). During
the circulation, viruses have engaged host factors or unique strategies for replica-
tion, movement, transmission and pathogenesis (Wei et al. 2014). Meanwhile, the
insect vectors have evolved immunologic surveillance system against viral inva-
sions (Luan et al. 2011; Wang et al. 2016). Interactions among vector insects, plant
viruses and host plants are complex and diverse. These interactions may affect the
process of biological invasions and the displacement of indigenous species by
invaders when the invasive and indigenous organisms occur with niche overlap. Jiu
et al. (2007) compared the performance of the invasive MEAM1 and indigenous
Asia IT 3 whiteflies on healthy, TbCSV-infected and TYLCCN V-infected tobacco
plants. Compared to its performance on healthy plants, the invasive MEAMI1
increased its fecundity and longevity significantly when feeding on virus-infected
plants. In contrast, the indigenous Asia II 3 species performed similarly on healthy
and virus-infected plants. The indirect mutualism between the MEAM1 whitefly
and these viruses via their host plants, and the apparent lack of such mutualism for
the indigenous whitefly, may contribute to the ability of the MEAMI1 whitefly to
invade and displace indigenous whiteflies. Interestingly, transcriptional analyses of
MEAMI1 whiteflies feeding on TYLCCN V-infected and uninfected tobacco plants
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indicated that the genes involved in the oxidative phosphorylation pathway and
detoxification enzyme were down-regulated in whiteflies feeding on virus-infected
plants (Luan et al. 2013a). The reduced detoxification activity is likely to attenuate
energy costs, thus, enhancing the performance of whiteflies on virus-infected plants
(Luan et al. 2013a).

Zhang et al. (2012) found that TYLCCNV and betasatellite coinfection sup-
presses jasmonic acid defences in the plant. Impairing or enhancing defences medi-
ated by jasmonic acid in the plant enhances or depresses the performance of the
whitefly. The result indicate that TYLCCNYV can benefit its whitefly vector indi-
rectly, through suppression of jasmonic acid-mediated plant defense (Zhang et al.
2012). To reveal why begomovirus infection can benefit its whitefly vector, Luan
et al. (2013b) used a next-generation sequencing technology to identify defense
genes differentially regulated in whitefly-infested and/or virus-infected tobacco.
The authors found that many of terpenoid synthesis genes were up-regulated in
whitefly-infested plants. In contrast, in TYLCCN V-infected leaves, most terpenoid
genes were unchanged and five genes were declined. Interestingly, in co-infested
plants, most terpenoid genes were unchanged and only three terpenoid genes were
up-regulated. This study demonstrates that virus infection can deplete the terpenoid-
mediated plant defense against whiteflies, thereby favoring vector—virus mutualism
(Luan et al. 2013b). Furthermore, Li et al. (2014b) found that BC1 of TYLCCNV
can suppress plant terpene biosynthesis. fC1 directly interacts with the basic helix-
loop-helix transcription factor MYC2 to compromise the activation of MYC2-
regulated terpene synthase genes, thereby reducing whitefly resistance.

Shi et al. (2013) showed that TYLCV directly and indirectly modified the feed-
ing behavior of B. tabaci in favor of MED rather than MEAM1. They further quanti-
fied the salicylic acid (SA) titers and relative gene expression of SA in tomato leaves
that were infested with viruliferous or non-viruliferous MEAMI1 and MED. The
authors found that SA titer was always higher in leaves that were infested with viru-
liferous MEAM1 than with viruliferous MED, whereas the SA titer did not differ
between leaves infested with non-viruliferous MEAM1 and MED. Their results also
indicate MED may have a mutualistic relationship with TYLCV that results in the
reduction of the plant’s defense response (Shi et al. 2013). Interestingly, He et al.
(2015) found that when feeding on either cotton, a non-host of TYLCCNY, or unin-
fected tobacco, a host of TYLCCNYV, virus-infection of the whiteflies impeded their
feeding. Interestingly, when viruliferous whiteflies fed on virus-infected tobacco,
their feeding activities were no longer negatively affected; instead, the virus pro-
moted whitefly behaviour related to rapid and effective sap ingestion.

8.3.4 Roles of Endosymbionts in B. tabaci Invasions

The life history traits of multicellular organisms are often influenced by interactions
with symbiotic species. The whitefly B. tabaci harbors a primary symbiont
“Candidatus Portiera aleyrodidarum”, which compensates for the deficient
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nutritional composition of its food sources and a variety of secondary symbionts.
Interestingly, all of these secondary symbionts are found in co-localization with the
primary symbiont within the same bacteriocytes, which should favor the evolution
of strong interactions between symbionts. Recent study showed that Rickettsia sp.
nr. bellii swept into a population of the invasive MEAMI in just 6 years. Compared
with uninfected whiteflies, Rickettsia-infected whiteflies produced more offspring,
had higher survival to adulthood, developed faster, and produced a higher propor-
tion of females (Himler et al. 2011). The Rickettsia thus functions as both mutualist
and reproductive manipulator. The observed increased performance and sex-ratio
bias of infected whiteflies are sufficient to explain the spread of Rickettsia across
the southwestern United States.

Bing et al. (2013) tested five of the six S-endosymbiont lineages (excluding
Fritschea) from 340 whitely individuals representing six putative species from
China. Hamiltonella was detected only in the two exotic invaders, MEAM1 and
MED. Rickettsia was absent in Asia II 1 and MED, scarce in Asia II 3 (13%), but
abundant in Asia II 7 (63.2%), China 1 (84.7%) and MEAM1 (100%). Wolbachia,
Cardinium and Arsenophonus were absent in the invasive MEAM1 and MED but
mostly abundant in the native putative species. Furthermore, phylogenetic analyses
revealed that some S-endosymbionts have several clades and different B. tabaci
putative species can harbor different clades of a given S-endosymbiont, demonstrat-
ing further the complexity of S-endosymbionts in B. tabaci. These results demon-
strate the variation and diversity of S-endosymbionts in different putative species of
B. tabaci, especially between invasive and native whiteflies.

Owing to the importance of endosymbionts in whitefly biology, a number of
studies have been carried out to reveal the function of whitefly endosymbionts. In
order to gain insight into the metabolic role of each symbiont, Rao et al. (2015)
analyzed the genome sequences of the primary symbiont Portiera and of the sec-
ondary symbiont Hamiltonella in MED. Sequencing results shows that the genome
of Portiera is highly reduced (357 kb). It has kept a number of genes encoding most
essential amino-acids and carotenoids, but lacks almost all the genes involved in the
synthesis of vitamins and cofactors. Interestingly, Hamiltonella can not only pro-
vide vitamins and cofactors, but also complete the missing steps of some of the
pathways of Portiera. The data suggests that Portiera and Hamiltonella are not only
complementary but could also be mutually dependent to provide a full complement
of nutrients to their hosts. On the other hand, genome analysis revealed that another
secondary symbiont Rickettsia was unable to synthesize amino acids required for
complementing the whitefly nutrition (Zhu et al. 2016). Parallel genomic and tran-
scriptomic analysis further revealed that the host genome contributes multiple meta-
bolic reactions that complement or duplicate Portiera function, and that Hamiltonella
may contribute multiple cofactors and one essential amino acid, lysine. These
results shows that bacteria with genomic decay enable host acquisition of complex
metabolic pathways by multiple independent horizontal gene transfers from exog-
enous bacteria (Luan et al. 2015).
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8.3.5 Roles of Pesticides Application in B. tabaci Invasions

At present, more than 50 insecticides have been employed to control the growth of
B. tabaci populations and viral transmission (Horowitz et al. 2011). However, due
to the rapidly rising resistance to insecticides, utilizing chemical agents to control B.
tabaci is facing ever-increasing difficulties (Dennehy et al. 2010; Wang et al. 2009).
During the last 20 years, a number of studies have been carried out to reveal the
molecular mechanisms of whitefly resistance to insecticides. Pyriproxyfen is one of
the major insecticides used to control the whitefly, however, whitefly resistance to
pyriproxyfen has been observed in many regions (Crowder et al. 2007). To investi-
gate the molecular basis underlying this resistance, a cDNA microarray was used to
monitor changes in gene expression in a resistant B. tabaci population (Ghanim and
Kontsedalov 2007). Functional analysis showed that many of the up-regulated ESTs
were associated with resistance and xenobiotic detoxification, protein, lipid and car-
bohydrate metabolism and JH-associated processes (Ghanim and Kontsedalov
2007). Yang et al. (2013b) analyzed the differences between resistant and suscepti-
ble stains at both transcriptional and translational levels. Among the 1338 differen-
tially expressed genes, 118 were putatively linked to insecticide resistance. The
same research group also compared gene expression in the egg, nymph and adult
stages of a thiamethoxam-resistant strain with a susceptible strain using a custom
whitefly microarray (Yang et al. 2013a). Gene ontology and bioinformatic analyses
revealed that at all life stages many of the DEGs encoded enzymes were involved in
metabolic processes and/or metabolism of xenobiotics. In addition, several ATP-
binding cassette transporters were highly over-expressed at the adult stage of the
TH-R strain and may play a role in resistance by active efflux (Yang et al. 2013a).
The wide application of insecticides in China may be the key factor driving the
rapid displacement of MEAM1 by MED. Under laboratory conditions, the MEAM 1
can displace MED without the selection of insecticides (Wu et al. 2010). However,
field surveys in China after 2003 indicate that in many regions MED has been
replacing the earlier invader MEAMI. Sun et al. (2013a) conducted laboratory
experiments and field sampling to examine the effects of insecticide application on
the competitive interactions between MEAM1 and MED. In the laboratory, MEAM 1
displaced MED in five generations on cotton when initial populations of the two
species were equal and no insecticide was applied. In contrast, MED displaced
MEAMI in seven and two generations, respectively, when imidacloprid was applied.
Field sampling indicated that in a single season MED displaced MEAMI1 on crops
heavily sprayed with neonicotinoid insecticides but the relative abundance of the
two species changed little on crops without insecticide spray. As field populations
of MED have lower susceptibility than those of MEAMI to commonly used insec-
ticides, insecticide application seems to have played a major role in shifting the
species competitive interaction in favor of MED in the field. Later on, Pan et al.
(2015) confirmed that the rapid replacement of the MEAM1 by MED throughout
China is because MED is more tolerant of insecticides. The field monitoring also
revealed that the insecticide resistance of MED generally is higher than MEAM1.
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For instance, Luo et al. (2010) found that MEAM1 remained largely susceptible to
acetamiprid, imidacloprid, and thiamethoxam, whereas MED expressed 20-170
folds resistance to these insecticides. These studies strongly support the hypothesis
that insecticide use reverses the MEAM1-MED competition in China and allows
MED to displace MEAMI in different regions.

8.3.6 Adaptation of B. tabaci to Heat Stress

In nature, whiteflies are continuously exposed to abiotic stresses. The great adapt-
ability of MEAMI1 to harsh temperature conditions plays a major role in its rapid
invasions and spread. Results of the comparative studies demonstrated that MEAM 1
whiteflies possess greater tolerance to harsh temperatures than the greenhouse
whitefly 7. vaporariorum and some of the native whitefly species (Cui et al. 2008;
Gao et al. 2015). The MEAMI1 adults showed greater ability to adapt to higher tem-
perature than 7. vaporariorum under laboratory conditions. The thermal thresholds
for survival of MEAMI and T. vaporariorum were 45 °C and 43 °C, respectively.
Fecundity of the MEAMI1 was not significantly affected after 1 h heat shock,
whereas that of 7. vaporariorum was decreased (Cui et al. 2008). Mahadav et al.
(2009) compared the expression patterns of MEAM1 and MED under 25 °C and
40 °C heat stress using microarray. The authors found that compared to the treat-
ment of MED, exposure of MEAM1 to heat stress was accompanied by rapid altera-
tion of gene expression. These differences might be due to better adaptation of one
species over another and might eventually lead to change of MEAM1 and MED
distribution (Mahadav et al. 2009). To reveal why females are more heat resistant
than males, Lu and Wan (2008) identified the DEGs in male and female whiteflies,
respectively. The authors found that difference of heat-resistance under heat-shock
condition was associated with DEGs between B. tabaci sexes.

8.3.7 Genetic Base of B. tabaci Invasions

The recent advancement in genomic technologies offers great opportunities for a
better understanding of the complex mechanisms underlying whitefly invasions
(Edwards and Papanicolaou 2012). With the development of high performance
sequencing technology, transcript profiling techniques allow the simultaneous
examination of thousands of genes, and can be utilized to study changes in gene
expression (Gibbons et al. 2009). In 2010, a new short read sequencing technology
(Illumina) was employed to analyze the transcriptome of the MED. A total of
168,900 distinct sequences were assembled. Based on similarity search with known
proteins, 27,290 sequences with a cut-off E-value of 107> were identified (Wang
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et al. 2010a). In 2011, Wang et al. (2011) re-sequenced the transcriptome of the
invasive MEAM1 whitefly using Illumina and compared it with the MED transcrip-
tome. The comparison revealed that the level of sequence divergence in coding
region was 0.83%, strongly supporting to the previous proposition that MEAMI1
and MED whiteflies are two species. This study further showed that 24 genes, which
have evolved in response to positive selection, were involved in metabolism and
insecticide resistance. These genes might contribute to the divergence of the two
whitefly species (Wang et al. 2011). To reveal the possible mechanism of whitefly
invasions, 52,535 transcriptome sequences were identified from the native Asia II 3
species (Wang et al. 2012). Comparison of the sequence divergence between the
transcriptomes of Asia II 3 and the invasive species MEAMI1 and MED indicated
that the overall divergence of coding sequences between the orthologous gene pairs
of Asia II 3 and MEAMI1, and that between Asia II 3 and MED, was 1.73 and
1.84%, respectively, much higher than that between MEAM1 and MED (0.83%).
The data also demonstrated that the most divergent gene classes between the native
and invasive species were related to cytochrome P450, glutathione metabolism and
oxidative phosphorylation, which seemed relevant to the invasion, displacement and
speciation of the species in the B. tabaci complex (Wang et al. 2012).

Wang et al. (2013) further examined the transcriptional difference between the
two invasive whitefly species, MEAM1 and MED, and one indigenous whitefly spe-
cies Asia II 3. The results showed that 2422 genes between MEAM1 and MED;
3073 genes between MEAMI and Asia II 3; and 3644 genes between MED and
Asia II 3 were differentially expressed. Carbohydrate, amino acid and glycerolipid
metabolisms were more active in MEAM1 and MED than in Asia II 3. Furthermore,
the majority of genes involved in basic metabolism and detoxification were
expressed at a higher level in MEAM1 and MED than in Asia II 3, which might be
responsible for their higher resistance to insecticides and environmental stresses
(Wang et al. 2013). Sequencing and comparison of the gut transcriptomes of
MEAMI1 and MED revealed that many genes related to detoxification were
expressed at an elevated level in the gut of MED compared to MEAMI, which
might be responsible for the MED’s higher resistance to insecticides and environ-
mental stresses (Ye et al. 2014). Xu et al. (2015a) compared the transcriptional
responses of MEAMI and Asia II 3 whitefly species following host plant transfer
from a suitable host (cotton) to an unsuitable host (tobacco). Transcriptional analy-
sis showed that compared to the constitutive high expression of detoxification genes
in MEAM1, most of the detoxification genes were down-regulated in Asia II 3.
Enzymatic activities of P450, GST and esterase further verified that the detoxifica-
tion of MEAM1 was much higher than that of Asia II 3. These results reveal obvious
differences in responses of MEAM1 and Asia II 3 to host transfer.
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8.4 Management of B. tabaci

8.4.1 Monitoring and Treatment Decisions

By collecting information of several factors (e.g., longitude, latitude, altitude, aver-
age annual rainfall, average annual temperature and its range, average temperature
in January and July, annual highest and lowest temperature) at whitefly occurred
spots in China and analyzing with Maxent prediction model, Ren et al. (2011)
reported that South and East China, as well as the southern part of North China were
suitable for B. tabaci distribution. Using life table data of B. tabaci and 10 years’
climate information in different regions in China, Ren et al. (2011) warned that B.
tabaci may have 11-15 generations in Guangdong, Guangxi and Hainan provinces,
7-15 generations in Shandong, Henan and Chongqing areas, and one generation in
Tibet and Qinhai provinces. Based on this result, a monitoring and early warning
platform has been established (http://www.ipm.ioz.ac.cn/them_gefeng/fenshi/
index.as).

The use of yellow sticky cards (24 cm x 20 cm) is an important method of moni-
toring whitefly populations in the wild. Five yellow sticky cards were put in every
667 m? field using 5-points or “Z”-shaped methods, and replaced with new ones
every 10 days. The upper edge of the card was kept at an equal level to or slightly
above the plants. If the number of adult whitefly captured on the cards reached
0.25-0.5 adult/cm?, biological control measures should be taken; while it reached
3—4 adult/cm?, chemical control measures should be taken to suppress the outbreak
of B. tabaci (Ren et al. 2014). Sampling via leaf-turn method was also adopted. For
Solanaceous and Cucurbitaceae plants, the third and fourth leaf from the top was
sampled; while for vegetables such as cabbage and Chinese kale, the young leaves
in plant heart part were sampled. If the number of adult whitefly reached 0.5-2
adult/leaf, biological control measures should be taken; while it reached 5—6 adult/
leaf, environmental friendly insecticides should be sprayed (Tian et al. 2015). Such
action threshold has been defined as the level of pest populations at which control
should be implemented to avoid significant damages to crops (Dik and Albajes
1999), while an “economic injury level” (EIL) requires more rigorous criteria
employing economic consideration. Related to market and environmental condi-
tions in China, an economic injury level of 18 adult B. tabaci per cucumber plant at
the four-leaf stage was determined (Shen et al. 2005); for greenhouse tomato, a level
of 13.6 adults per 100 leaves was established (Cao and Cao 2011); while for cab-
bage, an economic threshold of 6.0-6.8 adults per plant in the seedling stage and
2.1-3.8 adults per plant in the rosette stage were determined (Wang 2007).
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8.4.2 Cultural Control

Cultural control is to improve crop system to make the environment less favorable
to pest reproduction, dispersal, survival and damage, while more suitable to natural
enemies. Cultural control options for B. tabaci include the use of physical barriers
or other barriers to prevent the pest from reaching the crop, adjusting planting dates,
planting in low infestation areas, rotation with non-susceptible crops, destroying
crop residues and selecting resistant crops or cultivars (Ren et al. 2001).

Planting Dates One way to reduce whitefly infestations is to adjust planting dates
to avoid the heaviest insect migration periods or crop overlap. Early planting in
spring or delayed planting in fall can be an effective way to avoid whiteflies, since
they reproduce more rapidly under hot and dry conditions. Highly susceptible crops
such as cucurbits, crucifers and tomatoes should avoid to be planted when whitefly
migration is expected.

Crop Termination Whitefly infestations most often occur in fields where damages
ever occurred. Susceptible crops should not be planted near infestation sources.
Godfrey et al. (2008) suggested that cotton should be planted at least one-half mile
upwind from other key host crops, such as melons, tomatoes, from key ornamental
plants, and from key weed species that harbor B. tabaci. Infected plants should be
removed and destroyed, and susceptible crops should not be grown continuously. It
is reported that B. tabaci can continue to increase up to 6 weeks after final cotton
irrigation even following defoliation since red eye pupa were able to continue devel-
opment to the adult stage on cotton leaves that abscised and fell from the plants
(Nuessly et al. 1994). Thus crop residues, which can harbor whitefly and virus inoc-
ulum, should be rapidly and completely destroyed after the final harvest.

Water and Fertility Management Water and fertility management play important
roles as cultural control methods in whitefly management. Overuse of nitrogen fer-
tilizer will greatly increase whitefly numbers and honeydew production thus exac-
erbate damages from B. fabaci infestations (Bi et al. 2001, 2005). Higher populations
of B. tabaci were observed on water-stressed cotton as compared to well-watered
plants (Flint et al. 1996). However, B. tabaci feeding on well-watered plants pro-
duced more honeydew and sugars per gram of honeydew than on water stressed
cotton (Henneberry et al. 2002).

8.4.3 Host Plant Resistance

Planting varieties that are resistant to B. tabaci and associated viruses (e.g., tomato
yellow leaf curl virus, TYLCV) is a preferred solution for minimizing damages
caused by whitefly at the early stage. The Mi-1 gene, present in many varieties of
cultivated tomato (Solanum lycopersicum L.) and introduced into this plant from its
wild relative, S. peruvianum, regulates resistance to B. tabaci, aphid Macrosiphum
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euphorbiae and root-knot nematodes Meloidogyne spp. (Roberts and Thomason
1986; Rossi et al. 1998; Nombela et al. 2001). However, tomato varieties bearing
Mi-1 gene has not been widely used in China yet. A number of studies on different
plant varieties resistant to this pest have been carried out in China during the last
decade. Studies have compared the biotic potential of whiteflies in different culti-
vated plants such as tomato, cucumber, beans, eggplant, peanut, squash and pepper
in China (Ren et al. 2001; Xu et al. 2010b; Sun et al. 2013b; Wu 2013; Ji 2015).

8.4.4 Physical Control

Fine-mesh nylon screen (normally pore diameter 0.125 mm) can be used in green-
house production to reduce the potential for infestation of greenhouse pests includ-
ing whitefly, flower thrips, aphid and leafminer. Under field conditions, several
types of barriers can reduce whitefly problems, including reflective mulches that
tend to repel whiteflies, oil-coated yellow mulches that act as a trap for whiteflies,
floating row covers that exclude whiteflies during the vegetative growth of crops, as
well as barrier and trap crops (Ren et al. 2001; Tian et al. 2015).

Yellow sticky cards were also used to trap whitefly adults, especially in green-
house condition. It is suggested that yellow sticky card (24 cm x 20 cm) could trap
whitefly efficiently when placed vertically among plants and one card per 3—5 m,
kept the upper edge of the card at an equal level or slightly above the plants (Qiu and
Ren 2006; Chen et al. 2012).

8.4.5 Biological Control

In China, a number of natural enemies of B. fabaci have been recorded including 56
species of parasitoids, mainly belonging to the genera Eretmocerus and Encarsia;
54 species of arthropod predators, dominated by lady beetles and lacewings in
Coleoptera and Neuroptera; and seven species of entomopathogenic fungi (Li et al.
2011). More than ten species of parasitoids and predators are commercially avail-
able in China now (Table 8.1).

Parasitoids Encarsia bimaculata and Eretmocerus sp. nr. furuhashii are the two
dominate species parasitizing B. fabaci in South China, while the population of
Encarsia formosa is abundant in north China in protected fields, and Eretmocerus
hayati is abundant in Xinjiang province, located in northwest China, on cotton in
fields (Li et al. 2011; Abuduhani et al. 2013; Zhang et al. 2015).

Among the four Aphelinid species which are commercially available in China
(Table 8.1), Encarsia sophia (formerly known as En. transvena) is a solitary, arrhe-
notokous, heteronomous autoparasitoid. For this species, fertilized eggs are laid in
whitefly nymphs and developed into female progeny, while the unfertilized eggs are
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Table 8.1 Biological control parasitoids and predators commercially available in China

Biocontrol insects Company/commercial facility Location
Parasitoids
Encarsia formosa | Quentian ™ Bio-Tech Co., LTD Beijing

NewLand™ BioControl Service Co., Ltd

Changchun, Jilin

Province
LandGreen® BioTech Service Beijing
TIANYI® Biologicaol Control Hengshui, Hebei
Province
Beijing Academy of Agriculture and Forestry | Beijing
Sciences
Encarsia sophia Quentian ™ Bio-Tech Co., LTD Beijing
LandGreen® BioTech Service Beijing

TIANYI® Biologicaol Control

Hengshui, Hebei

Province
Institute of Plant Protection, Chinese Academy | Beijing
of Agricultural Sciences
Beijing Academy of Agriculture and Forestry | Beijing
Sciences
Eretmocerus Quentian ™ Bio-Tech Co., LTD Beijing
mundus
Eremocerus hayati | Institute of Plant Protection, Chinese Academy | Beijing
of Agricultural Sciences
Predator mites
Neoseiulus Quentian ™ Bio-Tech Co., LTD Beijing
cucumeris LandGreen® BioTech Service Beijing
Fujian Yanxuan Bio-preventing and Fuzhou, Fujian
Controlling Technology Co., Ltd. Province
Predator ladybird
Delphastus Quentian ™ Bio-Tech Co., LTD Beijing
catalinae LandGreen® BioTech Service Beijing
Harmonia axyridis | Quentian ™ Bio-Tech Co., LTD Beijing

NewLand™ BioControl Service Co., Ltd

Changchun, Jilin

Province

LandGreen® BioTech Service Beijing
Beijing Academy of Agriculture and Forestry | Beijing
Sciences

Propylea japonica | Quentian ™ Bio-Tech Co., LTD Beijing
LandGreen® BioTech Service Beijing

Serangium Quentian ™ Bio-Tech Co., LTD Beijing

Jjaponicum

Predatory stink bug

Orius sauteri Quentian ™ Bio-Tech Co., LTD Beijing
LandGreen® BioTech Service Beijing

Orius minutus Quentian ™ Bio-Tech Co., LTD Beijing

(continued)
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Table 8.1 (continued)

Biocontrol insects Company/commercial facility Location
Lacewing
Chrysopa pallens Quentian ™ Bio-Tech Co., LTD Beijing
LandGreen® BioTech Service Beijing

Modified from Yang et al. (2014)

laid externally on immature parasitoids inside the whitefly host, either on conspe-
cific species or on heterospecific primary parasitoids, and developed into male prog-
eny (Hunter and Kelly 1998). It is originated from Pakistan, and currently present
across northern and southern China (Yang et al. 2012; Li et al. 2011). Er. hayati is a
primary, solitary parasitoid which oviposits externally under the nymphal host
(Yang and Wan 2011). After eclosion, the first instar larva penetrates the host from
underneath and develops internally. Both of these two parasitoids attack all nymphal
stages (N1-N4) of B. tabaci, while En. sophia prefer old instar and Er. hayati prefer
young ones (Yang and Wan 2011). Although Er. hayati is capable of high parasitism
on B. tabacti, its field population often fluctuates because of the severe consumption
of hosts by adults (Yang et al. 2012; Xu et al. 2015b). The combined release of the
autoparasitoid En. sophia will stabilize the effect of Er. hayati (Xu et al. 2015b,
2016; Huang et al. 2016).

Predators The lady beetle Axinoscymnus cardilobus is a dominant predator of B.
tabaci in south China, while Harmonia axyridis and Propylea japonica are domi-
nant predators species in north China (Zhang et al. 2007a, b; Li et al. 2011). H.
axyridis is a generalist predator extensively employed as a biological control agent
in China (Koch 2003). This ladybird species exhibits significantly lower selectivity
for B. tabaci and a reduced reproduction rate when fed on B. tabaci (Tan et al.
2016). However, its generalist character could be helpful in controlling secondary
pests. Besides, when it was released in combination with whitefly parasitoids, En.
sophia and En. formosa, H. axyridis showed a significant preference for non-
parasitized nymphs as prey; and both parasitoid species parasitized more B. tabaci
as compared to the wasps were released either alone or mixed with the other para-
sitoid (Tan et al. 2016). This combination release of predator and parasitoids
enhanced whitefly control. Li et al. (2014a) also reported an enhanced control
effects on B. tabaci by combined release of Orius sauteri, a generalist predatory
stink bug, with En. formosa.

Entomopathogenic Fungi Several species of entomopathogenic fungi active
against B. tabaci are commercially available in China, including Beauveria bassi-
ana, Aschersonia aleyrodis, Verticillium lecanii, and Isaria fumosorosea. B. bassi-
ana could significantly decrease the survival rate of B. tabaci nymphs while increase
developmental time and pre-oviposition period (Xia et al. 2013). A. aleyrodis could
parasitize on 1-3 instar nymphs of B. tabaci, and had no contradicted effect on
whitefly parasitoid Eretmocerus sp. (Qiu et al. 2003b). 1. fumosorosea infected all
immature stages and adults of B. tabaci (Tian et al. 2014). V. lecanii showed
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deterrent activity to B. tabaci adults and contact toxicity to B. tabaci nymphs (Wang
et al. 2006). However, V. lecanii required high humidity to be effective, this shortage
could be made up by using V. lecanii toxic (Hong et al. 2011). The deterrent and
anti-feeding activity of V. lecanii toxic-VIII on B. tabaci adults was tested as 41%
and 23%, respectively (Hong et al. 2011). Restricted by environmental factors such
as temperature and humility, the effect of entomopathogenic fungi in B. fabaci man-
agement was slow and not very stable. Recent researches revealed that when 1.
Jumosorosea combined with thiamethoxam or imidacloprid, and B. bassiana com-
bined with non-ionic surfactants, a synergic effect on B. tabaci was observed
(Mascarin et al. 2014; Zou et al. 2014).

8.4.6 Chemical Control

Even the system of organic crops production inclines to employ increasing biologi-
cal control measures, chemical control is indispensable when B. tabaci occurs in
high density and quick eliminating effect is required. However, B. tabaci can
develop resistance not only to conventional insecticides in China, but also to a num-
ber of new insecticides, such as pyriproxyfen, acetamiprid, imidacloprid, and thia-
methoxam, especially MED (Crowder et al. 2007; Luo et al. 2010). Besides,
thiamethoxam was highly toxic to Serangium japonicum, a predator ladybeetle,
regardless of exposure routes (e.g., residue contact, egg-dip, and systemic treat-
ment) (Yao et al. 2015). Therefore, thiamethoxam should be used with caution in
IPM of B. tabaci. Some environmental friendly insecticides, avermectin, spinetoram,
sulfozaflor and cyantraniliprole, are recommended to be applied in B. tabaci man-
agement (Keyimu et al. 2014; Xie et al. 2014).

8.5 Concluding Remarks

Even though many field surveys have been conducted to monitor the spread of B.
tabaci during the last 15 years, our understanding of the invasion processes of
MEAMI1 and MED in China remain largely observational and anecdotal. This is
mainly due to the lack of efficient methods to easily distinguish different whitefly
species in the field and the presence of the B. fabaci species complex. Nevertheless,
the current surveys have clearly showed that while MEAMI1 was dominate near
2000, MED has replaced MEAMI1 in many regions of China now. During the last
decade, we have identified multiple factors that contribute to the invasions of B.
tabaci into new regions and habitats, such as mating interactions, host plant adapta-
tion, insecticide resistance, virus-vector-host mutualism and the roles of endosym-
bionts. Those studies obviously suggest that the successful invasions of MEAMI1
and MED in China are largely due to their intrinsic traits, such as high insecticide
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resistance, wide host range and strong reproduction capacity. More comparative
studies on the biological characteristics between invasive and indigenous species
may provide better understanding of the mechanism underlying invasions and dis-
placement. It is also crucial to identify the key factors that contribute to the unique
features of MEAM1 and MED. The obtained knowledge will help us to develop
new strategies to control the spread of invasive B. tabaci in China. At this stage,
Chinese farmers mainly rely on insecticides as immediate solutions to B. tabaci
problems. However, the use of insecticides impairs the benefits of consumers and
regulators concerned with food safety and environmental protection. This conflict
leads to interest and development in alternative control measures. In response,
Integrated Pest Management (IPM) has been the main paradigm in modern pest
control. In China, IPM has been developed in the last decade with a combination of
tactics including cultural control methods, resistant plant varieties, physical control
such as mechanical screen and yellow sticky cards, biological control by natural
enemies, and the judicious use of insecticides based on sampling and economic
thresholds. In the production of some high-value crops, the B. tabaci IPM has been
tested to be effective and been gradually adopted in organic farms. However, for
most farmers, considering the IPM cost and knowledge access, chemical measures
are still the prior choice. Thus, the wide demonstration and dissemination of B.
tabaci IPM in end-users to improve the implement of environmental friendly mea-
sures to control B. tabaci needs extensive devotion from regulators and
researchers.
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Chapter 9

Rice Water Weevil Lissorhoptrus oryzophilus
Kuschel

Yunshan Huang, Michael O. Way, and Mingxing Jiang

Abstract The rice water weevil, Lissorhoptrus oryzophilus Kuschel (Coleoptera:
Curculionidae), native to North America, is one of the most destructive insect pests
of rice in the US and eastern Asia. It was introduced into China in the 1980s and so
far has spread widely throughout the country. Much work has been done with
respect to its ecology and control methods. Here, we review the invasion history,
mechanisms underlying its invasions and rapid spread, and major control methods
in China. We also discuss factors responsible for its wide spread in China. In addi-
tion, we report on options employed to control this weevil. Finally, we propose
future directions for research, particularly on the ecology and the development of a
more comprehensive control strategy for this weevil in China.

Keywords Lissorhoptrus oryzophilus ¢ Invasion ¢ Cultural control ¢ Natural ene-
mies ¢ Integrated management

9.1 Introduction

The rice water weevil, Lissorhoptrus oryzophilus Kuschel (Coleoptera,
Curculionidae), is one of the most destructive insect pests of rice (Oryza sativa L.)
in the US and eastern Asia. Adults are mainly terrestrial and can also swim; they
feed on tissues of leaf blades leaving typical longitudinal scars along leaf veins.
Larvae dwell in soil and feed on host plant roots, causing significant damages to
rice. In China, the resulting rice yield losses are normally 10-20%, but in severe
cases can reach 40-60% (Reay-Jones et al. 2008).
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The rice water weevil is native to the marshlands of the Mississippi basin in
North America (Isely and Schwardt 1934). It was introduced into Japan in 1976
(maybe several years earlier) and soon became one of most serious rice pests of the
country. From 1980 to 1988, the weevil was introduced consecutively to the coun-
tries neighboring Japan, including North Korea, South Korea and China (Kisimoto
1993; Jiang and Cheng 2003b; Lupi et al. 2009).

In this chapter, we summarize the invasion, monitoring and management meth-
ods of the rice water weevil in China. We also propose perspectives on future
research directions. We focus on major factors responsible for the rapid spread of
this weevil in China, as well as measures taken to control it.

9.2 Invasions of Rice Water Weevil in China

9.2.1 Invasion History

The risk of L. oryzophilus invasions in China was initially discussed in the early
1980s by Gaogan Xu, an entomologist at the Plant Quarantine Institute, Ministry of
Agriculture, China (Xu 1981). In the following years, at least three articles were
published in morphology, biology, invasion risk and control of this weevil. In 1986,
the weevil was listed as a quarantine insect pest of the country (Zhou 1987). Two
years later (1988), it was found for the first time in Tanghai, Hebei province, which
was suspected to be unintentionally introduced from the Korean peninsula.

Before 1996, rice water weevil occurred only in the provinces along or near the
Chinese coast. Since the beginning of the twenty-first century, however, it began to
spread inland in mid-east China, and since 2007 it spread to regions in the south-
western, northwestern and northeastern parts of the country. By May 2014, it had
spread to % of Chinese provinces (Ministry of Agriculture of the People’s Republic
of China 2014), becoming one of the most serious and rapidly spreading invasive
pests in China.

The dispersal rate of this weevil in China has not been well quantified. In coastal
regions of Zhejiang province, it was estimated to be approximately 36 km per year
(Wang et al. 2011), which is slightly higher than the rate (20-30 km per year)
reported in Japan (Asayama and Nakagome 1993).

9.2.2 Factors Associated with Spread of Rice Water Weevil
in China

The rapid spread of rice water weevil in China can be attributed to several biological
and life history traits.
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Fig. 9.1 Typical habitats in China for overwintering populations of rice water weevil. (a) Levee
with abundant grassy weeds; (b) Fallow field adjacent to rice paddies

First, it can reproduce parthenogenetically. In native regions such as southeastern
Texas, this weevil has both female and male adults, and the majority of females
must mate for viable eggs to be produced (Jiang et al. 2007). However, all adults so
far found in non-native regions are females which reproduce parthenogenetically.
Thus, even if only one female adult arrives at a new area, it could theoretically
establish (without the need to find mates) and produce a sustainable population in a
short period of time through parthenogenesis.

Second, this weevil enters diapause during the summer and winter seasons
(Nilakhe 1977; Palrang et al. 1994; Jiang et al. 2004). This allows it to survive harsh
environments, in particular high or low temperatures. For instance, in southeastern
Zhejiang, most adults emerge in June and July and fly to hills adjacent to rice fields
after feeding for a short period of time (Zhai et al. 1997, 1998). In Tongcheng of
Anhui province, most weevils enter diapause in the summer and move to levees or
fallow fields near rice fields with abundant grassy weeds (Fig. 9.1). Since these
habitats (hills, levees and fallow fields) are seldom disturbed, they serve as impor-
tant sources of adult weevils for the following field season.

Third, rice water weevil has a wide range of host plants. In China, adults were
reported to be able to feed on at least 65 plant species (Zhang 1997). Some species
of Poaceae and Cyperaceae are much preferred. For instance, barnyardgrass
Echinochloa crusgalli (L.) P. Beauv. and southern cutgrass Leersia hexandra Swartz
are widespread and abundant in typical rice agroecosystems (Zhu et al. 2005; Cai
etal. 2007; Lu et al. 2013a). This broad host range largely contribute to the popula-
tion development of the weevil. In particular, it can increase the survival rate of
adults that are introduced into a new area.

Moreover, the weevil possesses some life traits that may protect it from natural
enemies. These traits include: (i) deposition of eggs inside leaf sheaths, (ii) survival
of larvae and pupae in mud, (iii) falling from foliage and feigning death when dis-
turbed, (iv) escaping predators by swimming in water, and (v) small size and cryptic
coloration. Additionally, the weevil’s life history is relatively plastic. For example,
it has been found to have a relatively larger adult body size in northern than southern
regions of China (Yunshan Huang, personal observations). The significance of such
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morphological variance is not yet clear. When environmental conditions are not
suitable (no free water and/or no host plants), adults can retain mature eggs in their
ovaries until conditions become favorable for successful oviposition (Jiang and
Cheng 2003b).

Rice cultural practices, such as water management and use of fertilizer, have
certain effects on the weevil. As demonstrated in the US, delaying flooding time can
reduce egg deposition and thus mitigate damages; but this finding has not been
tested in China. The amount of nitrogen fertilizer applied during the rice seedling
stage may significantly affect weevil reproduction (Jiang and Cheng 2003a).

Some rice production or physical factors, such as the distribution pattern of local
rice fields, prevailing wind direction and speed, and elevation may also affect the
dispersal of rice water weevils. In Zhejiang, connectivity of early-season rice fields
can serve as a corridor for among-region dispersal of this weevil, and thus is sus-
pected to have contributed considerably to its dispersal (Wang et al. 2011). The
weevil has a low flight ability, thus its dispersal is thought to be little affected by
wind (Zhai et al. 1999a, b). However, in Japan, wind might have aided its dispersal
(Asayama and Nakagome 1993). High elevation might limit dispersal of this weevil
(Saito et al. 2005). Yet, this factor appears not to have deterred its invasion and
spread in China, as it has dispersed widely into western China which is separated
from the middle and coastal parts of this country by mountainous terrain or desert.

Human activities are believed to contribute greatly to the wide distribution of this
weevil in China, as the weevil has been found in inland China despite the existence
of geographic barriers. Transporting rice seedlings, rice straw and soil contaminated
with weevils may unintentionally introduce the weevil to neighboring villages and
counties. After arriving at a new area, the ability of reproducing parthenogeneti-
cally, tolerating adverse environments by entering diapause, utilizing large numbers
of plant species, and escaping from natural enemies, would increase the probability
of this weevil to survive and soon establish a sustainable population.

9.3 Management of Rice Water Weevil in China

Since 1986, the rice water weevil has been listed as a quarantine insect in China. In
regions where weevils already occur, the use of chemical insecticides is the most
important control strategy. Other alternative control methods may also be employed,
such as using light traps to reduce populations, adjusting planting date and reducing
depth of standing water in the fields.
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9.3.1 Quarantine

During the early years after introductions of the rice water weevil into a new area,
an official quarantine was established to curtail its further spread. Rice grains, seed-
lings, straw and soil were not allowed to be transported from infected to non-infected
regions. Rice straw in infected areas should not be used as packing materials in
transportation.

9.3.2 Chemical Control

Today in China, the use of chemical insecticides is the first choice for control of rice
water weevil. During the years around 1990, some highly toxic chemicals were
used, including esfenvalerate, isofenphos-methyl and carbofuran. In addition,
cycloprothrin, an environmental friendly chemical widely used in Japan was recom-
mended for the control practices in China.

Since the mid 1990s, some of the chemicals commonly used for control of other
rice insect pests, such as stem borers, rice leafrollers and planthoppers, were widely
used to control rice water weevil. Such chemicals included triazophos, fipronil, imi-
dacloprid and chlorpyrifos. They are still in use today in China, except fipronil
which was prohibited for use in rice paddies in 2009 due to high toxicity to natural
enemies, honeybees and aquatic economically important invertebrates (e.g., shrimps
and crabs).

In 2009-2010, chlorantraniliprole, as a replacement for fipronil to control lepi-
dopteran insect pests of rice, was recommended for use. At present, chlorantranilip-
role, as well as mixtures of this chemical with others (e.g., triazophos and
thiamethoxam), have been the major chemicals for the control of rice water weevil
in China.

To reduce adverse impacts on non-target organisms, several plant-derived chemi-
cals have been used in the past decade. For example, in southwestern Liaoning, 1%
matrine AS was recommended for use in rice fields combined with crab production.
In Xinjiang, matrine and pyrethrins can be used in organic rice fields. The major
drawback of these chemicals is that they kill weevils slowly and thus require a lon-
ger period of time (such as 15 days) to achieve adequate control. Larger time can
result in greater damages when compared to traditional chemicals.

The common method of applying chemicals is to spray onto rice plants. In addi-
tion, seed treatments have also been recommended in some areas, using the active
ingredients such as imidacloprid and thiamethoxam.
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9.3.3 Cultural Control

In other countries around the world, such as the US, cultural methods have proved
to be highly effective against rice water weevil in some regions. These methods
include manipulating planting date, removing grass from levees, and draining fields
at intervals (Hesler et al. 1992; Reay-Jones et al. 2008; Stout et al. 2009). Yet, none
of them have been widely used in China. Below, we describe their rationale, short-
comings, and potential for use in China.

Manipulating planting date, especially delaying planting, was demonstrated to
be very effective in some regions of the US, such as southeastern Texas (Thompson
et al. 1994a; Espino et al. 2009). This is because late-planted rice plants are nor-
mally more tolerant to weevil damage (Thompson et al. 1994a). However, the use
and outcomes of this practice may be dependent on other factors, such as local natu-
ral conditions, rice varieties, and the weevil’s density and population dynamics. In
China, this control tactic is little adopted by rice farmers, particularly in regions
where two crops of rice are produced in a single growing season. Planting late
would likely preclude production of a second crop. However, late planting of rice in
northern China may be beneficial regarding control of the rice water weevil.

Removing grass from levees and adjacent areas, i.e., reducing abundance of host
plants available to the weevil, may substantially reduce weevil density and thus
perhaps lower the overall density in rice fields (Grigarick 1993; Palrang et al. 1994).
This practice can be effective because it can be easily performed by farmers. Yet, it
only works when rice plants are not available to weevil adults. If rice plants are
available to weevils, there might be a few weevils on levees, or, weevils may move
from mowed levees to rice fields. The control efficiency of this practice is probably
closely related to the developmental stage of adults. Weevils at an early oviposi-
tional stage may be more affected due to greater requirements for food than those at
the preovipositional stage (Jiang and Cheng 2003b).

Drainage can reduce oviposition of rice water weevil since this insect deposits
eggs in leaf sheaths that are submerged under water (Hesler et al. 1992). After a
period of temporary drainage, oviposition would be delayed/reduced and thus peak
larval densities would occur later when rice would be older and less susceptible to
damages (Stout et al. 2002). However, this practice has many shortcomings. The
most important ones are that weed control may lead to the loss of nitrogen, and thus
additional uses of herbicide and nitrogen are required, which increases the cost to
farmers. In addition, these drained conditions can foster blast development.
Moreover, when the flood is reapplied, weevil adults would return to rice plants and
oviposit (Thompson et al. 1994b; Rice et al. 1999). Furthermore, in the southeastern
US, rainfall can be abundant and common during the growing season which pre-
vents rice fields from drying, allowing continued rice water weevil attack. For these
reasons, in Texas, temporary draining is not an option for weevil control and is not
an effective replacement for chemical control (Way and Espino 2014). In China, this
practice also has not been recommended to rice farmers.
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Rice planting method, i.e., direct seeding versus transplanting, may be closely
associated with weevil densities and damages. In some regions of China, such as
Xiangtan of Hunan province which is heavily infected by rice water weevil, direct
seeding is the major planting method (M. X. Jiang, personal observations). Such
fields are not favored by the weevil during the early season, because rice plants are
relatively small and thus not suitable for feeding and oviposition. By contrast, fields
with transplanted rice are much favored, because such plants normally have devel-
oped to the 4-5-leaf stage, which is preferred by the weevil. Research is needed to
better elucidate these associations to help manage the rice water weevil.

9.3.4 Host Plant Resistance

The pioneering work in this field was done in 2002 in Shenyang of Liaoning prov-
ince, one of the regions most seriously infested by the rice water weevil (Tian et al.
2003). In this work, the authors identified a highly resistant rice cultivar (T03),
based upon comparisons among different cultivars of adult feeding and oviposition
preference, egg hatch rate, and larval survival rate. This cultivar has been suggested
as an ideal material for developing resistant rice lines (Li et al. 2011).

9.3.5 Biological Control

There have been several reports regarding natural enemies of rice water weevils. Of
the enemies so far identified, Beauveria bassiana and Metarhizium anisopliae are
the most efficient. Yet, they have not been developed into commercial
bio-insecticides.

Beauveria bassiana is an entomopathogenic fungus that can parasitize numerous
insects. Both in the US and Japan, this fungus was shown to be highly infective to
rice water weevil adults (Godfrey et al. 1993; Urtz and Rice 1997). In China, a num-
ber of B. bassiana strains have been isolated and virulence tested (Jiang et al. 2002;
Xu et al. 2013; Tian et al. 2014). Of them, many strains, such as YS03, were shown
to have high virulence under laboratory conditions (Xu et al. 2013). Preliminary
field assays have also been conducted (Xu et al. 2015). However, B. bassiana has
several drawbacks that may limit its potential use because adults infected with this
fungus can still oviposit before death. Moreover, B. bassiana has little efficacy
against larvae (Godfrey et al. 1993). In addition, under natural conditions, activity
of spores may decrease rapidly due to environmental constraints, such as ultraviolet
radiation, and other microorganisms antagonistic to B. bassiana (Rice 1996; Urtz
and Rice 1997).

Metarhizium anisopliae has received the most attention of any natural enemy of
the rice water weevil. In China, a number of strains have been isolated and some of
them have been approved as potential biological control agents (Chai et al. 2000).
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Their control efficacy against rice water weevil has also been assayed in several
locations, such as in Zhejiang (Chen et al. 2000) and Liaoning (Yu et al. 2008).
When controlling weevils at high densities, certain chemical insecticides (e.g. tri-
azophid) can be added to M. anisopliae spore suspensions to elevate control effi-
ciency (Chen et al. 2000).

Rice water weevil adults can be parasitized by nematodes, as has been reported
in native regions (Bunyarat et al. 1977). These parasites may reduce fecundity and
cause high mortality in infected adults. In the 1980s, certain nematode species (e.g.
Steinernema spp.) was suggested as possible biological agents to control the weevil
(Carbonell 1983; Nagata 1987). In China, the Otio strain of Steinernema feltiae was
found to cause high mortality for larvae (Sun et al. 2006). Efficacy of S. feltiae, S.
carpocapsae A24 strain, S. glaseri NC34 strain, Heterorhabditis bacteriophora and
H. zealandica have also been detected in adult weevils. Mortality of 82.5% and
97.5% was observed in adults treated with S. feltiae and H. bacteriophora, respec-
tively, at 10 d after incubation with nematodes (Li et al. 2007). However, none of
these strains has been commercially used.

9.4 Conclusion and Future Directions

Since its introduction in the late 1980s, the rice water weevil has become one of the
major insect pests of rice in China. This weevil has spread at a faster rate than
expected. It now occurs in a great number of far inland regions of China. A number
of life history traits, such as the ability to reproduce parthenogenetically and enter
diapause under temperature stress, are thought to have greatly contributed to its
rapid expansion. Meanwhile, human activities have likely contributed to its disper-
sal into many far-away regions of China, such as Xinjiang, a province in far north-
western China.

To identify and understand the mechanisms behind the rapid spread of this wee-
vil, its biology and ecology have been extensively studied soon after its introduc-
tion. Much work has been done on their diapause, flight and reproductive behaviors.
However, many questions remain to be answered. As an example, we still need to
learn about the response of the weevil to changes in rice production practices. Will
rice water weevil populations and damages be affected in regions where production
of two crops of rice in a single season is shifted to one? What changes will be
induced in local weevil population dynamics where rice growing methods are
changed from direct seeding to transplanting, or vice versa, as described above? To
what extent does morphological and reproductive plasticity take place in this wee-
vil, and what role does this plasticity play in the weevil’s population dynamics?

More recently, symbiotic bacteria in the rice water weevil have attracted much
research interest. A number of bacteria have been identified in the weevil’s gut and
ovary, such as Wolbachia spp., Nardonella spp., and Pantoea agglomerans (Chen
etal. 2012; Lu et al. 2013b, 2014; Huang et al. 2016; Zhang et al. 2016). However,
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we know little about the functions of these bacteria, except for Wolbachia spp.
which have been shown to be closely linked to host reproduction (Chen et al. 2012).

To limit the spread of this weevil, monitoring should be conducted extensively
over a wider range. This work should be given major attention, since it is difficult to
detect the presence of rice water weevils when they are at a low density. We suggest
training rice farmers to allow them to learn about the major monitoring and detec-
tion methods for the rice water weevil.

In terms of control methods, Chinese farmers rely mostly on chemical control to
manage the weevil. Other control options, based on cultural practices and natural
enemies, have not been developed for farmers, although some options have been
tested to be highly effective. Overall, most of the non-chemical control methods
need to be further evaluated. In China, it has been the goal to develop a more com-
prehensive, environmental friendly control strategy for the weevil.
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Chapter 10
Colorado Potato Beetle Leptinotarsa
decemlineata (Say)

Wenchao Guo, Chao Li, Tuerxun Ahemaiti, Weihua Jiang,
Guogqing Li, Jiahe Wu, and Kaiyun Fu

Abstract Colorado potato beetle (CPB) was naturally dispersed from Kazakhstan
into Xinjiang Autonomous Region of China in 1993. Since then, it has been widely
distributed all over the southern region of the Tianshan Mountain. Chinese scientists
focused on its monitoring and invasion risk management in China, as well as its
invasion biology and ecology related to rapid dispersal, such as developmental
threshold and cumulative temperature, diapause condition, and influence factors for
flight. In invaded regions of China, several techniques such as improved crop culti-
vation techniques, friendly environmental chemical control (low or none toxic
insecticides), biological control, physical techniques, ecological regulations etc. can
be combined into an integrated pest management of CPB. However, some questions
still remain in theses fields, for example, the genetic variations, environment (hosts,
habitats, climates, soil etc.) adaptabilities and geographical populations of CPB are
still unclear, and mechanisms of CPB’s rapid resistance development to pesticides
have not been well understood. The concerned diapause mechanisms are still
unknown. Moreover, the interactions between CPB, hosts, pathogens, predators and
parasitoids, environments have not been studied, and the resistance or tolerance of
potato plants to CPB and their related mechanisms all need to be understood in
order to breed CPB-resistant potato crops.
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10.1 Introduction

The Colorado potato beetle (CPB), Leptinotarsa decemlineata (Say) (Coleoptera:
Chrysomelidae), is an alien invasive and quarantine species in the world. It is con-
sidered to be one of the most destructive insect pests of cultivated potato globally
(Alyokhin 2009). Larvae and adults feed on potato or eggplant plants, and their
damage can cause a yield loss of 30-50%. Natural migration is the major dispersal
strategy of its spreading. In addition, it can also be spread by vehicles loading potato
or by products of potato, and even by running water (Boiteau and Heikkild 2012;
Rabitsch 2010). CPB has been spreading continuously in the past 150 years. In the
United States, it had been present across the country in 1890s, 40 years after the
record of its first serious damage in Colorado (Weber 2003, 2008). In Europe, CPB
was multiple-introduced during 18761914 into several countries such as Germany,
Netherlands and England, and it further spread to other countries from 1930s to
1940s and invaded the European part of the former Soviet Union from 1950s
to1970s. In Asia, it was first detected in the Republic of Azerbaijan in 1975, and
invaded some Central Asian countries in several years, such as the Kyrgyz Republic.
In the past 60 years, CPB had spread westward for about 6000 km, covering a range
from France of Europe to Kazakhstan of Central Asia, with a speed of around 80 km
per year. In China, CPB was found for the first time in 1993 in Xinjiang Uygur
Autonomous Region.

With the rapid development of potato production in the past several decades,
China has become the top country since 2010 in both cultivated area and yield of
potato. Potato has been ranked as the fourth most widely cultivated crop in this
country. Therefore, potato production plays an important role in the economic
development of some potato-growing regions of China, such as Gansu, Inner
Mongolia, Sichuan, Chongqing, Guangxi and Yunnan (Jansky et al. 2009; Qu et al.
2005). For this reason, CPB has been considered to be a serious threat to the potato
production of this country. Since mid 1990s, a lot of research programs have been
launched on CPB’s invasion biology, invasion risk, population monitoring and con-
trol, and a set of integrated sustainable management techniques has been developed
and applied for CPB control (Guo et al. 2014).

10.2 Invasive History and Current Distribution of Colorado
Potato Beetle in China

Jolivet (1991) speculated that CPB would spread into China in early 1990s and
would invade northeastern Asia through China. His speculation coincided with the
incident that CPB was found in the boundary region of Kazakhstan and Xinjiang of
China at the end of 1980s and spread into Xinjiang in early 1990s. Yet, CPB has not
spread into Northeast Asia and so far it distributes only in Xinjiang in Asia.
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Fig. 10.1 The Invasion route and distribution of Colorado potato beetle in Xinjiang of China,
disastrous for China’s potato industry

In Xinjiang, CPB was found in 1993 in the Yili River valley and Tacheng, which
are near the China-Kazakhstan border (Guo et al. 2011d). Since then, CPB had been
constantly spreading from west to east along the oasis in northern slope of the Tianshan
Mountain, until it arrived at Mori Kazak autonomous county in 2003, which is about
550 km to the northwest of Gansu province (Fig. 10.1). Its spreading speed was about
80 km on average per year. Since 2003, CPB has been prevented from further spread-
ing and has been intercepted successfully in the west of Sangequanzi of Mori. Such a
success was due to the effective control and the existence of naturally isolated deserts
between oases, in which there were no host crops and few wild host plants.

In recent years, invasions of CPB from Russia to China have become a risk in
northeast China. In 2005, CPB outbreak occurred in the coastal region of Russia
which is adjacent to Heilongjiang and Jilin provinces of China (Cheng et al. 2005;
Pan et al. 2015; Zhang et al. 2012). Since that time, investigating and monitoring of
CPB have been extensively carried out along the border between northeast China
and coastal region of Russia. Unfortunately, CPB was found in Chunhua town of
Hunchun in eastern Jilin in 2013 (Wang et al. 2014). In 2014, CPB’s population in
this area was controlled and eliminated completely. In the same year, CPB was also
found in Suifenhe, Sanchakou of Dongning and Hutou of Hulin in eastern
Heilongjiang province with a distance of <4 km to coastal region of Russia. All CPB
population in these regions had been eradicated in time.
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So far CPB occurs only in the region of about 30 ha in northern part of the
Tianshan Mountain in Xinjiang, covering a total of 38 counties (Fig. 10.2). Despite
such a limited distribution, it has the potential of spreading from Xinjiang to neigh-
boring provinces, where potato is grown at a large scale, and from Russia again to
northeast China, due to its migrating capacity (Liu et al. 2012; Wang et al. 2014)
(Fig. 10.3).

10.3 Invasion Biology of Colorado Potato Beetle in China

CPB possesses several biological and ecological characteristics that might have
contributed to its invasions worldwide, such as self-independent migration capacity
(Alyokhin et al. 1999; Boiteau 2002; Boiteau et al. 2010), high reproduction rate
(Arpaia et al. 2009; Baker et al. 2005; Ferro et al. 1991) and diapauses (Boiteau and
Coleman 1996; Boman 2008; Boman et al. 2008). In the past decade, we conducted
extensive investigations on the biology of this beetle in Xinjiang, with a particular
focus on its invasion and population growth mechanisms. The major findings are
presented below.

10.3.1 Life Cycle

CPB has one or two generations every year in Xinjiang, with the two generations to
be more common (Ahemaiti et al. 2010). An incomplete third generation may occa-
sionally takes place but it depends on the availability of thermal resource and effec-
tive accumulative temperatures (Guo et al. 2010c) (Fig. 10.4).

10.3.2 Host Plant

More than 20 host plants have been reported in native regions of CPB in the United
States. However, the host range is much narrower in China. For example, in
Xingjiang there are only 6 host Solanaceae plant species: cultivated potato (Solanum
tuberosum), eggplant (S. melongena), buffalobur (S. rostratum Dunal), central Asian
henbane (Hyoscyamus pusillus), tomato (Lycopersicon esculentum), Chinese wolf-
berry (Lycium chinense) and Datura (Datura suaveolens). Owing to the lack of
proper host plants, CPB may also occasionally feed on Chinese cabbage (Brassica
rapa pekinensis), which is widely distributed in China. Hosts differ greatly in their
suitability for CPB population growth, with the potato being mostly preferred, fol-
lowed by eggplants and henbanes (Luo et al. 2012). Tomatoes can be fed by larvae
of CPB, but it is not suitable because the pupae from tomato-feeding larvae can not
develop healthily to adults (Li et al. 2013a) (Fig. 10.5).
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larva

Fig. 10.4 Life cycle of Colorado potato beetle

Investigations showed that potato was much more attractive to CPB than other
hosts. A number of highly attractive compounds have been extracted from potato
leaves, including 2-phenoyl ethanol, (Z)-acetic acaid-3-hexennyl-1-ethenol ester, lin-
alool and methyl salicylate (Li et al. 2010). An acrasin has been synthesized artifi-
cially and demonstrated to be highly attractive to CPB adults. This acrasin is
formulated with the effective volatiles (linalool, methyl salicylate and hexenyl ace-
tate). The resulted mixture can attract both males and females of CPB and the attrac-
tion efficacy is significantly increased (88% for males and 83% for females) (Li et al.
2010).

10.3.3 Reproduction of Colorado Potato Beetle

The overwintered female adults have a very high fecundity, capable of laying 1680
eggs on average (Hare 1990). Female’ fecundity is significantly affected by tem-
perature and nutrition conditions. They do not lay egg at temperatures below 20 °C,
and their fecundity reduces substantially as the temperature increase beyond
32 °C. First-generation females can lay 310 eggs on average when feeding on young
hosts’ leaves, whereas only 37 eggs may be laid when feeding on old leaves. In
Xinjiang, the reproductive potential of CPB probably varies with regions, because
different regions may have different temperature and food conditions.
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Fig. 10.5 The damage symptoms of host plants by Colorado potato beetle
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Fig. 10.5 (continued)

10.3.4 The Influence Factor to Flight

Flight capacity of CPB has been assayed using the computer-monitored flight-mill and
field investigations. The results showed that its fight capacity was related closely to
some environmental conditions, such as temperature, food abundance, host species,
population density and reproductive status (Guo et al. 2012; Yue 2013; Yue et al. 2013).

1.

The CPB flight capacity varies among generations. In general, the overwintered
adults are highest and the second-generation adults are lowest. Overwintering
adults may be induced to attain a higher flight capacity when population density
increases and thus nutrition conditions become moderately deficient (Guo et al.
2011a).

. Ambient temperature has significant effect on CPB flight capacity (Guo et al.

2011c). They have a highest capacity from 30 to 33 °C. They would not fly under
the temperature below 20 °C. When the temperature is 25 °C or lower, food con-
ditions may arise as a major factor affecting flight, that is, availability of suffi-
cient host plants would greatly help the adults in increasing their flight
capacity.

. Flight capacity is closely related to the type of host plants (Guo et al. 2011c).

Adult feeding on potato leaves tend to have a highest flight capacity, followed by
the adults feeding on henbane or eggplant leaves, while the ones feeding on
tomato leaves are lowest (Guo et al. 2011b).

. For the first-generation CPB adults, neither females and males can fly within

5 days after unearthed. When provided with food, their flight capacity increased
steadily. Females and males have a different temporal pattern of flight capacity.
That is, females can fly a longer distance than males from 5 to 13 days after
unearthed, and females began to reduce their flight capacity and they had a level
similar to males at 15 days.

Previous studies by other researchers showed that CPB adults have various flying

behaviors. They can fly downwind or upwind for short distance, and fly downwind for
long distance under suitable speed and direction of wind flow conditions. Dunn (1949)
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recorded in the English Channel that CPB adults flied normally for 2.4 km. They flied
in crowds under hot and dry weather conditions in the spring season and the speed was
usually 8.0 km per hour. The migrating adults could survive for considerably long
time even when they dropped into the sea water. Starvation can stimulate flight of
CPB and the adults fly more frequently under higher light intensity conditions, while
potato crops in spring can reduce CPB flights. CPB adults of the overwintered genera-
tion still stored some nutrients in their bodies and the nutrient storage help them sur-
vive for 4 weeks and fly over far distance in order to find appropriate host.

From this, the CPB has some autonomous flight capability, its strong population
diffusion capacity. To clear the influence factors of CPB adult flight ability, it has
important value to make rational planning for the rotation, and decide the timing of
the establishment of prevention and treatment to lowering the population density, in
order to prevent the proliferation of CPB.

10.3.5 Resistance to Chemical Insecticides

The first instance of CPB resistance to synthetic organic pesticides was noted for
DDT in 1952, followed by resistance to other chlorinated hydrocarbons. In subse-
quent years, most major classes of insecticides in the world lost control efficiency
(Alyokhin et al. 2008). Due to the failure of chemical control, the beetle is becom-
ing more difficult to control, and the damage tends to be more severe. The resistance
level of CPB to insecticides has been increasing in China. Most populations have
developed moderate to high levels of resistance to pyrethroids (cyhalothrin, deca-
methrin and alphamethrin), which were originally effective for CPB control, and
low to medium levels of resistance to neonicotinoids, such as thiamethoxam and
acetmiprid (Jiang et al. 2010; Luo et al. 2010; Wang et al. 2010; Yang et al. 2011a).
Studies on the resistance mechanisms of CPB in Xinjiang revealed that point
mutations of S291G in the AChE and L1014F in the LdVsccl were responsible for
high levels of resistance to beta-cyfluthrin and carbofuran, respectively. A PASA
molecular technique has been developed for the detection of CPB resistance to
pyrethriod and carbamate pesticides (Jiang et al. 2011; Xiong et al. 2010).

10.4 Risk Analysis and Intercept of CPB in China

10.4.1 Risk Analysis

To identify factors associated with dispersal and spreading of CPB in China, a series
of studies have been conducted in heavily infected areas, including Xinjiang, Gansu,
Jilin, Heilongjiang of China, Coastal Region of Russia, North Korea and some other
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neighboring countries of China. Several factors have been identified, such as geo-
graphic barriers, types of hosts, soils, climatic factors, wind speed and directions,
overwinter conditions and levels of control, etc. (Gui and Boiteau 2010; Guo et al.
2010c; Hiiesaar et al. 2006; Li et al. 2011, 2013a, b, 2014a, b, ¢; Hansen et al. 2004;
Ahemaiti et al. 2010; Zhang et al. 2010).

Geographic barrier is one key factor determining spread routes of CPB (Liu et al.
2012). Xinjiang has very distinctive geographic and ecologic conditions, where
oases always mingled with deserts (Jia et al. 2004). For example, the Tianshan
Mountain extending from west to east divides Xinjiang into two parts. This Mountain
has an attitude higher than 3000 m, so it can serves as a huge geographic barrier
against CPB. It has effectively prevented CPB from spreading to southern part of
Xinjiang, as well as the spreading from the Yili river valley area to northern or
southern part of Xinjiang (Guo et al. 2010c). It had been well proved that CPB in
Tacheng was spreading by its natural migration only from west to east, along that
oasis at northern slope of the Tianshan Mountain. Owing to absence of host crops
and wild host plants, the large Gobi desert is an isolated region that is impossible for
CPB to spread through by its natural dispersal (Li et al. 2013b).

Invasion risk analyses showed that most regions in China were suitable for coloni-
zation of CPB, except the few regions such as the northern part of Tibet, northwest part
of Gansu province and Inner Mongolia (Hong 2009; Wang et al. 2014). There is a high
risk for the beetle spreading eastwards from Xinjiang into Gansu and neighboring
provinces, and from coastal region of Russia to Heilongjiang province. By contrast,
there is a low risk in Taiwan, Hainan, Guangdong and Fujian provinces (Fig. 10.6).

Invasion risk analyses warned that there existed possible invasions into central
China. Currently, there are four major potato growing regions in China, which are
located in northern, central, southern and southwestern parts of the country. The
cropping area in northern and southwestern regions accounted for 90% of the country.
Inner Mongolia in the northern region is the largest potato growing province, and
some other provinces such as Gansu, Heilongjiang, Guizhou, Yunnan also have a
large potato acreage. The Hexi Corridor in Gansu Province had been considered as a
critical channel for the CPB invasions to these regions. If central China is invaded by
the beetle, no geographical barrier exists to prevent its spread, and its establishment
and population expansion would be rapid due to the presence of suitable environ-
ments. Therefore, strict inspection and quarantine measures should be taken in and
near the Hexi Corridor to prevent CPB invasions. Plants, potato tubers, and packag-
ing materials used for transport are to be given special attention, as they might carry
CPB adults and larvae and be brought to other regions by human activities.

10.4.2 Quarantine and Monitoring

China is undertaking strict quarantine and extensive monitoring of CPB in high-risk
regions, such as southern part of Xinjiang, Gansu, Helonjiang, Jilin, and Inner
Mongolia. In recent years, some effective quarantine measures have been widely
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Fig. 10.6 Suitability and colonization risk analysis of Colorado potato beetle

adopted. For instance, a road management station responsible for plant quarantine has
been established on Yandun highway toll station located at the junction between Gansu
and Xinjiang. This station inspects agricultural products, carries out quarantine treat-
ments on vehicles loading agricultural products from Xinjiang, and inspects vehicles to
prohibit transporting infested potatoes to regions outsides of Xinjiang. In addition, in
Colorado potato beetle colonized regions (Fig. 10.7) and in the high-risk regions of
Gansu (Fig. 10.8), Heilongjiang, Jilin and Inner Mongolia, monitoring and investiga-
tions have been conducted at large scales in potato growing seasons each year.

To increase the nationwide awareness of CPB invasion in China, a guideline for
the monitoring and eradicating of this pest has been formulated. Furthermore, based
on lots of research work, an internet platform has been constructed. This platform
contains information of CPB monitoring, warning, forecast, control technology, as
well as CPB identification, biology and ecology.

10.4.3 Establishment of “The Controlling and Intercepting
Belt”

The controlling and intercepting belt for CPB has established in the frontier of its
occurrence regions, which located from the eastern of Mori Kazak autonomous
county to the western of Barkol county. This belt exceeds more than 250 km with
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desert. In this belt, we have taken a series of effective measures (Fig. 10.9). Firstly,
we reduce the density of CPB in frontier region by chemical control. Secondly, we
thoroughly eliminate henbane (Hyoscyamus niger), one wild host plant which is
only distributed in the desert in northwest of China. Thirdly, we monitor the occur-
rence of CPB on host crops which are planted in the desert at regular intervals, and
seven monitoring sites have been established in Mori County (Fig. 10.10). In case
that CPB is found in these plants, we eradicate it immediately.

By widely and continuously applying effective measures nationwide, especially
in the regions of high invasion risk, CPB has been effectively prevented from
spreading to other potato growing region of China.

10.5 Sustainable Management of Colorado Potato Beetle
in China

10.5.1 Cultural Control

Some cultural practices have been used widely in Xinjiang for CPB control. By
ploughing potato fields in autumn, the death rate of overwintering CPB adults
reached 33-76%, which was twice higher than that in the fields without plough-
ing. Rotating potato fields with non-host crops can delay occurrence of overwin-
tered adults for 2—7 days, and the delay could be over seven days if the distance
of rotating and non-rotating fields was beyond 400 m. Moreover, cropping rota-
tion can reduce CPB population density significantly. For example, in the Yili
River Valley, the density of first-generation larvae in the rotated potato fields was
only 29-84% (65% on average) of that in continuous cropping potato fields
(Guo et al. 2011d).

Plastic mulching after seeding can increase soil temperature and promote seed-
ling emergence and growth, and thus may increase plants’ tolerance to CPB dam-
age. Moreover, plastic membrane can stop CPB adults from getting out of the soil
or stop the transfer of CPB larvae among different plants. In the Ili River Valley
area, such a technique, together with usual irrigation, has been demonstrated to be
able to reduce CPB density by 50-74% and potato yield was increased by 57%
(Guo et al. 2011d, 2014).

In addition, increasing the fertilization of field prior to potato growing may also
reduce CPB damages, due to the increased tolerance of plants (Xu et al. 2011).
Applications of micronutrient fertilizers such as zinc sulfate, manganese sulfate,
boron and ferrous sulfate, have also been reported to be potential effective control
measures (Guo et al. 2011d).
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Fig. 10.10 Seven monitoring sites in Mori County
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10.5.2 Transgenic CPB-Resistant Potato Breeding

A single gene expression vector was constructed with the Bacillus thuringiensis
(Bt) toxic protein gene crylB3, and a gene stacking vector was constructed contain-
ing cry3A gene and the Vitreoscilla hemoglobin gene (vib) (Wu et al. 2011). These
genes have been introduced into the local potato cultivars ‘“Zihuabai” and “Longshu”,
respectively, through Agrobaterium-mediated transformation method and they were
expressed successfully (Lu et al. 2015). Greenhouse tests showed that both the
transgenic plants are highly effective in killing CPB larvae and adults. Particularly,
the CPB death rate reached 100% four days after feeding the insects with leaves of
the crylB3 transgenic potato plants under greenhouse conditions. A number of 13
potato lines of the gene stacking (cry3A+ vhb) were obtained, and greenhouse tests
indicated that all of the 1st- and 2nd-instar CPB larvae feeding on these potato lines
died (Zhou et al. 2012). Limited releases of these transgenic potato lines in field
experiments also resulted in high death rates and effective control efficacy of CPB
with significantly higher yields obtained than the conventional -cultivars.
Additionally, none of these Bt-transgenic potato lines had any reverse effects on
natural enemies and other arthropods. And the tube shape, tube color and other
product natures of these transgenic potato were not changed compared to mother
cultivars.

10.5.3 Biological Control of Colorado Potato Beetle
10.5.3.1 Survey and Evaluation of Predatory Natural Enemies

In recent years, lots of surveys have been conducted for natural enemies of CPB in
Xinjiang. Forty-six predatory species of CPB have been identified, which include
25 insects and 21 spiders (Feng et al. 2013). The frequently found predatory spe-
cies include Chrysopa sinica, Zicrona caerula, Adonia variegate, Hippodamia
tredecimpunctata  libialis, Coccinella  septempunctae, Arma  chinensis,
Adetphocoris lineotatus, Lyygus pratensis, Nabis sinoferus, Nabis ferus,
Erigonidium graminicolum, Philodromus cespitum and Oenopia conglobata (Shu
etal. 2011) (Fig. 10.11). The richness and abundance of predatory species in China
were quite different from those in the US and European countries (Greenstone
et al. 2010; Li et al. 1997; Mallampalli et al. 2002; O’Neil et al. 2005). A few spe-
cies have been evaluated in the laboratory for their predatory capacity on CPB,
such as C. sinica, Z. caerula and A. lineotatus (Feng et al. 2013; Shu et al. 2011,
2012; Zhang 1994a, b).
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Fig. 10.11 Natural enemies of Colorado potato beetle in Xinjiang

10.5.3.2 Entomogenous Pathogens and Development of an Effective
Bio-insecticide

Several entomogenous pathogen isolates have been obtained from infected CPB
adults collected from Xinjiang. The most often isolated pathogens include
Beauveria bassina (Deng et al. 2012; Ma et al. 2014), Veriticillium sp., Metarhizium
anisopliae, Fusaroim sp., Trichoderma sp. and Bacillus thuringiensis (Lu et al.
2015). Some B. bassina and B. thuringiensis isolates are highly virulent and patho-
genic to CPB larvae and thus are very effective in controlling CPB in the field. An
isolate of B. bassiana has been well studied and mass produced by fermentation
(Luo et al. 2011). A bio-pesticide was formulated into a wettable powder contain-
ing 3 x 10!° spores/g and an oil suspension containing 1 x 10 spores/ml. Field
trials showed that these bio-pesticide formulations were very effective for CPB
control (He et al. 2015). Additionally, an engineered Bt bacterium has been
obtained by transforming the modified cry3A toxic protein gene and pre-experi-
ment was made from the engineered bacterium (Yang et al. 2011b). The CPB con-
trol efficacy of this preparation can reach 99% when applied at a dosage of 1200 g
per hectare. Both the myco- and the bacterio-insecticide are being registered for
commercial uses and they are promising to be widely applied in sustainable man-
agement of CPB.
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10.5.4 RNA Interference Technology

Complete sequence of the proline dehydrogenase gene has been cloned from CPB
cells and the difference of the gene expressions before and after overwintering has
been compared (Guo et al. 2015b; Wan et al. 2013a; Wu et al. 2011). This gene has
been modified and transformed into E. coli to produce an engineered bacterium (Li
et al. 2014d). The engineered bacterium was then fermented to produce significant
amount of double stranded RNA (Li et al. 2015; Shi et al. 2012). Based on this
technique, a CPB-lethal gene was synthesized to inactivate the juvenile hormone
synthesis in CPB (Guo et al. 2015a). The juvenile hormone synthesis related genes
were also cloned and these were the juvenile hormone esterase (JHE), juvenile
hormone epoxide hydrolase (JHEH) and juvenile hormone diol kinase (JHDK)
genes. A dsRNA expression vector (pET-2P-X) was constructed with 3-hydroxyl-
3-methyl glutarie usions-CoA reductase, mevalonate kinase, S-adeno-sylhom ocys-
teine hydrolase and juvenile hormone esterase genes, and the expected products
could be expressed successfully in E. coli (Fua et al. 2014; Liu et al. 2014; Zhou
et al. 2013). Tests showed that the transformed bacterium with S-adeno-sylhom
ocysteine hydrolase gene expressed could exert significant lethal effect on CPB
(Wan et al. 2013b).

10.5.5 Chemical Control

The economic threshold of different chemicals for CPB control have been deter-
mined for the populations in Xinjiang (Guo et al. 2014). Several high efficiency and
low toxic insecticides had been screened, such as acetamiprid and imidacloprid that
belong to neonicotinoid insecticides. These insecticides can be used as seed-
dressing for controlling overwintered CPB adults, or sprayed to kill first-generation
larvae (Fu et al. 2013; Guo et al. 2010a; b; Lu et al. 2010; Lu 2011). In addition,
pesticides have been developed for seed or potato tuber dressing, such as 24% thia-
methoxam and 3.2% methyclothiazide. Greenhouse experiments showed that more
than 65% of CPB larvae were killed when fed with the leaves of plants obtained at
63-68 days after dressing treatment of potato tubers with the pesticides. Similarly,
the field investigations showed that 75.6 and 68.5% of CPB larvae died when feed-
ing on the plants produced for 60 days after the treatments of thiamethoxam and
methyclothiazide, respectively. All these results suggest that both pesticides can
maintain their control efficacy for at least 2 months. These two pesticides have been
used in Urumgqi and Qitai.

A number of strategies and techniques have been adopted to reduce CPB resis-
tance to chemical insecticides (Alyokhin et al. 2008; Jiang et al. 2010, 2011; Xiong
et al. 2010). For example, potato rotation with wheat and other crops can reduce
CPB density, and consequently can reduce pesticide use. Concentrated plant potato
as trap crops which can attract CPB adults to lay eggs. The appropriate adjustment
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of sowing time can avoid the harm to potato by unearthed CPB and its reproduction
peak. Plastic-lined trenches (20-30 cm width, 3040 cm depth) placed between
overwintering sites and commercial potato fields reduced recruitment of adults by
85%. A vacuum CPB-sucker and a propane flame deinsetizator can be used at seed-
ling stages to kill CPB adults and the control efficiency can reach 80-95%.

10.5.6 Integrated Pest Management

In the past 5 years, a series of techniques for controlling CPB were investigated
systematically in Xinjiang. Some of these techniques have been selected and inte-
grated into an effective management strategy. Compared with traditional control
measures, the integrated CPB management emphasizes more on the adoption of
environments-friendly measures, such as cultural, physical and biological tech-
niques as described above. In addition, several healthy crop cultivation techniques,
which can help in improving potato plants’ resistance to CPB damage, have also
been used in the integrated control system. Two typical options of such cultivation
techniques are the film and drip irrigation production model, which was referenced
from cotton production in Xinjiang, and the fertilization optimization control tech-
nology. The aims of undertaking integrated management are to reduce the risk of
resistance to pesticides, and ensure favorable economic, ecological and sociological
consequences.

The integrated management is formulated with following principles: (a) it is
simple, easy, economical and practical to use by local farmers; () the control must
be relatively quick, effective and sustainable; and (c) it is safe and friendly to envi-
ronments. So far, different integrated programs have been established in various
potato growing regions. Of them, some have been commercially used in Xinjiang in
the past decades. The use of some programs have produced large amount of eco-
nomic profits, which was estimated as around 200 million CN yuan each year, and
have benefited the ecosystem evidently.

10.6 Conclusions and Future Perspectives

After CPB has successfully invaded China, great efforts have been made on its
monitoring and control. Several national projects have been sponsored to study
CPB’s basic biology and to develop control methods. So far a number of biological
aspects that are closely associated with CPB’s invasions have been extensively
investigated. Moreover, a set of integrated sustainable management techniques have
been developed and applied successfully for CPB control in Xinjiang (Guo et al.
2014). This pest has been prevented from spreading to other potato growing regions
in China and has been intercepted in the west of Mori county successfully for more
than 20 years.
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In addition to the progress described above, several other achievements have
been made. For example, some useful experiences and advanced techniques on the
eradicating, intercepting and monitoring of CPB have been accumulated and are
ready to be applied nationwide. Some of the experience is of important reference for
the management of other invasive species in China. Moreover, a guideline for moni-
toring and eradicating CPB has been formulated. Also, an internet platform for shar-
ing information of CPB monitoring, warning and forecast nationwide has been
preliminarily constructed.

The import of agricultural products from other countries is increasing, and thus
there are new risks for the country to be invaded by CPB that might hide in imported
agricultural products. For the regions that have been invaded by CPB, it is still nec-
essary to reduce CPB damages, prevent it from spreading into other potato cropping
regions. Some more advanced control techniques have not been investigated thor-
oughly and thus have not been cooperated into the integrated management pro-
grams. For instance, the breeding of transgenic CPB-resistant potatoes are still at its
infant stage. Little work has been done on the attractants for control purpose. The
methods for conserving, mass rearing and releasing natural enemies have not been
studied. New effective and least-contaminative chemical and biological pesticides
need to be developed. Plant quarantine needs to be more strengthened and the inte-
grated management programs be more widely used.
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Chapter 11
Red Turpentine Beetle Dendroctonus valens
LeConte

Min Lu and Jianghua Sun

Abstract The red turpentine bettle (RTB), Dendroctonus valens LeConte
(Coleoptera:Curculionidae: Scolytinae), is a secondary pest of pines in its native
ranges in North and Central America. Outbreaks and tree mortality caysed by RTB
alone are rare in its native ranges. RTB was detected in China in the early 1980s and
spread rapidly from Shanxi province to the adjacent provinces, and has caused
extensive tree mortality since 1999. In this chapter, we discuss factors likely con-
tributing to D. valens invasion success and control strategies in China. Genetic
variation of RTB, interactions between RTB and its associated fungi, behavioral
differences in Chinese RTB, and other factors favoring RTB outbreaks are consid-
ered in an effort to explain the invasiveness of RTB in China. Promising manage-
ment options for controlling RTB, as with any bark beetle pest, including regulatory,
silvicultural, insecticidal, and semiochemical tactics, are also discussed.

Keywords Dendroctonus valens  Invasiveness ® Leptographium

11.1 Introduction

The red turpentine beetle (RTB) , Dendroctonus valens LeConte (Coleoptera:
Curculionidae: Scolytinae), native to North America, is the most widely distributed
pine bark beetle in the American continent (Owen 1985). It has been recorded on at
least 40 species of domestic and foreign conifers. Despite its abundance and wide
distribution, outbreaks of RTB have generally not been extensive or severe in its
native ranges, and most cases in North America and parts of Central America (Smith
1971; Sun et al. 2013).
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This beetle was introduced into China in the early 1980s when logs without
being quarantined were imported from the Pacific Coast of the United States (Zhang
et al. 2006). In China, its distribution expands rapidly since 1999 when it began to
spread from Shanxi province to three other adjacent provinces (Hebei, Henan, and
Shaanxi). One of the major possible problems is the loss of large areas of reforesta-
tion forests. In such forests, many pine species are widely planted, such as Pinus
tabuliformis Carriere, yet these pines are very vulnerable to RTB’s invasions. So far
more than ten million P. tabuliformis trees have been killed, as well as other pines
such as Pinus bungeana Buee (Yan et al. 2005). In addition, the invasions of RTB
into China can cause a series of negative effects, for example extensive loss of forest
cover can result in dramatic changes to ecosystems, with concurrent losses of biodi-
versity and carbon sequestration capacity (Kurz et al. 2008; Yan et al. 2005).

Several factors may have contributed to the invasion success of RTB in China,
including the abundance of native hosts, lack of natural enemies, and mutualistic
symbioses with microorganisms. Increasing global temperature might also have
favored the RTB invasions by broadening its latitudinal ranges. In addition, RTB has
changed some of its behaviors as it spreads to non-native regions, which might also
be a reason for its successful invasions in China. To control this pest, several man-
agement methods have been developed in China. Meanwhile, extensive researches
have been conducted to investigate invasion mechanisms of RTB.

11.2 Invasion Mechanisms

11.2.1 Genetic Diversity and Variation of D. valens

The genetic structure of native and non-native RTB populations has been compared
based on partial sequences of the mitochondrial cytochrome c oxidase subunit I
gene (COI) in populations collected from multiple locations in North America and
China. Overall, high haplotype diversity was found in this beetle, and Chinese pop-
ulations shared some of the haplotypes with beetles from Pacific northwestern
North America. This supports the hypothesis that the D. valens was recently intro-
duced to China and originated from the PNW of the USA (Cognato et al. 2005). To
learn more information about haplotype diversity within populations and genetic
similarity among populations, Cai et al. (2008) conducted a more extensive survey
on population genetic structure. They also used a partial sequence of COI. Moreover,
they sampled from more sites, took larger sample sizes, and collected more paleo-
climate and geological data. The result showed that marked genetic differences
exited between eastern and western North American populations as well as between
Mexican/Guatemalan and U.S. populations.
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11.2.2 Distinct Characteristics of Chinese D. valens

RTB has an excellent dispersal ability. Its flight distance exceeded 16 km in North
America (Smith 1971). Amazingly, its flight distance was up to 35 km in China
(Zhang et al. 2002). The long-distance flight capability enables the beetle to migrate
over large geographical areas, including beyond barriers such as the Luliang and
Taihang mountains (Zhang et al. 2002).

This beetle is able to detect volatiles of host trees. It is one of the important bio-
logical traits of this pest and was thought to have contributed to its successful estab-
lishment in China (Shi and Sun 2010). Volatiles from frass expelled from female
nuptial chambers are used by males to locate these chambers (Liu et al. 2006a, b). In
China, RTB has been shown to harbor trans-verbenol, cis-verbenol, myrtenol, myrte-
nal, and verbenone in its hindgut (Shi and Sun 2010). These volatiles are known
pheromone components in other species of Dendroctonus (Symonds and Elgar 2004).

Of them, frans-verbenol, myrtenol, and myrtenal can be detected by antennal recep-
tors and elicit attraction in RTB (Zhang and Sun 2006). In field tests, addition of both
trans-verbenol and myrtenol in baits significantly increased catches of beetles in traps
baited with host kairomones (Zhang and Sun 2006). Newly emerged females and males
have only minute amounts of trans-verbenol and myrtenol, but the quantity of volatiles
from female adults increase after feeding (Shi and Sun 2010). Male adults produce larger
quantities of trans-verbenol and myrtenol after they join females in galleries, which could
be a means for RTB males to accelerate mass colonization on host trees (Shi and Sun
2010). Verbenone functions as a multipurpose pheromone for RTB-attractive at very low
concentrations but repellent at high concentrations (Zhang et al. 2006). This phenome-
non has been reported in other species of Dendroctonus. For practical purposes, verben-
one dominantly serves as an interruptant to host or mate location (Rappaport et al. 2001).

Shi and Sun (2010) found that all of the volatiles described above were not syn-
thesized de novo by the beetle, instead they were all synthesized through oxidation
of the host monoterpene, a-pinene. Oxidation of a-pinene is a relatively simple
chemical conversion and hence may involve lower metabolic costs and provide
faster mobilization and release of attractant semiochemicals.

11.2.3 Multispecies Interactions

Intriguing questions concerning the RTB in China is about the fungi associated with the
beetle in its new environments and whether such an association might, more or less,
account for its unusual behaviors there. Various studies have been undertaken to compare
the fungal associates of RTB in China and North America (Lu et al. 2008a, b, 2009a, b).
Interestingly, of all the fungi isolated from North American and Chinese beetles, only
two shared species, Leptographium procerum and Ophiostoma ips, have been found (Lu
et al. 2009a). Of all the fungi, L. procerum is the most consistently isolated from RTB in
China (Lu et al. 2009a). This fungus is not a primary pathogen in North America,
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although it has been associated with tree decline syndromes and with other Scolytinae
that feed on living conifers (Wingfield 1983). On the other hand, strains of L. procerum
collected from RTB of China had higher virulence to P. tabuliformis than a strain from
the beetle of North America (Lu et al. 2010). Intriguingly, these Chinese strains may also
increase production of 3-carene, the most attractive host volatile for RTB, in the inocu-
lated pine seedlings. Although these results are of a preliminary nature, Lu et al. (2010,
2011) suggested that this intrinsic multitrophic interaction could be an important factor
involved in the RTB invasions in China.

In China, an important semiochemical relationship exists between RTB and the
root-feeding Scolytinae Hylastes parallelus (Lu et al. 2007). The two species can
infest trees simultaneously with RTB infesting the lower trunks and upper roots while
H. parallelus infesting the lower roots (Wu et al. 2002). This synergistic relationship
appears to be mediated by cross-attraction via chemical cues (Lu et al. 2007).

11.3 Risk Prediction and Assessment

The risk of spreading to a wide geographic range has been assessed for RTB. This was
done by modeling analysis using the data from 305 weather stations with software @
RISK (Tang et al. 2008; Wang et al. 2007). The results showed that there is an extremely
high risk of this beetle continuing to outbreak as well as to spread in China. Some
regions would have to face a high risk. In northern China, for example, these assess-
ments were used regionally to regulate transport of potentially infested wood materials
in order to limit human-assisted RTB dispersal. According to the model, the north
China has a higher likelihood of drought, so if RTB were to spread to this area, the dam-
age would likely increase largely. Analyses of host volatiles that serve as beetle attrac-
tants (monoterpenes) showed that Pinus bungeana and Picea asperata, which grow in
this region, might be more susceptible to RTB attack than other hosts in the infested
area (Wang et al. 2007), and global warming may increase their susceptibility.

11.4 Monitoring and Management

Before 1999, RTB was not considered a forest pest in China. However, its pest sta-
tus escalated as the beetle continued to spread and levels of damage significantly
increased. The Chinese State Forestry Administration now ranks RTB as the second
most harmful forest pest in this country, and a National Management Project was
initiated for RTB in 2000 (Sun et al. 2013). Options for controlling RTB include
regulatory, silvicultural, insecticidal, and semiochemical tactics, all of which have
been implemented in China to mitigate the damages. The control in some regions
has been very successful. About 30% of the 85,300 ha of pine forest in eastern
Shanxi province has been infested, causing death in 7% of P. tabuliformis trees in
2001. Data provided by the Shanxi Forestry Bureau indicated that the RTB-infested



11 Red Turpentine Beetle Dendroctonus valens LeConte 223

area within the province had decreased from 256,700 ha in 1999 to 29,900 ha in
2010. Over a 12-year period (1999-2010), the control projects covered nearly
39,000 ha on average per year, with a peak of 79,300 ha in 2001. RTB infestations
extended into Henan province, but the extension end due to drought and various
control methods such as physical, chemical, and biological control by the State
Forestry Administration in 2002 (Yan et al. 2005).

11.4.1 Semiochemical-Based Control

Semiochemical tactics such as application of antiattractants, trap-out of beetles with
attractants, or combinations thereof, are much environmental friendly and not labor-
intensive (Gillette and Munson 2009; Zhang et al. 2007). Promising semiochemi-
cals include attractant kairomones produced by hosts and conspecific beetles, sex
attractant pheromones, aggregation pheromones, and antiattractants.

(—)-a-pinene, (+)-a-pinene, (+)-3-carene were produced by pines in natural
environments. The antipode (—)-a-pinene interrupted response to (+)-a-pinene is
the first reported example of chiral specificity of kairomones (Hobson et al. 1993).
The studies in China showed that (+)-3-carene, was the best RTB attractant in
invaded regions (Sun et al. 2004a). This suggests that founder effects had yielded an
invasive RTB population that differed from native populations in semiochemical
response (Cognato et al. 2005; Yan et al. 2005). A large follow-up study, however,
showed that the populations in North America also responded strongly to
(+)-3-carene (Erbilgin et al. 2007). Release rates of (+)-3-carene differed vastly in
the two studies, which may explain the differences. Because of its superior perfor-
mance, (+)-3-carene has been used successfully in a series of trapping projects in
China (Li et al. 2006a; Liu et al. 20064, b; Sun et al. 2004b; Yuan 2008).

In addition, RTB can also show kairomonal responses to some volatiles. Lu et al.
(2007) showed that RTB had both antennal and behavioral responses to the volatiles
produced by a native Chinese root beetle, Hylastes parallelus. This is the first report
on kairomonal interactions between native and introduced insects. Joseph et al.
(2001) reported increased attraction of RTB by kairomones with the addition of
ethanol, but Fettig et al. (2004) found such an enhancement to be not significant,
suggesting that ethanol may not function consistently to be used in operational trap-
ping programs. The potential for combining effective semiochemicals in binary and
ternary blends for enhanced trapping merits need further exploration (Table 11.1).

11.4.2 Regulatory Enforcement Strategies

Any pine material with intact bark could potentially harbor RTB, and harvesting of
dying, infested trees might facilitate RTB spread through the movement of infested
logs. Thus, human-mediated movement appears to be principle means of spread in
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Table 11.1 Response of D.

M. Lu and J. Sun

valens to semiochemicals

Semiochemicals

Response

References

(—)-B-Pinene

Attractive

Hobson et al. (1993) and Rappaport et al. (2001)

Non-attractive

Guo et al. (2003) and Sun et al. (2003)

(+)-3-Carene* Attractive Hobson et al. (1993), Erbilgin et al. (2007), and
Rappaport et al. (2001)
Attractive Sun et al. (20044, b)
Myrcene Attractive Hobson et al. (1993), and Rappaport et al. (2001)

(=)-Limonene

Non-attractive

Hobson et al. (1993), Rappaport et al. (2001)

(+)-Limonene

Non-attractive

Hobson et al. (1993), and Rappaport et al. (2001)

(—)-a-Pinene

Non-attractive

Hobson et al. (1993), and Rappaport et al. (2001)

Attractive

Erbilgin et al. (2007)

(+)-a-Pinene

Attractive

Hobson et al. (1993), Rappaport et al. (2001), and

Erbilgin et al. (2007)
Non-attractive | Guo et al. (2003), and Sun et al. (2003)

Ethanol Attractive Gladwin et al. (2001)

Verbenone Disruption Hobson et al. (1993), and Rappaport et al. (2001)
Disruption Guo et al. (2003), and Sun et al. (2003)

Mixture of (—)-a-Pinene, | Attractive Guo et al. (2003), and Sun et al. (2003)

(—)-p-Pinene, (+)-3-Caren

Frontalin Attractive Luxova et al. (2007)

Trans-verbenol Attractive Zhang et al. (2006)

Myrtenol Attractive Zhang et al. (2006)

Mytenal Attractive Zhang et al. (2006)

1-Octen-3-ol Disruption Zhang et al. (2006)

(Z2)-3-Hexen-1-ol Disruption Zhang et al. (2006)

(E)-2-Hexen-1-ol Disruption Zhang et al. (2006)

“Used in trapping project.

areas where pine stands are widely separated. For this reason, it is essential to pre-
vent or slow down the spread of RTB by monitoring and regulatory enforcement in
China (Yan et al. 2005). Unauthorized tree harvesting and the movement of infested
material (e.g. logs, wood blocks, and wood boxes with bark) should be strictly
restricted. Moreover, the Forest Pest Control Station system was established in
China, with the aim of facilitating enforcement of quarantine regulations from the
central government to the provincial, city, and county levels. So far, strict quarantine
regulations are enforced at ports and along highways and railways.
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11.4.3 Silvicultural Control

In the stands that have not been invaded by RTB, several silvicultural methods have
been advised to minimize the risk, including (a) preventing tree wounds, (b) elimi-
nating chip piles or other sources of attractive host volatiles, (c) carefully timing
thinning, pruning, and soil ripping to avoid periods when trees might be drought-
stressed and dispersing beetles in high number (Fetting et al. 2004), and (d) reduc-
ing stand density to minimize stress caused by competition (Li et al. 2006b).
Avoiding monocultures is also frequently recommended to minimize resource con-
centration that might favor the increase of pest populations (Li et al. 2006a; Liu
et al. 2004). In China, RTB outbreak status has been monitored annually since 1999,
primarily using baited traps combined with summer and fall plot inspections for
signs of attack, such as pitch tubes and frass on stems. In the infected stands, and
four forest management measures are applied to infested stands: ceasing turpentine
collection from living trees, reducing stand density, removing infested trees, and
increasing tree species diversity (Li et al. 2006b).

11.4.4 Insecticidal Control

In North America, several chemicals are effective in protecting individual tree from
RTB attack, such as fenitrothion, carbaryl, and permethrin. They are normally used
before beetles’ attack. In China, the effective methods include fumigating holes with
aluminum phosphide under plastic cover, injecting dichlorvos or omethoate into
newly initiated galleries, and spraying insecticides (e.g., phorate, monocrotophos,
cypermethrin, phoxim; Sun et al. 2013). Of them, fumigation and injection with
insecticides can be conducted in all reasons; early June to October is the optimal
time, during which pupation and development of new larvae occur (Yan et al. 2005).

11.5 Conclusions and Perspectives

In China, RTB has rapidly expanded its geographical ranges and caused tree exten-
sive mortality since 1999. Some factors may explain RTB’s successful colonization
and establishment in China, including more aggressive attack behavior, high disper-
sal capability, an abundance of native hosts, lack of predators and pathogens, positive
interactions with native bark beetles, an effective symbiosis with new fungal associ-
ates, and favorable climate patterns. Major differences in RTB’s behavior between
native and invaded ranges likely reflect adaptations to new environments. Thus,
numerous researches have been conducted to explain the benefits of microbial asso-
ciates on RTB fitness improvement. But multitrophic interactions between RTB and
pines, fungi, bacteria, mites, and other beetles remains unclear. A comprehensive
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understanding of these ecological interactions is crucial to understanding the biology
of RTB and other invasive beetle-fungus mutualisms.

Promising management options for controlling RTB include regulatory, silvicul-
tural, insecticidal, and semiochemical tactics, and all these approaches have been
implemented in China as integrated pest management programs to mitigate RTB
damage. Fumigation during the flight period is a direct control method that is effec-
tive at killing beetles at large scales. In addition, trapping beetles with semiochemi-
cals lures (host volatiles) has been tested as a promising labor-saving and
environmental friendly method for RTB management. In addition, planting strate-
gies (mixed-species stands and mixed-age stands) should be designed to reduce
outbreak potentials. More improved lures, including host volatiles and pheromones,
and improved trapping techniques will enhance monitoring, detection, interruption,
and trap-out. Similarly, epidemiological models for RTB in urban, managed, and
natural forests will benefit from refinement.
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Chapter 12
Coconut Leaf Beetle Brontispa longissima
Gestro

Baogian Lu and Zhenggiang Peng

Abstract Brontispa longissima Gestro, known as the Coconut leaf beetle, is a leaf
beetle that feeds on young leaves and damages seedlings and mature coconut
palms. B. longissima has become an increasingly serious pest of coconuts in the
Asian-Pacific region, especially over the last three decades. B. longissima broke out
in Hainan Province, China in 2002. Quarantine and surveillance are the best pre-
vention methods for introductions and further spread. Chemical spraying has been
recommended, but foliar sprays pollute environments and are not suitable for cer-
tain areas and tall trees. To reduce pollution caused by chemical sprays, chemical
sachets, Yejiaqing which is eluviation powder, were widely used to control B. lon-
g