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Preface

The study on the diversity and ecology of invasive plants in the recent Anthropocene
era has enormously increased. Invasive species are one of the worst threats to
biodiversity and ecosystems across the globe. According to the Rio Convention of
Biological Diversity (1992), invasive alien species were ranked the second highest
threat to the loss of biodiversity. Invasive plants are non-native plants that are intro-
duced into an area and spread at a very fast rate with significant ecological and eco-
nomic impacts. In a new area, an invasive plant competes with native plants for light,
nutrients, water, and other resources, thereby replacing the native vegetation. As a
consequence, the biodiversity and natural beauty of the environment are distorted.
Controlling invasive plant species is very difficult and costly. There are various
methods available for control such as mechanical, chemical, and biological. Further,
climate change exacerbates the spread of invasive alien plant species. Therefore, it is
important how to control it by applying modern tools and techniques.

This book gives an account of diversity, distribution, and ecology of invasive plant
species around the globe, their impact on ecosystem, and control and management
for conserving native biodiversity. Section I (Diversity of invasive species) describes
the diversity and distribution of invasive plant species in various parts of the world.
Section II (Impact of invasive species on ecosystem and its control) sheds light on
the impact of invasive plants on natural and artificial ecosystems, economics and
human health and also control and management for biodiversity conservation.

We express our deep gratitude to the authors for sharing their knowledge by contrib-
uting chapters to this book. We are extremely thankful to Ms. Dolores Kuzelj, Ms. Sara
Petanjek, and other officials for their constant support during various phases of publi-
cation of this book and thank them for providing us opportunity to edit the book.

We hope that this book will be helpful to a wider group of people; researchers, 
scientists, forest managers, conservation biologists, and academicians.

Dr. Sudam Charan Sahu
Assistant Professor,

Department of Botany,
North Orissa University,

Baripada (Odisha),
India

Dr. Sanjeet Kumar
Ambika Prasad Research Foundation,

Bhubaneswar (Odisha),
India
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Chapter 1

Invasive Alien Flora in and around 
an Urban Area of India
Samarendra Narayan Mallick, Nirius Xenan Ekka, 
Sanjeet Kumar and Sudam C. Sahu

Abstract

Invasive alien species are non-native exotic organisms which can disperse and 
destroy the biodiversity and change the ecosystem. The present study deals with the 
comprehensive list of invasive alien plants (IAPs) of Rourkela Steel City, Sundargarh, 
Odisha, with background information on family, habit, and nativity. A total of 165 
invasive alien species under 132 genera and 59 families have been recorded. From the 
nativity study, among 25 geographic regions, the majority of invasive plants reported 
from American continent (62%) with 103 species. While in life form analysis, the 
herbs (114 species) are dominant, followed by trees (23 species), shrubs (22 species), 
climber (5 species), and undershrub (1 species). Ageratum conyzoides, Blumea lacera, 
Cassia alata, Lantana camara, Cassia tora, Parthenium hysterophorus, Xanthium  
sp., Datura sp., Cardamine scutata, Argemone mexicana, Grangea maderaspatana, 
Hyptis suaveolens, and Gnaphalium polycaulon are some noxious species found during 
the study. Parthenium hysterophorus is the highly noxious plant which is grown every-
where after Ageratum conyzoides and Lantana camara. Most of the invasive species are 
locally used for medicinal purposes as well as for food, fuel, and fodder purposes. A 
better planning and reporting of the spread of new plants in the area are needed for 
early identification and control of the invasive alien plant species in different seasons. 
Since the flora of Sundargarh districts has not been beneficially explored, this study 
will help in the compilation of flora of Sundargarh district and Rourkela in particular. 
Further studies will reveal the allelopathic effects on different agricultural crops as 
well as the different ethnobotanical values.

Keywords: invasive alien plants, biodiversity, utility, urban area, India

1. Introduction

Human beings depend on plants for his daily needs for which several numbers 
of plants are used to fulfill their purposes. Sometimes to fulfill human needs, plants 
are introduced intentionally by humans or accidentally from one region to another 
new region which is nonnative. These introduced plant species are called alien 
species or exotic species. The alien species invade the new region after well adapted 
to the environment. The plants which are introduced by human intentionally or 
accidentally by migration from its natural habitat to another new habit and their 
localities are known as alien, introduced, and exotic, originated from foreign or 
nonnative species [25, 33]. They have the potential to grow in any environmental 
conditions and are easily invasive to the new environment. Preston and Williams 
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[22] stated that “Invasive alien plant species (IAPs)” are grown in such a way that 
they become as more dangerous to sustainable development. As a result, we are 
facing the great challenge of biodiversity loss all over the globe. These group of 
plant species act as the main cause for threat to the native biological diversity. They 
show various effects on the environment and economy of nonnative ecosystems. 
The exotic or alien plant species not only show negative impacts, but also they have 
much economic benefits. Now invasion alien species are cultivated to provide food, 
medicine, fuel, or fodder to local communities [9, 29]. The international trade of 
the products is helpful for introduction of these invasive alien species. Globally the 
introduction of IAPs leads to the huge loss of biodiversity and agriculture crops and 
health problems like respiratory illness [19].

Invasion of plants creates serious problems to the ecosystems by changing the 
structure, composition, and function of natural ecosystem [15, 17]. The rapid 
reproduction and growth rate, high dispersal ability, physiological adaptations 
to new conditions, and ability to survive on various ecosystems are the common 
characteristics of invasive plants. The IAPs have the ability to associate with human 
beings very easily. When the invasive plants colonized to grow in new areas, it 
can change the soil structure and composition of that area. It is reported that the 
agricultural lands are more threatened by IAPs because they are introduced by the 
crop seeds, garden plants, and wind breakers [24].

The first and most important step for effective and proper management of IAPs 
is to collect the baseline data about their invasion status, growth form, and life cycle. 
Accurately distinguishing between native and alien species is required not only when 
developing conservation and vegetation management plans but also for improving 
our understanding of the different components of biodiversity [21]. Rourkela, one 
of the major steel industrial centers of India and regarded as the industrial capital 
of Odisha, is situated in the north-eastern part of the state. Rourkela is located in 
Sundargarh district about 245 km from the shoreline of Bay of Bengal. It is located 
at 20° 12′ North latitude and 84° 53′ longitude, at the elevation about 219 m above 
the mean sea level. Due to better communication, abundance of natural mineral 
resources such as iron ore, limestone, dolomite, water, and other infrastructures in 
and around Rourkela is the main reason for the starting of industrialization since 
1956. Studies on flora of Sundargarh district have not been fully explored. A few 
reports on flora of Sundargarh district [1, 2, 11, 13, 14] have been published. The 
study of literatures reveals that survey pertaining to major invasive plant species has 
not been reported earlier. It is high time to undertake complete survey of the flora of 
Sundargarh district with special emphasis on IAPs which may not be available in the 
future due to rapid industrialization. Many species may become endangered in the 
process of development, and they should be recorded and identified along with their 
usefulness before their extinction during rapid industrialization. Keeping in view, an 
attempt has been made in the present study to provide the baseline information on the 
invasive plant species in and around of Rourkela City of Sundargarh district. It will be 
helpful in preparation of district flora of Sundargarh.

2. Materials and method

During January 2012 to April 2019, intensive floristic surveys were undertaken 
in different areas of Rourkela Steel City (Figure 1) in such a way that each location 
could be studied in every season of the year. A comprehensive list of invasive alien 
plant species (IAPs) and the interaction with local inhabitants were made to collect 
the information regarding the various uses of IAPs of the area. Periodic collection 
of IAPs was made from each locality followed by identification using the available 
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floras [6, 30]. The nativity, history, diversity, sources, and mode of introduction 
of these alien invasive plants were noted from the available literatures. The native 
ranges of the species were recorded from published literatures [3, 4, 5, 10, 12, 15, 16, 
18–20, 24–27, 31, 32, 36, 37, 38]. Plants were categorized according to their life forms 
as herb, undershrub, shrub, climber, and tree as well as their habit-wise as annual, 
biennial, and perennial. The studied habitats were wasteland, cultivated field, riv-
erbank, pond bank, home garden, forest, roadside, etc. The economic importance 
of the IAPs was collected from the local inhabitants and surveyed literatures.

3. Results and discussion

A total of 165 taxa of invasive alien plant species belonging to 132 genera and 
59 families have been recorded from the Rourkela Steel City of Odisha (Table 1). 
The number of dicotyledonous IAPs found is 149 under 118 genera and 50 families, 
while 15 species of monocotyledons are found under 14 genera and 8 families. 
From the study, it was found that 114 species (69%) were herbs followed by trees 
with 23 species (14%), shrub 22 species (13%), climbers 5 species (3%), and 
undershrubs 1 species (1%) (Figure 2). The life form pattern distribution showed 
that herbaceous species (114 spp.) were dominant than other life forms (Table 2). 
The herbs can easily grow in any condition of environment and dominate to others. 
The habit distribution analysis showed that 56% (92 spp.) were annuals and 44% 
(73 spp.) were perennials. Table 3 showed the total number of IAPs recorded 
from the Rourkela Steel City and distributed under different families. From the 
taxonomic distribution of alien flora, Asteraceae (24 spp.) showed dominant 
impact among the invasive alien species in this region followed by Caesalpiniaceae 
(11 spp.), Convolvulaceae (9 spp.), Euphorbiaceae (8 spp.), Amaranthaceae (8 
spp.), Poaceae (6 spp.), and Solanaceae (8 spp.), and Fabaceae, Malvaceae, and 
Verbenaceae represented only 5 spp. each (Table 4). These 10 dominant families 
contributed 89 species (54%) of the total invasive plant species studied (Figure 3). 
The genera Cassia and Ipomoea showed the highest number (six spp. each) followed 
by Cleome, Euphorbia, Alternanthera, Ludwigia, etc.

The contribution of different geographical regions or the nativity of invasive 
alien species is shown in Table 3. A total of 25 native geographical regions of IAPs 
were recorded. The major geographical regions or nativities of IAPs were Tropical 

Figure 1. 
Location map of Rourkela Steel City of Sundargarh district, Odisha, India.
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Figure 1. 
Location map of Rourkela Steel City of Sundargarh district, Odisha, India.
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1 Abelmoschus esculentus 
Moench.

Malvaceae Shrub P Trop. Africa V, Ft

2 Acacia auriculiformis 
A. Cunn. ex Benth.

Mimosaceae Tree P Australia M, 
Ave, 
Sf

3 Acanthospermum 
hispidum DC.

Asteraceae Herb A Brazil M

4 Aerva lanata (L.) 
Juss. ex. Schult.

Amaranthaceae Herb P Madagascar M

5 Aeschynomene indica 
L.

Fabaceae Herb A North America Fu

6 Ageratum conyzoides 
L.

Asteraceae Herb A Trop. America Nox

7 Allium cepa L. Liliaceae Herb A Mediterranean M, V

8 Aloe barbadensis Mill. Liliaceae Herb P Mediterranean M

9 Alternanthera 
philoxeroides (Mart.) 
Griseb.

Amaranthaceae Herb P Trop. America V, M

10 Alternanthera pungens 
Kunth

Amaranthaceae Herb P Trop. America V

11 Alternanthera sessilis 
(Linn) DC.

Amaranthaceae Herb P Trop. America V, M

12 Amaranthus spinosus 
L.

Amaranthaceae Herb A Trop. America V

13 Antigonon leptopus 
Hook. & Arn.

Polygonaceae Climber P Trop. 
S. America

O

14 Argemone mexicana L. Papaveraceae Herb A S. America 
(seventeenth 
cent.)

M, 
Nox

15 Bauhinia purpurea L. Caesalpiniaceae Tree P West Indies V

16 Bidens pilosa L. Asteraceae Herb A Trop. America M, 
Fo

17 Blainvillea acmella 
(L.) Philipson

Asteraceae Herb A Trop. America 
(eighteenth)

M

18 Blumea lacera 
(Burm.f.) DC.

Asteraceae Herb A Trop. America Nox, 
M

19 Borassus flabellifer L. Arecaceae Tree P Trop. Africa Ft, 
Fu

20 Bougainvillea 
spectabilis Willd.

Nyctaginaceae Shrub P Brazil O

21 Caesalpinia 
pulcherrima (L.) Sw.

Caesalpiniaceae Shrub P Trop. America O

22 Calotropis gigantea 
R. Br.

Asclepiadaceae Shrub P Trop. Africa M

23 Calotropis procera 
(Ait.) R. Br.

Asclepiadaceae Shrub P Trop. Africa M

24 Cannabis sativa L. Cannabinaceae Undershrub P Central Asia M, 
Sm, 
Nar

25 Capsicum annuum L. Solanaceae Shrub A Trop. America F
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26 Cardamine scutata L. Brassicaceae Herb A Trop. America NK, 
Nox

27 Cardiospermum 
halicacabum L.

Sapindaceae Herb A Trop. America M

28 Carica papaya L. Caricaceae Tree P Mexico V

29 Cassia alata L. Caesalpiniaceae Shrub P West Indies NK, 
Nox

30 Cassia fistula L. Caesalpiniaceae Tree P Pantropic O, 
M, 
Sf

31 Cassia obtusifolia L. Caesalpiniaceae Herb P Trop. America M

32 Cassia occidentalis L. Caesalpiniaceae Herb P S. America M

33 Cassia siamea Lamk Caesalpiniaceae Tree P South East 
Trop. Asia

Fu, 
Ave

34 Cassia tora L. Caesalpiniaceae Herb A S. America 
(1824)

V, M, 
Nox

35 Casuarina equisetifolia 
Forster & Forster f.

Casuarinaceae Tree P Australia Fu, 
Sf

36 Catharanthus pusillus 
(Murr.) G. Don.

Apocynaceae Herb A Trop. America NK

37 Catharanthus roseus 
(Linn) G.Don

Apocynaceae Shrub P West Indies M

38 Celosia argentea L. Amaranthaceae Herb A Trop. Africa V, M

39 Chenopodium album 
L.

Chenopodiaceae Herb A Europe V

40 Chloris barbata Sw. Poaceae Herb P Trop. America Fo, 
Fu

41 Chromolaena odorata 
L.

Asteraceae Herb A Trop. America M

42 Chrozophora rottleri 
(Geisel.) Juss.

Euphorbiaceae Herb A Trop. Africa NK

43 Cleome gynandra L. Capparaceae Herb A Trop. America M

44 Cleome monophylla L. Capparaceae Herb A Trop. Africa V, M

45 Cleome rutidosperma 
DC

Capparaceae Herb A Trop. America NK

46 Cleome viscosa L. Capparaceae Herb A Trop. America V, M

47 Convolvulus nervosus 
Burm.f.

Convolvulaceae Herb A Europe M

48 Corchorus aestuans L. Tiliaceae Herb A Trop. America Fu

49 Crotalaria pallida Ait Fabaceae Herb A Trop. America Fi, 
Fu

50 Crotalaria retusa L. Fabaceae Herb A Trop. America Fi, 
Fu

51 Croton 
bonplandianum Baill.

Euphorbiaceae Herb P S. America M

52 Cucumis melo L. Cucurbitaceae Climber A Iran and 
N. West

V
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53 Cuscuta reflexa Roxb. Cuscutaceae Herb A Mediterranean M

54 Cynodon dactylon (L.) 
Pers.

Poaceae Herb P Trop. America M

55 Cyperus difformis L. Cyperaceae Herb P Trop. America M

56 Cyperus iria L. Cyperaceae Herb P Trop. America M

57 Datura innoxia Mill. Solanaceae Shrub P Trop. America M, 
Nox

58 Datura metel L. Solanaceae Shrub P Trop. America M, 
Nox

59 Delonix regia (Boj.) 
Raf.

Caesalpiniaceae Tree P Madagascar O, 
Ave, 
Sf

60 Duranta repens L. Verbenaceae Shrub P America O

61 Echinochloa colona 
(L.) Link

Poaceae Herb A Trop. 
S. America

Fo

62 Echinochloa crus-galli 
Beauv.

Poaceae Herb A Trop. 
S. America

Fo

63 Eclipta prostrata L. Asteraceae Herb A Trop. America 
(Bf1824)

M

64 Eichhornia crassipes 
(Mart.) Solm.

Pontederiaceae Herb P Trop. America St

65 Emilia sonchifolia (L.) 
DC.

Asteraceae Herb A Trop. America V, M

66 Eucalyptus citriodora 
Hook.

Myrtaceae Tree P Australia M, 
Fu, 
Sf

67 Euphorbia 
heterophylla auct. 
Non L.

Euphorbiaceae Herb A Trop. America O

68 Euphorbia hirta L. Euphorbiaceae Herb A Trop. America M

69 Euphorbia 
pulcherrima Willd. 
ex. Klotz

Euphorbiaceae Shrub P Mexico O

70 Euphorbia thymifolia 
L.

Euphorbiaceae Herb P Trop. America NK

71 Evolvulus 
nummularius L.

Convolvulaceae Herb P Trop. America M

72 Gnaphalium 
polycaulon Pers.

Asteraceae Herb A Trop. America NK, 
Nox

73 Gomphrena celosioides 
Mart.

Amaranthaceae Herb A S. America Fo

74 Gomphrena globosa L. Amaranthaceae Herb A America O

75 Grangea 
maderaspatana L.

Asteraceae Herb A Trop. 
S. America

NK, 
Nox

76 Grevillea robusta 
Cunn. ex R.Br.

Proteaceae Tree P Australia Fu, 
Sf

77 Helianthus annuus L. Asteraceae Herb A America O, 
Oil
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78 Heliotropium indicum 
L.

Boraginaceae Herb A S. America M

79 Hibiscus rosa-sinensis 
L.

Malvaceae Shrub P China M, O

80 Hyptis suaveolens (L.) 
Poit.

Lamiaceae Herb A Trop. America M, 
Nox

81 Impatiens balsamina 
L.

Balsaminaceae Herb A Trop. America O

82 Indigofera linnaei Ali Fabaceae Herb A Trop. Africa M

83 Ipomoea batatas (L.) 
Lam.

Convolvulaceae Climber P Trop. America Ft

84 Ipomoea carnea Jacq. Convolvulaceae Shrub P Trop. America Fu

85 Ipomoea hederifolia L. Convolvulaceae Herb A Trop. America M

86 Ipomoea obscura (L.)
Ker-Gaw

Convolvulaceae Herb P Trop. Africa NK

87 Ipomoea pes-tigridis L. Convolvulaceae Herb A Trop. East 
Africa

M

88 Ipomoea quamoclit L. Convolvulaceae Herb P Trop. America M

89 Jatropha gossypifolia L. Euphorbiaceae Shrub P Brazil M

90 Justicia gendarussa 
Burm.f.

Acanthaceae Shrub P China M

91 Kalanchoe pinnata 
(Lam.) Pers.

Crassulaceae Herb P Trop. Africa O, M

92 Kigelia pinnata DC Bignoniaceae Tree P Africa O, 
Ave, 
Sf

93 Lagerstroemia indica 
L.

Lytharaceae Shrub P China O

94 Lantana camara L. Verbenaceae Shrub P Trop. America M, 
Nox

95 Leonotis nepetifolia 
(L.) R.Br.

Lamiaceae Herb A Trop. Africa M

96 Leucaena leucocephala 
(Lam.) de Wit.

Mimosaceae Tree P Trop. America Fu, 
Sf

97 Ludwigia adscendens 
(L.) Hara

Onagraceae Herb A Trop. America Sb

98 Ludwigia octovalvis 
(Jacq.) Raven

Onagraceae Herb A Trop. America M, 
Sb

99 Ludwigia perennis L. Onagraceae Herb A Trop. America M, 
Sb

100 Malvastrum 
coromandelianum (L.) 
Garcke

Malvaceae Herb A Trop. America M, 
Fi

101 Martynia annua L. Martyniaceae Herb A Trop. America M

102 Mecardonia 
procumbens (Mill.) 
Small

Verbenaceae Shrub A T. N. America NK

103 Melochia corchorifolia 
L.

Sterculiaceae Herb A Trop. America NK
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104 Merremia vitifolia 
(Burm.f.) Hall.f.

Convolvulaceae Herb A Trop. America NK

105 Mikania micrantha L. Asteraceae Herb A Trop. America Nox

106 Mimosa pudica L. Mimosaceae Herb P Brazil M

107 Mirabilis jalapa L. Nyctaginaceae Herb P Peru O, M

108 Morus australis Poir. Moraceae Tree P China Ft

109 Nicotiana tabacum L. Solanaceae Herb A S. America Nar, 
Sm

110 Ocimum canum Sims Lamiaceae Herb A Trop. America M

111 Opuntia stricta 
(Haw.) Haw.

Cactaceae Shrub P Trop. America NK

112 Oxalis corniculata L. Oxalidaceae Herb A Europe M

113 Parthenium 
hysterophorus L.

Asteraceae Herb A Trop. America Nox

114 Passiflora foetida L. Passifloraceae Climber P Trop. 
S. America

O, M

115 Pedalium murex L. Pedaliaceae Herb A Trop. America M

116 Peltophorum 
pterocarpum (DC.) 
Backer ex K.Heyne

Caesalpiniaceae Tree P Malaya Ave, 
Sf

117 Peperomia pellucida 
(L.) Kunth

Piperaceae Herb A Trop. 
S. America

M

118 Peristrophe 
bicalyculata (Retz.) 
Nees.

Acanthaceae Herb A Trop. America NK

119 Phoenix sylvestris (L.) 
Roxb.

Arecaceae Tree P Trop. America Ft, 
Fu

120 Phyla nodiflora (L.) 
Greene

Verbenaceae Herb A Trop. America M

121 Physalis angulata L. Solanaceae Herb A Trop. America M, 
Ft

122 Physalis minima L. Solanaceae Herb A Trop. America M, 
Ft

123 Pistia stratiotes L. Araceae Herb P Trop. America M, St

124 Pithecellobium dulce 
(Roxb.) Benth.

Mimosaceae Tree P Mexico Ft

125 Plumeria rubra L. Apocynaceae Tree P S. America O

126 Portulaca oleracea L. Portulacaceae Herb A Trop. 
S. America

M, V

127 Portulaca quadrifida 
L.

Portulacaceae Herb A Trop. America M, V

128 Quisqualis indica L. Combretaceae Climber P Malaya O

129 Rhoeo discolor Hance. Commelinaceae Herb P Central 
America

O

130 Richardia scabra L. Rubiaceae Herb A S. America NK

131 Ricinus communis L. Euphorbiaceae Shrub P Africa M
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132 Ruellia tuberosa L. Acanthaceae Herb A Trop. America NK

133 Saccharum 
spontaneum L.

Poaceae Herb A T. West Asia Th, 
Fu, 
Fo

134 Scoparia dulcis L. Scrophulariaceae Herb A Trop. America M

135 Sida acuta Burm.f. Malvaceae Herb A Trop. America M

136 Solanum nigrum L. Solanaceae Herb A Trop. America M

137 Solanum torvum Sw. Solanaceae Shrub P West Indies M

138 Sonchus asper (L.) 
Hill

Asteraceae Herb A Mediterranean M

139 Spathodea 
campanulata Beauv.

Bignoniaceae Tree P Trop. Africa Ave, 
Sf

140 Spermacoce articularis 
L.

Rubiaceae Herb A Trop. America NK

141 Sphaeranthus indicus 
L.

Asteraceae Herb A Trop. Africa M

142 Spilanthes acmella 
(L.) L.

Asteraceae Herb A North America M

143 Spinacia oleracea L. Chenopodiaceae Herb A Europe V

144 Stachytarpheta 
jamaicensis (L.) Vahl.

Verbenaceae Herb A Trop. America M

145 Stylosanthes hamata L. Fabaceae Herb A Trop. Africa Fo

146 Synedrella nodiflora 
(L.) Gaertn.

Asteraceae Herb A West Indies M

147 Tagetes erecta L. Asteraceae Herb A Mexico O, M

148 Tagetes patula L. Asteraceae Herb A Mexico O, M

149 Tamarindus indica L. Caesalpiniaceae Tree P Trop. America Ft

150 Tecoma stans (L.) Juss. 
ex Kunth

Bignoniaceae Tree P America O

151 Thevetia peruviana 
(Pers.) Merrill

Apocynaceae Tree P Trop. America M

152 Thuja orientalis L. Cupressaceae Tree P China O

153 Tribulus terrestris L. Zygophyllaceae Herb A Trop. America M

154 Tridax procumbens L. Asteraceae Herb P Mexico M

155 Triumfetta pentandra 
A.Rich.

Tiliaceae Herb A Trop. America M

156 Turnera ulmifolia L. Turneraceae Herb P Trop. America O

157 Typha angustata Bory 
& Chaub.

Typhaceae Herb P Trop. America Th, 
Fu, 
Fo

158 Urena lobata L. Malvaceae Herb A Trop. Africa Fib, 
Fu

159 Vernonia cinerea L. Asteraceae Herb A S. America M

160 Waltheria indica L. Sterculiaceae Herb A Trop. America M
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Sl 
no.

Plant species Family Life form Habit Nativity Use

104 Merremia vitifolia 
(Burm.f.) Hall.f.

Convolvulaceae Herb A Trop. America NK

105 Mikania micrantha L. Asteraceae Herb A Trop. America Nox

106 Mimosa pudica L. Mimosaceae Herb P Brazil M

107 Mirabilis jalapa L. Nyctaginaceae Herb P Peru O, M

108 Morus australis Poir. Moraceae Tree P China Ft

109 Nicotiana tabacum L. Solanaceae Herb A S. America Nar, 
Sm

110 Ocimum canum Sims Lamiaceae Herb A Trop. America M

111 Opuntia stricta 
(Haw.) Haw.

Cactaceae Shrub P Trop. America NK
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113 Parthenium 
hysterophorus L.

Asteraceae Herb A Trop. America Nox

114 Passiflora foetida L. Passifloraceae Climber P Trop. 
S. America

O, M

115 Pedalium murex L. Pedaliaceae Herb A Trop. America M

116 Peltophorum 
pterocarpum (DC.) 
Backer ex K.Heyne

Caesalpiniaceae Tree P Malaya Ave, 
Sf

117 Peperomia pellucida 
(L.) Kunth

Piperaceae Herb A Trop. 
S. America

M

118 Peristrophe 
bicalyculata (Retz.) 
Nees.

Acanthaceae Herb A Trop. America NK

119 Phoenix sylvestris (L.) 
Roxb.

Arecaceae Tree P Trop. America Ft, 
Fu
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Greene

Verbenaceae Herb A Trop. America M

121 Physalis angulata L. Solanaceae Herb A Trop. America M, 
Ft

122 Physalis minima L. Solanaceae Herb A Trop. America M, 
Ft
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(Roxb.) Benth.

Mimosaceae Tree P Mexico Ft

125 Plumeria rubra L. Apocynaceae Tree P S. America O

126 Portulaca oleracea L. Portulacaceae Herb A Trop. 
S. America

M, V

127 Portulaca quadrifida 
L.

Portulacaceae Herb A Trop. America M, V

128 Quisqualis indica L. Combretaceae Climber P Malaya O

129 Rhoeo discolor Hance. Commelinaceae Herb P Central 
America

O

130 Richardia scabra L. Rubiaceae Herb A S. America NK

131 Ricinus communis L. Euphorbiaceae Shrub P Africa M
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Sl 
no.

Plant species Family Life form Habit Nativity Use
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Figure 2. 
Habit-wise distribution of invasive alien plant species in Rourkela.

Sl. no. Habit No. of species

1 Herb 114

2 Shrub 22

3 Tree 23

4 Climber 5

5 Undershrub 1

Table 2. 
Habit of invasive alien plant species in Rourkela Steel City of Odisha.

Sl 
no.

Plant species Family Life form Habit Nativity Use

161 Xanthium indicum L. Asteraceae Herb A Trop. America M, 
Nox

162 Xanthium strumarium 
L.

Asteraceae Herb A Trop. America M, 
Fu, 
Nox

163 Zinnia elegans Jacq. Asteraceae Herb A Mexico O

164 Zea mays L. Poaceae Herb A America F, 
Fu, 
Fo

165 Ziziphus mauritiana 
Lam.

Rhamnaceae Tree P China Ft

Note: F, food; FT, fruit; O, ornamental; not known; M, medicinal; Fu, fuel; Fib, fiber; V, vegetable; Sp, species; 
Nox, noxious; Sm, smoking; Co, compost; Sa, sacred plant; Sb, soil binder; Ch, chemical compounds; Ave, avenue; 
T, thatching; A, annual; P, perennial.

Table 1. 
List of invasive alien plant species (IAPs) recorded from Rourkela Steel City, Sundargarh, Odisha.
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America 77 species, Tropical South America 7 spp., Central America 1 spp., South 
America 10 spp., Tropical Africa 15 spp., Mexico 7 spp., and Europe 4 spp. IAPs 
are having negative impacts on the ecosystem and biodiversity of that region. 
Besides they are also found to be useful to local inhabitants. From the survey of 
literatures and interaction with local people about the IAPs, several plant species 
were used for different purposes like medicine, vegetables, fuels, fodders, etc. The 
study revealed that 87 spp. are used as medicine, while 18 spp. are used as fuel, 
9 spp. used for fodders, and 30 spp. used for ornamental and avenue purposes. 
A total of 28 spp. were used as edible in the form of fruit, vegetables, oil, etc. 
Several species like Argemone mexicana, Euphorbia hirta, Mimosa pudica, Ocimum 
canum, Calotropis spp., Croton bonplandianus, Catharanthus roseus, etc. were mostly 
common medicinal plants used by local people, kabiraj and baidyas, while plants 
like Cassia siamea, Leucaena leucophloea, Kigelia pinnata, etc. were used for avenue 
plantation and social forestry. Cannabis sativa and Nicotiana tabacum were not 
only used for medicines, but also they are used for smoking as narcotic products. 
Alien species have been classified into naturalized and noxious species by various 

Sl. no. Nativity No. of species

1 America 5

2 Central America 1

3 North America 2

4 South America 10

5 Tropical America 77

6 Tropical South America 7

7 Tropical North America 1

8 Africa 2

9 Tropical Africa 15

10 Tropical East Africa 1

11 Brazil 4

12 Australia 4

13 West Indies 5

14 Mexico 7

15 Malaya 2

16 Madagascar 2

17 Europe 4

18 China 6

19 Iran North West 1

20 Pantropic 1

21 Peru 1

22 South East Tropical Asia 1

23 Tropical West Asia 1

24 Central Asia 1

25 Mediterranean 4

Table 3. 
Different geographic nativities of the invasive alien plants.
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Sl. no. Family No. of species

1 Acanthaceae 3

2 Amaranthaceae 8

3 Apocynaceae 4

4 Araceae 1

5 Arecaceae 2

6 Asclepiadaceae 2

7 Asteraceae 24

8 Balsaminaceae 1

9 Bignoniaceae 3

10 Boraginaceae 1

11 Brassicaceae 1

12 Cactaceae 1

13 Caesalpiniaceae 11

14 Cannabinaceae 1

15 Capparaceae 4

16 Caricaceae 1

17 Casuarinaceae 1

18 Chenopodiaceae 2

19 Combretaceae 1

20 Commelinaceae 1

21 Convolvulaceae 9

22 Crassulaceae 1

23 Cucurbitaceae 1

24 Cupressaceae 1

25 Cuscutaceae 1

26 Cyperaceae 2

27 Euphorbiaceae 8

28 Fabaceae 5

29 Lamiaceae 3

30 Liliaceae 2

31 Lytharaceae 1

32 Malvaceae 5

33 Martyniaceae 1

34 Mimosaceae 4

35 Moraceae 1

36 Myrtaceae 1

37 Nyctaginaceae 2

38 Onagraceae 3

39 Oxalidaceae 1

40 Papaveraceae 1

41 Passifloraceae 1
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workers [8, 28, 39]. Many reports say different alien species become noxious after 
naturalized. Ageratum conyzoides, Blumea lacera, Cassia alata, Lantana camara, 
Cassia tora, Parthenium hysterophorus, Xanthium sp., Datura sp., Cardamine scutata, 
Argemone Mexicana, Grangea maderaspatana, Hyptis suaveolens, and Gnaphalium 
polycaulon were some noxious species found during the study. Parthenium hys-
terophorus was one of the highly noxious and abundantly grown plant species next 
to Ageratum conyzoides and Lantana camera.

From the taxonomical study, Asteraceae was the most dominant invasive family 
which dominated all other species due to its adaptive nature of seeds in different 
areas. The plant species have high reproductive potential to produce minute seeds 
so fast which disperse in new area through wind, air, and water. From the literature 
study, it was found that Asteraceae was more invasive in other areas of India [5, 7, 8, 
23, 31, 32, 34, 35, 37] and also all over the world. Mallick et al. also found Asteraceae 
as the most dominating group of weeds among all other plant family groups. 
Mikania micrantha, a climber of Asteraceae, can climb trees and walls easily which 
inhibit the growth of the trees as well as cover the whole area so rapidly. Parthenium 
hysterophorus was another noxious plant of this family which could cause black 
fever disease. It grows very rapidly as its seeds disperse and grow so fast in new area 
which become invasive later. Annuals showed dominance over perennials among 
the invasive species as annuals complete life cycle and produce seeds to disperse 
in a short period in a year. Habit-wise distribution showed that herbaceous plants 
become more invasive than shrubs, climbers, and trees. Herbs have more tolerance 
to harsh condition and have great viability to grow in any condition which helps 
to become more invasive than others. Kumar et al. [11] found herbs as the more 
dominant plant group found in Rourkela flora.

Sl. no. Family No. of species

42 Pedaliaceae 1

43 Piperaceae 1

44 Poaceae 6

45 Polygonaceae 1

46 Pontederiaceae 1

47 Portulacaceae 2

48 Proteaceae 1

49 Rhamnaceae 1

50 Rubiaceae 2

51 Sapindaceae 1

52 Scrophulariaceae 1

53 Solanaceae 8

54 Sterculiaceae 2

55 Tiliaceae 2

56 Turneraceae 1

57 Typhaceae 1

58 Verbenaceae 5

59 Zygophyllaceae 1

Table 4. 
Total number of IAPs’ distributed family-wise species in Rourkela Steel City.
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4. Conclusion

The invasive species are nonnative and exotic which are introduced inten-
tionally for different purposes and sometimes accidentally introduced to a new 
area. The invasive species are more adapted to new areas by rapidly growing and 
reproducing more biomass than the native plant biodiversity. As a result, they 
can change the native ecosystem and become threats to the native ecosystem. 
IAPs also change the quality of soil, nutrient capacity, as well as the biodiversity 
present inside the soil. After invasion some invasive plants become narrow and 
noxious which affects the ecosystem with extinction of species and also affects 
the human health. Public involvement can be used and needed for early detec-
tion and reporting of infestations of the spread of new weeds as invasive species 
in the area. People should aware about the invasive species and its allelopathic 
effects on the environment and human health. Invasive species are now becoming 
more serious causing sustainable use of biodiversity and their impacts on invaded 
environment. Invasive alien plant species diversity in Rourkela of Sundargarh, 
Odisha, is a threat for the present flora due to their aggressive growth, coloniz-
ing ability, and adaptability. After invasion, their population growth increases 
rapidly in the new ecosystem; as a result they encroach crop fields, wastelands, 
and barren lands. The increased rate of invasion by alien species directly affects 
the agricultural economy and the biodiversity. Hence, eradication of IAPs should 
be done urgently. So awareness among local people is one of the methods to 
control IAPs. Besides this, the utilization of hidden medicinal potential can make 
IAPs beneficial to the people of the region. Moreover, the effect of IAPs in the 
economy, biodiversity, and human health is yet to be assessed. This study is based 
on diversity of invasive plant species found in different areas of Rourkela. Since 
the flora of Sundargarh district has not been beneficially and fully explored, this 
study will help in the compilation of flora of Sundargarh district and Rourkela 
in particular. Further studies reveal the allelopathic effects of IAPs on different 
plants, agricultural crops, and their ethnobotanical values.

Figure 3. 
Family-wise distribution of invasive alien plants in Rourkela Steel City of Odisha.
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Abstract

One of the main reasons for environmental disturbances such as declination in 
pasture productivity and biodiversity losses is the high infestation of herbaceous 
weeds, generally referred to as “Juquira” in the Amazon region. If they are not 
adequately controlled, such infestation might lead to degradation of pasture, 
resulting in complete loss of productivity and subsequent abandonment of the area. 
In this sense, this chapter aims to describe the main invasive species present in the 
Amazon region, as well as to characterize both the old and innovative techniques of 
use in agriculture, in large and small scale, for the control of agricultural pests.

Keywords: Juquira, weed control, Amazon region, agriculture, infestation

1. Introduction

In the last years, large areas of forest in the Brazilian Amazon have been defor-
ested for agricultural activities. Due to some changes in environmental conditions 
in these areas, some native plant species, which were originally restricted to the 
edges of forests or clearings, increased in abundance. As a consequence, these spe-
cies ecological and agronomic importance has changed significantly. For example, 
many have become important weeds in active farming or have thrived in abandoned 
areas [1]. In view of this, vegetative invasions are among the main causes of biodi-
versity loss. In this context, environments subject to anthropic disturbances, such 
as the Amazon region, are considered more prone to propagation and invasion of 
species that cause degradation and biological variety loss [2–4].
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Weeds interfere with agricultural crops by reducing mainly the yield. This 
interference occurs due to the competition for water, light, nutrients, and chemi-
cal inhibition, affecting the germination and development of cultivated plants. 
Indirectly, weed species can cause damage to crops by harboring insect pests, fungi, 
and nematodes and make it difficult to harvest and also depreciate the harvested 
product quality [5].

According to Lorenzi [6], the weed conception is relative as no plant is exclu-
sively harmful. On the other hand, cultivated plants correspond to those species 
sown or cultivated by man, while wild plants are all plant species that are born and 
reproduce spontaneously, which may interfere with crop production, domestic 
animals welfare, and the view aspect where they occur [6, 7]. Invasive plants are 
defined as any plants, either cultivated or wild, that vegetate in places where their 
presence is not desired [7].

Weeds have emerged from a dynamic process of evolution by adapting itself to 
environmental disturbances caused by nature or man through agriculture. This evo-
lution continues until today in response to the agriculture modernization. Among 
the modern techniques used in agriculture, the herbicides used to control weeds 
have provided a fairly rapid evolution, making them in some situations resistant 
to these chemicals. The evolution of weed population resistant to herbicides is a 
growing problem in many countries. Thus, many research works are conducted, 
especially in the last 20 years, in order to study distribution, resistance mechanisms, 
genetics, and management of these populations [8].

According to da Silva et al. [9], in the cultivated pasture areas, the invasive plants 
correspond to the main maintenance cost factor. However, the relevance of their role 
in ecosystems and the available information on the biology and management of these 
plants is limited, with the majority of them being floristic or relating to the elabora-
tion of control strategies, such as those mentioned in Dias Filho [1], Mascarenhas 
and Dutra [10], and Dutra et al. [11] work. Studies show that there are innumerable 
direct and indirect effects of invasive plants on man’s agricultural activities, ranging 
from competition for essential mineral nutrients, light, water, and space, to alterna-
tive lodging of pests, nematodes, and parasitic plants [6, 12, 13].

In this sense, the objective of this work was to characterize some of the most 
commonly found invasive species in the Amazon, as well as to describe the main 
methods of these weed control.

2. Main invasive species in the Amazon region

2.1 Pau-de-lacre (Vismia guianensis (Aubl.) Choisy)

For invasive plants, successful invasion may be related to superiority in competi-
tion with native species. In this scenario, persistent perennial species are the ones 
that cause the most damages and live for several years and, in most cases, reproduce 
both by seeds (sexed) and vegetative (asexual) [14]. In this category, there are the 
most problematic species for agricultural pastures, such as lacre (Vismia guianensis) 
(Figure 1), which are inconvenient mainly for the extensive or semi-intensive pro-
duction systems [15, 16]. Vismia guianensis is a plant, which belongs to the family 
Hypericaceae, order Malpighiales, and class Magnoliopsida, and it is distributed in 
North and Northeast Brazil [15, 16].

Vismia guianensis species, commonly known in the north of Brazil by the name of 
“pau-de-lacre,” is a rough perennial plant with a brown coloration [18]. The leaves are 
greenish and shiny, and on the dorsal part (bottom), they are rough and ferruginous 
in color. When the leaves are removed, an orange colored viscous liquid flows from 
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the cut, and the inflorescences of this species present yellow flowers with globally 
green fruits, containing a large number of seeds. V. guianensis species is a bushy 
plant, distributed in the forest edge, being able to reach from 2 to 5 m height [19]. The 
flowering extends from November to March, extending until May; in some individu-
als, the peak of flowering occurs between December and January. The fruits conserve 
color even when mature, thus visually impossible to distinguish from the immature 
[14, 16, 17].

V. guianensis propagates aggressively from the stems and roots. This process, 
according to [19], is the main stimulus to growth after the cutting or burning of 
the species propagation areas. And one of the main problems arising from the V. 
guianensis dispersion is the competition for environmental factors (light, water, 
nutrients, and space) with native or cultivated plants in the environment [20]. This 
species also has high growth, proliferation, and dispersal capacity and is capable of 
modifying the composition, structure, or ecosystem function.

2.2 Capim-navalha (Paspalum virgatum L. (Gramineae))

Another invasive species frequently found in agricultural production pastures 
is the Paspalum virgatum, commonly known as “capim-navalha” (Figure 2). It is 
an invading pasture grass, recognized as a weed in the Amazon. Its propagation 
leads to diseases that cause progressive death of susceptible grasses, opening space 
for the colonization of weeds and leading to pasture degradation [15]. Paspalum 
virgatum is a plant species, which belongs to the family Poaceae, order Gramineae, 
Monocotyledons class, with hypogynic stamens. It is a perennial, herbaceous, erect 
weed, with a size of up to 1.50 m height, has a great protein value, but when adult, 
it becomes fibrous and not palatable to animals. Its flowering occurs between the 
months of October and May, season of greater intensity of rains, especially in 
Amazonian regions. Plants of this species usually inhabit humid environments, 
borders of streams, rivers and are also frequently found in pastures [15].

Capim-navalha (P. virgatum) is a Central America and South America native 
species [21]. In Brazil, it is found in all states of the North, especially in humid 
areas with high multiplication capacity. Capim-navalha also receives other 
denominations, such as navalhão, capim-duro, capim-cabeçudo, capim-taripucu, 
and capim-capivara [15]. P. virgatum is a cespitosa and rhizomatous grass, with 
clumps reaching 1.5 m in height, fibrous roots and upright leaves with 50 to 75 cm 
long and 1 to 2 cm width [22].

Figure 1. 
Species lacre (Vismia guianensis), adapted from [17].
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the cut, and the inflorescences of this species present yellow flowers with globally 
green fruits, containing a large number of seeds. V. guianensis species is a bushy 
plant, distributed in the forest edge, being able to reach from 2 to 5 m height [19]. The 
flowering extends from November to March, extending until May; in some individu-
als, the peak of flowering occurs between December and January. The fruits conserve 
color even when mature, thus visually impossible to distinguish from the immature 
[14, 16, 17].

V. guianensis propagates aggressively from the stems and roots. This process, 
according to [19], is the main stimulus to growth after the cutting or burning of 
the species propagation areas. And one of the main problems arising from the V. 
guianensis dispersion is the competition for environmental factors (light, water, 
nutrients, and space) with native or cultivated plants in the environment [20]. This 
species also has high growth, proliferation, and dispersal capacity and is capable of 
modifying the composition, structure, or ecosystem function.

2.2 Capim-navalha (Paspalum virgatum L. (Gramineae))

Another invasive species frequently found in agricultural production pastures 
is the Paspalum virgatum, commonly known as “capim-navalha” (Figure 2). It is 
an invading pasture grass, recognized as a weed in the Amazon. Its propagation 
leads to diseases that cause progressive death of susceptible grasses, opening space 
for the colonization of weeds and leading to pasture degradation [15]. Paspalum 
virgatum is a plant species, which belongs to the family Poaceae, order Gramineae, 
Monocotyledons class, with hypogynic stamens. It is a perennial, herbaceous, erect 
weed, with a size of up to 1.50 m height, has a great protein value, but when adult, 
it becomes fibrous and not palatable to animals. Its flowering occurs between the 
months of October and May, season of greater intensity of rains, especially in 
Amazonian regions. Plants of this species usually inhabit humid environments, 
borders of streams, rivers and are also frequently found in pastures [15].

Capim-navalha (P. virgatum) is a Central America and South America native 
species [21]. In Brazil, it is found in all states of the North, especially in humid 
areas with high multiplication capacity. Capim-navalha also receives other 
denominations, such as navalhão, capim-duro, capim-cabeçudo, capim-taripucu, 
and capim-capivara [15]. P. virgatum is a cespitosa and rhizomatous grass, with 
clumps reaching 1.5 m in height, fibrous roots and upright leaves with 50 to 75 cm 
long and 1 to 2 cm width [22].

Figure 1. 
Species lacre (Vismia guianensis), adapted from [17].
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The problems caused by their high multiplication capacity compete with fodder 
(common name given to feeding or lining the place where the animal sleeps), espe-
cially in moist soils where cattle graze only young plants of capim-navalha, while 
the equines appreciate the seeds and help to spread the infestation in the pasture. It 
also interferes negatively on plant growth through competition for water, nutrients, 
and allelopathy, with influence on pasture establishment and pasture regrowth 
ability after grazing and control difficulty by conventional methods [9, 15].

2.3 Malícia (Mimosa pudica L.)

Mimosa pudica L (Figure 3) is an invasive plant species, belonging to the genus 
Mimosa, subfamily Mimosoideae, family Fabaceae or Leguminosae and order 
Fabales [23]. M. pudica L. is a semi-prostrate herb, also very found in the Amazon, 
prickly or underbush up to 0.5 m height [24], of branched stems, with numerous 
bristly and deflected hairs [25]. The leaves are very sensitive, folding when touched 

Figure 3. 
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Figure 2. 
Capim-navalha (Paspalum virgatum), adapted from [15].
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and digitally dividing with one or two pairs of sessile, alternates, petiolate, stipu-
lated and linear lanceolate hairs [24, 25]; the flowers on the globular head are pink 
with prickly peduncles, while the fruits are indehiscent, simple, dry, with 1–1.6 cm 
in length and 0.4–0.5 cm in width, housing two to five seeds [24].

M. pudica is known with several colloquial names. The most recurrent are: malícia 
[26], planta tímida, planta sensível, and planta humilde [24, 27, 28]. This invasive plant 
species belongs to the Fabaceae family [29, 30], showing the following variations: 
Mimosa pudica var. hispida Brenan, Mimosa pudica var. tetrandra (Humb. & Bonpl. ex 
Willd.) DC., and Mimosa pudica var. unijuga (Walp. & Duchass.) Griseb [29].

This species is native to Africa and Asia, but it is common to be found in North 
and South America and with excellent adaptation in Brazil, especially in the 
Amazon region [29, 31]. According to Azmi et al. [25], perhaps it is native to many 
or all the tropics of the New World, and today its distribution may be pantropical.

It grows more in well drained soils, but also grows in scalded or eroded soils, 
soils with low concentrations of nutrients, at sea level or at altitude up to 1300 m, 
intolerant to shade, not competing with large vegetation, or growing under the 
canopy of trees [25]. This species is an invasive plant of pastures, agricultural areas, 
orchards, roadsides and roads, cut areas, areas disturbed by construction, polluted 
areas, among other productive areas of commercial and/or open fields [24, 25, 30].

The adaptation and proliferation of this weed is due to factors such as large seed 
production and anti-herbivore defenses (this occurs with the leaves rapid move-
ment and the petiole decline) [25, 32–34]. These leaves are also in response to stress-
ors such as electrostimulation, wound, wind, vibration, touch, drought, change of 
lighting, and warm or cold stimuli, which help the plant to protect itself or adapt to 
a particular environment condition where the vegetable is inserted [25, 27], such as 
at light levels [25, 27, 28]. In addition, in the plant radicle nodules occurs a symbiotic 
bacterial association that transforms the atmospheric nitrogen in a useful way for 
the plant, benefiting its development [30]. This species also has cylindrical roots 
with a slightly rough surface or wrinkled longitudinally, tapered, with secondary 
and tertiary ramifications, varying in length and thick up to 2 cm [24]. They are still 
capable of producing carbon disulfide, which selectively inhibits the rhizosphere 
colonization by mycorrhizal and pathogenic fungi [25]; and finally, the soils, which 
are often burned, allow the spread of this weed [27].

This plant produces the amino acid mimosine and its metabolite, 3-hydroxy-
4-(1H)-pyridone (DHP) which, when ingested, is toxic to horses, cattle, pigs, and 
sheep, causing hair loss, low growth, oral ulcerations, and goiter not prevented by 
iodine supplementation [35].

2.4 Mata-pasto (Senna obtusifolia (L.) Irwin & Barneby)

Another important invasive species is the Senna obtusifolia (Figure 4). This is an 
invasive and erect stem plant without spines, measuring from 1.5 to 2.0 m in height, 
and the leaves are in pairs with three pairs of leaflets, hairless, and not brittle [36]. 
The name Senna obtusifolia comes from Latin obtus (opaque or blind) and fólio (leaf) 
[37]. This species of invasive plant is very common, infesting crops in tropical and 
subtropical regions of the world. It is an annual plant with woody base, belonging 
to the Fabaceae family, subfamily Caesalpinioideae, and order Fabales that repro-
duces itself by seeds, that are in the form of a cluster with yellow petals and sprout 
especially in spring and summer [38–40]. In the same way as other invasive species, 
Senna obtusifolia produces seeds on a large scale [41]. In the case of this species, this 
is due to the fruits with multiple seeds [38]. It also has an ultra-aggressive radicle 
system, giving it a high competitive capacity, even in periods when the soil has low 
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hydric availability [39], although it does not present nitrogen fixing nodules in the 
roots, which is common in many species of Senna and that is of extreme importance 
for invasive plants [41].

Researchers believe that Senna obtusifolia originates in the Caribbean and in 
tropical South America [40], but has spread widely and exhibits a global pantropi-
cal distribution [39, 40], as it can be found in Africa, India, Sri Lanka, Pakistan, 
Central America, Malaysia, Philippines, Indonesia, Papua New Guinea, South 
America, Caribbean, USA, and Australia [37, 40]. This species is present also in 
environments of 1600 m altitude, as in Mexico and Tanzania [40].

It is known by many different names in different parts of the world, but the most 
common are: mata-pasto [26, 36], sicklepod [39], fedegoso, and Feijão-Java [37, 40]. 
It is a very aggressive weed of agricultural areas of a wide variety of crops and in 
several countries, being predominant in plantations of soybean, peanuts, cotton, 
sugarcane, corn, disturbed areas, such as animal husbandry pastures, and open 
ecosystems [37–40, 42].

Weed competition and interference affect agricultural productivity, thereby 
significantly reducing the productivity of the planted crop, as well as alter-
ing the structure and function of the local natural ecosystem [40]. Another 
prejudice caused by Senna obtusifolia occurs when bovine animals consume the 
green leaves and fruits in pastures and/or feed contaminated with leaves, stems, 
and seeds of the plant, causing serious poisoning, which can lead the animal to 
death [36].

2.5 Tiririca (Cyperus rotundus L.)

Cyperus rotundus L. species (Figure 5), also known as tiririca or erva-cidreira, 
belongs to the Cyperaceae family. This is the third largest family of monocoty-
ledonous plants [43]. It is a colonial herb, perennial, has 7–40 cm of height with 
fibrous roots, and reproduces largely by rhizomes and tubers. Rhizomes can grow 
in any direction on the ground, those growing up produce shoots and roots; the 
rhizomes that grow down horizontally form individual tubers or tuber chains. 
Mature individual tubers are reddish brown, about 12 mm thick and ranging 
between 10 and 35 mm in length. Tuberous roots act as the main dispersion units 
over time, remaining dormant in the soil for long periods. Tuber dormancy causes 
irregular emergence, contributing to the persistence of the propagules of this 
species [44].

Figure 4. 
Mata-pasto (Senna obtusifolia).
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The leaves are dark green, bright, narrow, and similar to herbs, ranging from 5 to 
12 mm wide, and 50 cm long. The vertical stems support a branched inflorescence 
with bisexual flowers with three stamens, and a pistil with three stigmas. Nuts are 
rarely produced [44].

Cyperus rotundus is a weedy plant that is difficult to handle and causes damages 
in several commercial crops. Damage results from competition throughout the 
cycle, but the most critical periods are in the early stages of crop development and 
crop reforms. For it being a perennial species, and for its broad adaptability to many 
agricultural environments and the ability to reproduce sexually and asexually, C. 
rotundus is among the 20 most damaging species in the world [45].

On the other hand, Cyperus rotundus has its medicinal imprint. It is widespread 
in many tropical and subtropical regions of the world [46] and is considered to 
have originated in India for over 2000 years and is regarded as one of the best herbs 
for medicinal purposes. Studies indicate that the rhizomes of C. rotundus are used 
as traditional remedies for the treatment of stomach and intestinal disorders and 
inflammatory diseases in Asian countries [47–49]. Studies on the ethnobotanical use 
of C. rotundus showed that rhizomes were used to treat diseases of aging, apoptosis, 
atherosclerosis, cancer, cystitis, epilepsy, genotoxicity, hirsutism, nociception, and 
prostatitis [50]. It is reported that the tuberous part of C. rotundus is used for the 
treatment of dysmenorrhea and menstrual irregularities since antiquity [51].

2.6 Dente-de-leão (Taraxacum officinale L. Weber ex FH Wigg)

The species Taraxacum officinale (dente-de-leão) (Figure 6) is a perennial herb 
native of Europe, considered an aggressive invasive species worldwide [52]. In its 

Figure 5. 
Tiririca (Cyperus rotundus).
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native distribution, T. officinale is present in alpine environments, mainly restricted 
to disturbed sites [53].

Widely distributed in the northern hemisphere, the Taraxacum genus is a member 
of the Asteraceae family, of Cichorioideae subfamily. Taraxacum officinale (dente-de-
leão) is a perennial stemless weed, green leaves are grouped at the plant base, and the 
whole herb contains white latex. The flowering stems stand out with yellow flowers. 
Dente-de-leão plant is deeply ingrained, which means that the plant is also capable 
of producing a new plant even after its aerial part has been clearly cut. The herb is 
harvested between spring and autumn when the plant begins to bloom. Whole herbs 
are cleaned and dried in the sun until their moisture content is less than 13.0% [54].

Taraxacum officinale shows high tolerance to abiotic stress and efficient use of 
resources due to high plasticity in morphological and physiological characteristics 
[55–57]. Thus, when it presents favorable abiotic conditions, T. officinale shows 
greater abundance, physiological performance, accumulation of biomass, survival, 
and seed production [58, 59].

Taraxacum officinale has already been recognized as a useful passive bioindica-
tor for heavy metals in urban areas [60], as well as a potential indicator for several 
trace elements, but only in highly polluted industrial areas. In response to vestigial 
elements, this species exhibits some micromorphological alterations. However, the 
lack of visual effects and the occurrence in industrial areas of medium pollution 
with reduction of heavy metals content in soils may indicate their potential for 
bioindication and phytoextraction [61]. It has all the necessary resources for good 
bioindicators: it is widely spread geographically, characterized by relatively high tol-
erance to environmental pollutants, and shows a correlation between the pollution 
level of a certain environment element (air and soil) and these substances concen-
tration (metals heavy, polycyclic aromatic hydrocarbons) in plant tissues [62, 63].

3. Traditional methods of weed control

The invasive plants control has great relevance in agriculture, since these species 
bring losses to native species, communities, and ecosystems with the loss of their 
nutrients, decrease in yield, and quality of the crop, bringing direct impacts to 
human life and other species. Several techniques can be used to reverse, interrupt, 
or decelerate infested areas making them healthy again.

Figure 6. 
Planta dente-de-leão (Taraxacum officinale), adapted from [23].
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There are methods used to reduce the development and performance of inva-
sive plants. The three most viewed are: (a) prevention, which involves preventive 
measures to introduce these plants into an ecosystem, (b) eradication, which 
contemplates the extermination, including its seeds however studies show that it is 
practically impossible to be carried out in large areas and it is economically unvi-
able, and (c) control, that according to Tu et al. [64], some of the more traditional 
control options are manual, mechanical, competition between native plants, 
grazing, herbicides, prescribed fire, solarization, and flooding involving chemical, 
physical, and biological methods [65, 66].

3.1 Chemical methods

The chemical control main advantages are: (a) efficiency; avoids the competi-
tion of weeds since the crop implantation; (b) allows controlling weeds in rainy 
season, when mechanical control is impracticable; (c) does not cause damage to the 
crop roots; (d) does not revolve the soil; (e) allows better distribution of the eco-
nomic crop plants in the area; (f) controls weeds in the main crop line; (g) and is of 
rapid operation. While important for reducing costs and increasing productivity, its 
indiscriminate use is a global environmental problem as it affects living organisms. 
Among the disadvantages are the cost, generally higher than the other methods; 
requires adequate equipment; may be toxic to man and animals; contaminates the 
environment and can leave residues in soil and food [67, 68]. The intensive use of 
phenoxyalkanoic acid herbicides in agriculture has an adverse effect on the environ-
ment that involves water pollution, among other phenomena. In many countries, 
phenoxyalkanoic acid herbicides have been found in groundwater, surface, and 
potable water in concentrations that have exceeded the maximum permissible 
limits, which determines an environmental problem [69].

Chemical control is important mainly in places where there is high weed infesta-
tion and low availability of water and nutrients, and the time available for control 
is reduced due to the area size or the lack of high-performance equipment. In large 
soybean plantations, chemical control is the most commonly used method due to 
agility and efficiency. Farmers using the chemical method should be aware of the 
interactions between the variety being used and the herbicide to be applied, as some 
cultivars are more sensitive than others to certain herbicides [68].

It is possible to halve the amount of herbicides without loss in weed control 
effectiveness and crop yield by combining chemical weed control in line with cross-
line collection [70].

3.2 Physical methods

The physical control begins with several aspects that range from the use of a 
suitable crop to the chosen place, study of planting season, and adequate seeds, 
to the study of characteristics such as configurations, density, soil, and climate. 
Another physical control occurs with the grinding and pre-incorporation of fer-
tilizers and remaining plants with subsequent plowing in moist soil, as this can 
considerably reduce the growth of invasive plants. Still evaluating the physical 
methods, there is a third alternative that is the use of crop rotation, which reduces 
the incidence not only of invasive plants but also of pests and diseases. And, as a last 
indication, the mechanic, who uses from hoes, passing through tractors, or even 
animal traction. This method was widely used for its low cost, and the need of not 
very modern equipment, so that its range is still great among rural producers and 
families to contain invasive plants and adequate development of their planting [71].
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resources due to high plasticity in morphological and physiological characteristics 
[55–57]. Thus, when it presents favorable abiotic conditions, T. officinale shows 
greater abundance, physiological performance, accumulation of biomass, survival, 
and seed production [58, 59].

Taraxacum officinale has already been recognized as a useful passive bioindica-
tor for heavy metals in urban areas [60], as well as a potential indicator for several 
trace elements, but only in highly polluted industrial areas. In response to vestigial 
elements, this species exhibits some micromorphological alterations. However, the 
lack of visual effects and the occurrence in industrial areas of medium pollution 
with reduction of heavy metals content in soils may indicate their potential for 
bioindication and phytoextraction [61]. It has all the necessary resources for good 
bioindicators: it is widely spread geographically, characterized by relatively high tol-
erance to environmental pollutants, and shows a correlation between the pollution 
level of a certain environment element (air and soil) and these substances concen-
tration (metals heavy, polycyclic aromatic hydrocarbons) in plant tissues [62, 63].

3. Traditional methods of weed control

The invasive plants control has great relevance in agriculture, since these species 
bring losses to native species, communities, and ecosystems with the loss of their 
nutrients, decrease in yield, and quality of the crop, bringing direct impacts to 
human life and other species. Several techniques can be used to reverse, interrupt, 
or decelerate infested areas making them healthy again.

Figure 6. 
Planta dente-de-leão (Taraxacum officinale), adapted from [23].
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There are methods used to reduce the development and performance of inva-
sive plants. The three most viewed are: (a) prevention, which involves preventive 
measures to introduce these plants into an ecosystem, (b) eradication, which 
contemplates the extermination, including its seeds however studies show that it is 
practically impossible to be carried out in large areas and it is economically unvi-
able, and (c) control, that according to Tu et al. [64], some of the more traditional 
control options are manual, mechanical, competition between native plants, 
grazing, herbicides, prescribed fire, solarization, and flooding involving chemical, 
physical, and biological methods [65, 66].

3.1 Chemical methods

The chemical control main advantages are: (a) efficiency; avoids the competi-
tion of weeds since the crop implantation; (b) allows controlling weeds in rainy 
season, when mechanical control is impracticable; (c) does not cause damage to the 
crop roots; (d) does not revolve the soil; (e) allows better distribution of the eco-
nomic crop plants in the area; (f) controls weeds in the main crop line; (g) and is of 
rapid operation. While important for reducing costs and increasing productivity, its 
indiscriminate use is a global environmental problem as it affects living organisms. 
Among the disadvantages are the cost, generally higher than the other methods; 
requires adequate equipment; may be toxic to man and animals; contaminates the 
environment and can leave residues in soil and food [67, 68]. The intensive use of 
phenoxyalkanoic acid herbicides in agriculture has an adverse effect on the environ-
ment that involves water pollution, among other phenomena. In many countries, 
phenoxyalkanoic acid herbicides have been found in groundwater, surface, and 
potable water in concentrations that have exceeded the maximum permissible 
limits, which determines an environmental problem [69].

Chemical control is important mainly in places where there is high weed infesta-
tion and low availability of water and nutrients, and the time available for control 
is reduced due to the area size or the lack of high-performance equipment. In large 
soybean plantations, chemical control is the most commonly used method due to 
agility and efficiency. Farmers using the chemical method should be aware of the 
interactions between the variety being used and the herbicide to be applied, as some 
cultivars are more sensitive than others to certain herbicides [68].

It is possible to halve the amount of herbicides without loss in weed control 
effectiveness and crop yield by combining chemical weed control in line with cross-
line collection [70].

3.2 Physical methods

The physical control begins with several aspects that range from the use of a 
suitable crop to the chosen place, study of planting season, and adequate seeds, 
to the study of characteristics such as configurations, density, soil, and climate. 
Another physical control occurs with the grinding and pre-incorporation of fer-
tilizers and remaining plants with subsequent plowing in moist soil, as this can 
considerably reduce the growth of invasive plants. Still evaluating the physical 
methods, there is a third alternative that is the use of crop rotation, which reduces 
the incidence not only of invasive plants but also of pests and diseases. And, as a last 
indication, the mechanic, who uses from hoes, passing through tractors, or even 
animal traction. This method was widely used for its low cost, and the need of not 
very modern equipment, so that its range is still great among rural producers and 
families to contain invasive plants and adequate development of their planting [71].
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3.3 Biological methods

Biological methods are most appreciated in weed control against chemical and 
physical methods due to the viability of use in any situation. According to Weed 
Science Society of America [72], the biological control of weeds is defined as “the 
use of an agent, a complex of agents, or biological processes to bring about weed 
suppression”; some examples of agents used are arthropods (insects and mites), 
plant pathogens (fungi, bacteria, viruses, and nematodes), fish, birds, and other 
animals. Some advantages in using biological methods compared to other methods 
are related to the decreased risk of soil, water, and food contamination by herbicide 
residues, bringing healthier and sustainable cropping systems, besides being low 
cost and self-sufficient [73].

4. Recent methods of weed control

4.1 Use of agrochemicals

The predominant agriculture in the world, in addition to high productivity, is 
also characterized by its dependence on fossil energy sources, such as fertilizers and 
pesticides. However, the increasing increase in the use of agrochemicals as it has 
been happening may not be sustainable over time, not only because these products 
pollute the environment and promote the intoxication of animals and humans but 
also because new breeds of insects and new species of invasive plants, both resistant 
to insecticides are appearing with increasing frequency [74].

The number of cases of resistance to insecticides and fungicides increased rapidly 
after the 1950s and 1960s [75]. Since the first report by Ryan [76], which observed 
resistant Senecio vulgaris biotypes to the herbicides belonging to the chemical group 
of the triazines, it have been observed an increasing number of weed species with 
biotypes resistant not only to triazines but also to other classes of herbicides.

Weed resistance to herbicides may result from biochemical, physiological, 
morphological, or phenological changes of certain weed biotypes. Many cases of 
resistance to herbicides result from either altering the herbicide site of action or 
increasing its metabolism, or the departmentalization and compartmentalization 
of the herbicide in the plant. Although these general mechanisms are similar to 
some crop selectivity mechanisms, which allow them to survive herbicide exposure, 
specific herbicide resistance mechanisms in weeds typically differ substantially 
from those responsible for crop selectivity [77].

Some natural chemicals are used as a model for obtaining new herbicides. In 
addition, chemicals with proven allelopathic activity can be concentrated and have 
their allelopathic effect potentiated in the laboratory [78].

4.2 Alternatives in agricultural pest control

Over the past seven decades, considerable efforts have been expended to detect 
plant species with potential for use in a variety of human activities, such as medi-
cine, cosmetics, hygiene, and food industry. Obviously, popular knowledge and 
medicinal use of many plant species, especially by indigenous communities, for 
example, played a prominent role at the beginning of the research, allowing studies 
based on a minimum of available information, which reduced research time and 
speed advances [79].

Theoretically, all plants are capable of producing chemically highly diversi-
fied compounds, some of which have potential for use in weed management. This 
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specificity can be detected in both native and cultivated plants, although in the 
first—even because they have not been domesticated—such properties may be more 
auspicious. Identifying and selecting, depending on the degree of toxicity, plants 
species with potential for such purposes have become a primary activity in many 
universities’ laboratories and research institutes around the world. Good examples 
are found in the Souza Filho et al. and Iqbal et al. work [80, 81].

Studies in the literature have shown that certain plants in nature have the ability to 
synthesize compounds that can act in the development and growth of other organisms 
in the same ecosystem [82]. For Miller [83], the study of the allelochemicals is funda-
mental, because the action of such substances is of extreme importance for the under-
standing of the organism interactions in both natural and agricultural ecosystems.

In addition to these aspects, the perception that these plants may provide new 
prospects for agricultural exploitation adds to the innumerable possibilities of using 
biodiversity, not only for microorganisms but also for plant species [79].

4.3 Allelopathy: a natural method for weed control

Müller [84] proposed the term interference to classify the different types of 
change that develop among the various components of a plant community. This 
term was subdivided by Szczepahiski [85] in three groups: allelospoly, allelopathy, 
and allelomediation. Allelospoly or competition was defined as interference caused 
by the different components of the ecosystem by removing from the environment 
elements such as water, nutrients, and light, lowering it to levels that hinder normal 
development of others. Allelopathy is the alteration caused by the release of a chemi-
cal substance, elaborated by one or more components that affect certain elements of 
the community, and allelomediation or indirect interference is defined as the effects 
that alter the physical or biological environment, with reflexes in the living beings.

Allelopathy is a phenomenon that occurs largely in nature and has been pos-
tulated as one of the mechanisms by which some plants may interfere with others 
in their neighborhoods, changing the pattern and density of vegetation in a plant 
community [82].

From an agronomic point of view, allelopathy is of great interest as it allows not only 
the selection of pasture plants that can exert a certain level of control of some undesir-
able species such as invasive plants but also the establishment of grass species and forage 
legumes that are not strongly allelopathic among them and that can thus compose more 
balanced pastures, with favorable effects on productivity and longevity [86].

The most frequent studies on allelopathy are related to the effects of plant 
extracts on the germination and growth of others. In general, germination is less 
sensitive to allelochemicals than seedling growth [87].

Allelopathy may play an important ecological role in the near future as a source 
of new chemical substances with possibilities of use in Brazilian agriculture, similar 
to what already occurs in other countries such as Japan, Germany, and the United 
States, as a pasture management tool, and/or as supplier of basic structures for 
agricultural biodefensive production [74].

Chemicals that impose allelopathic influence are called allelochemicals. 
Allelochemicals have a very diverse chemical nature ranging from simple hydrocar-
bons to complex polycyclic compounds with high molecular weight. Such com-
pounds are in general short chain fatty acids, essential oils, diterpenes, alkaloids, 
steroids, phenolic compounds: flavonoids, naphthoquinones, anthraquinones, and 
coumarin derivatives [88].

Numerous chemical substances with allelopathic potential are described in the 
literature, but some chemical classes deserve greater attention [89]. The saponins may 
be formed by glycosylated triterpenoids with a hydrophilic polysaccharide chain or by 
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resistant Senecio vulgaris biotypes to the herbicides belonging to the chemical group 
of the triazines, it have been observed an increasing number of weed species with 
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Weed resistance to herbicides may result from biochemical, physiological, 
morphological, or phenological changes of certain weed biotypes. Many cases of 
resistance to herbicides result from either altering the herbicide site of action or 
increasing its metabolism, or the departmentalization and compartmentalization 
of the herbicide in the plant. Although these general mechanisms are similar to 
some crop selectivity mechanisms, which allow them to survive herbicide exposure, 
specific herbicide resistance mechanisms in weeds typically differ substantially 
from those responsible for crop selectivity [77].

Some natural chemicals are used as a model for obtaining new herbicides. In 
addition, chemicals with proven allelopathic activity can be concentrated and have 
their allelopathic effect potentiated in the laboratory [78].

4.2 Alternatives in agricultural pest control

Over the past seven decades, considerable efforts have been expended to detect 
plant species with potential for use in a variety of human activities, such as medi-
cine, cosmetics, hygiene, and food industry. Obviously, popular knowledge and 
medicinal use of many plant species, especially by indigenous communities, for 
example, played a prominent role at the beginning of the research, allowing studies 
based on a minimum of available information, which reduced research time and 
speed advances [79].

Theoretically, all plants are capable of producing chemically highly diversi-
fied compounds, some of which have potential for use in weed management. This 
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specificity can be detected in both native and cultivated plants, although in the 
first—even because they have not been domesticated—such properties may be more 
auspicious. Identifying and selecting, depending on the degree of toxicity, plants 
species with potential for such purposes have become a primary activity in many 
universities’ laboratories and research institutes around the world. Good examples 
are found in the Souza Filho et al. and Iqbal et al. work [80, 81].

Studies in the literature have shown that certain plants in nature have the ability to 
synthesize compounds that can act in the development and growth of other organisms 
in the same ecosystem [82]. For Miller [83], the study of the allelochemicals is funda-
mental, because the action of such substances is of extreme importance for the under-
standing of the organism interactions in both natural and agricultural ecosystems.

In addition to these aspects, the perception that these plants may provide new 
prospects for agricultural exploitation adds to the innumerable possibilities of using 
biodiversity, not only for microorganisms but also for plant species [79].

4.3 Allelopathy: a natural method for weed control

Müller [84] proposed the term interference to classify the different types of 
change that develop among the various components of a plant community. This 
term was subdivided by Szczepahiski [85] in three groups: allelospoly, allelopathy, 
and allelomediation. Allelospoly or competition was defined as interference caused 
by the different components of the ecosystem by removing from the environment 
elements such as water, nutrients, and light, lowering it to levels that hinder normal 
development of others. Allelopathy is the alteration caused by the release of a chemi-
cal substance, elaborated by one or more components that affect certain elements of 
the community, and allelomediation or indirect interference is defined as the effects 
that alter the physical or biological environment, with reflexes in the living beings.

Allelopathy is a phenomenon that occurs largely in nature and has been pos-
tulated as one of the mechanisms by which some plants may interfere with others 
in their neighborhoods, changing the pattern and density of vegetation in a plant 
community [82].

From an agronomic point of view, allelopathy is of great interest as it allows not only 
the selection of pasture plants that can exert a certain level of control of some undesir-
able species such as invasive plants but also the establishment of grass species and forage 
legumes that are not strongly allelopathic among them and that can thus compose more 
balanced pastures, with favorable effects on productivity and longevity [86].

The most frequent studies on allelopathy are related to the effects of plant 
extracts on the germination and growth of others. In general, germination is less 
sensitive to allelochemicals than seedling growth [87].

Allelopathy may play an important ecological role in the near future as a source 
of new chemical substances with possibilities of use in Brazilian agriculture, similar 
to what already occurs in other countries such as Japan, Germany, and the United 
States, as a pasture management tool, and/or as supplier of basic structures for 
agricultural biodefensive production [74].

Chemicals that impose allelopathic influence are called allelochemicals. 
Allelochemicals have a very diverse chemical nature ranging from simple hydrocar-
bons to complex polycyclic compounds with high molecular weight. Such com-
pounds are in general short chain fatty acids, essential oils, diterpenes, alkaloids, 
steroids, phenolic compounds: flavonoids, naphthoquinones, anthraquinones, and 
coumarin derivatives [88].

Numerous chemical substances with allelopathic potential are described in the 
literature, but some chemical classes deserve greater attention [89]. The saponins may 
be formed by glycosylated triterpenoids with a hydrophilic polysaccharide chain or by 
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hydrophobic steroids, which give them the detergent property and, consequently, the 
ability to bind to cell membranes, affecting cellular functioning. They are known for 
their hemolytic properties and toxicity to molluscs, insects, and fungi [90].

Flavonoids are present in plants in various forms and with varied functions. They 
include flavonoids, flavones, flavanones, catechins, anthocyanins, proanthocyani-
dins, and isoflavonoids, among others. In addition to the pigment functions, attrac-
tive or repellent of herbivores, protection against UV radiation, these substances have 
allelopathic effects, being able to inhibit the growth of plants and fungi [82, 91, 92].

Finally, the alkaloids encompass more than 12,000 structures already described, 
behind only the terpenoids. Approximately 20% of plant species accumulate 
alkaloids, molecules characterized by low molecular weight, and origin from phe-
nylalanine, tyrosine, tryptophan, and lysine [88, 93, 94]. According to Rice [82], 
several alkaloids are able to inhibit the growth of bacteria, in addition to being toxic 
to some invertebrates.

Most studies report that allelopathic compounds act as inhibitors of germination 
and growth [95]. However, some studies have demonstrated that these compounds 
can also act as growth promoters [96, 97]. Apparently, most if not all organic 
compounds that are inhibitory in some concentrations are stimulants in lower 
concentrations [82, 88].

Invasive species Control methods Site

Biological Chemical Physical

Hypericum 
perforatum

Herbivorous insects 
(classic)

— — Southern and 
Western parts of 
Australia

Cryptostegia 
grandiflora

Rust of Maravalia 
cryptostegiae 
(modern)

Herbicides 
(modern)

— Tropical 
Queensland, 
Australia

Spartina 
alterniflora

— Herbicides 
(modern)

Cutting and 
crushing 
(classic)

Willapa Bay

Euphorbia esula Spurgia capitigena 
(modern)

— — North America

Cirsium arvense Aceria anthocoptes 
(modern)

— — United States of 
America

Schinus 
terebinthifoliu

Crasimorpha 
infuscata Hodges

— — Hawaii—United 
States of America

Acacia dealbata — Herbicides 
(modern)

Cutting and 
pruning

Northwest Spain

Pteridium 
aquilinum

— Herbicides 
(modern)

Firing, 
manual and/
or mechanical 
removal

Northern California

Bromus tectorum — — Cutting and 
defoliation

Eastern Oregon 
(United States of 
America)

Centaurea 
maculosa

Biocontrol 
(modern)

— Firing North America, 
Western United 
States of America

Chondrilla juncea Aceria chondrillae 
(modern)

— — Canada

Table 1. 
Weed control methods in different parts of the world [101–109].
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Many of these studies approach, under laboratory conditions, the effects of 
aqueous or even hydroalcoholic crude extracts on seed germination and elongation 
of the radicle and hypocotyl of different weed species [96, 98, 99].

It is known that under field conditions, there is no way to separate the effects 
attributed to competition from those of allelopathy, since the influence of plants 
on other species in their neighborhood is a complex combination of competition 
interference and allelopathic chemical reactions [100].

Table 1 shows the main weed control methods that are applied in the world.

5. Conclusion

The weeds are the main bioeconomic factor to impose limitations to the agri-
cultural activities’ performance developed in the tropical regions, such as Amazon, 
especially in the quality and productivity of the pastures offered to grazing animals, 
which are severely affected by these types of plants. Therefore, its adequate control 
is of fundamental importance for the most varied aspects, such as profitability, 
agronomic performance, and activities longevity. Another important aspect is 
the herbicides indiscriminate use reduction, which, as a consequence reduces the 
environmental and human health damages. Finally, the search for alternatives to the 
herbicides on the market, such as the numerous metabolites produced by plants, can 
provide surprising diversity of chemical structures, which offer excellent prospects 
for increasing the search for more specific types of herbicides and less damaging 
than those in use.
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It is known that under field conditions, there is no way to separate the effects 
attributed to competition from those of allelopathy, since the influence of plants 
on other species in their neighborhood is a complex combination of competition 
interference and allelopathic chemical reactions [100].

Table 1 shows the main weed control methods that are applied in the world.
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Chapter 3

Impacts of Invasive Plants on 
Soil Fungi and Implications for 
Restoration
Brooke Pickett, Mia Maltz and Emma Aronson

Abstract

Biological plant invasions impact the function and biodiversity of ecosystems 
across the globe by displacing native plant species and altering the physical and 
chemical soil environment. While much is known about direct competition between 
invasive and native plants, ecologists have just begun to uncover the less obvious 
impact of plant invasion: changes to the soil fungal community. Fungi are important 
to the survival of many plant species and an integral part of a healthy soil system. 
Arbuscular mycorrhizal fungi are plant mutualistic symbionts that associate with 
many species and provide necessary services, such as increasing surface area for 
root water absorption and resistance to pathogens, while ectomycorrhizal fungi play 
an equally important role and are critical for plant nutrient acquisition in boreal and 
temperate forests. Invasive plants are altering the soil fungal community in ways 
that indirectly impact the structure of native plant communities, sometimes for 
years after the invasive plant has been removed from an area (i.e., legacy effects). 
These changes make restoration especially difficult in areas from which long-term 
plant invasions have been eradicated; in some cases these changes can be so severe 
that even with active management, they take months or decades to reverse.

Keywords: mycorrhizal, fungi, roots, legacy effects, restoration, microbial,  
invasion

1. Introduction

The global scale of plant invasion means we need to understand it better at all 
levels in order to prevent further damage. While much research has been conducted 
about the ecosystem impact of invasive plants, ecologists have recently begun to 
uncover a less obvious, but important, consequence of plant invasion: changes to 
the soil fungal community.

Fungi are ubiquitous and the principal decomposers of organic debris in eco-
systems all around the world [1]. They are essential to decomposition and nutrient 
cycling in most intact environments, ranging from unicellular aquatic chytrids to 
large mushroom fruitbodies with extensive mycelial networks. They acquire their 
food by exuding enzymes into their environment, breaking apart the bond struc-
tures in complex compounds, and subsequently absorbing the dissolved nutrients 
and molecular components. Some fungi exist as symbionts of plants and animals 
while others exist as free-living cells. Symbionts can interact with their host as 
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mutualists, parasites, or in a way that does not affect the host (commensalism) [1]. 
Commensalism, in this context, not only includes symbionts but also free-living 
microorganisms performing nutrient transformations critical to plant growth, such 
as nitrification and denitrification [2].

Fungal mutualists interact with plants through mycorrhizal symbiosis, a sym-
biotic association between fungal hyphae and the roots of a vascular plant that can 
be characterized as either arbuscular mycorrhizal, ectomycorrhizal, or ericoid [3]. 
These mycorrhizal fungi grow in the rhizosphere of the plant and can be either 
intracellular (arbuscular mycorrhizal fungi; AMF) or extracellular (ectomycorrhi-
zal; ECM). Plants and their symbionts communicate through molecular and genetic 
feedback during which fungi provide growth-limiting nutrients, such as nitrate 
and phosphate [3], and even facilitate plant-to-plant exchange of nutrients and 
carbohydrates [4]. These plant-fungal associations are extremely important to the 
survival of a majority (~90%) of all plant species [52].

When invasive plants are introduced to a healthy ecosystem, they can disrupt 
fungal mutualistic associations with native plants. Moreover, plant invasions may 
even prevent these mutualistic associations from occurring by altering soil nutri-
ent dynamics, changing soil food webs, or introducing plant pathogens [2, 3].  
Although not always negatively impacting mutualisms with native plants, these 
changes brought on by plant invasion can last for years [2, 4–10] after the inva-
sive plant has been removed and are termed “legacy effects” [13]. These legacy 
effects are normally defined as the abiotic and biotic impact of a species that 
persist long after the invasive species has been eradicated or extirpated from an 
area [8].

Studies focused on understanding the legacy effects of invasive plant growth 
on native plants can have either similar or conflicting results, largely dependent 
upon the native and invasive species studied [14]. As a result, many suggestions 
for improving soils after invasive species removal have been anecdotal, and are 
context-dependent.

In this chapter, we will discuss how invasive plants may change the abundance 
or diversity of three important fungal symbionts (arbuscular mycorrhizal fungi, 
ectomycorrhizal fungi, and fungal pathogens), as well as the implications these 
changes may have for ecosystem health. We will finish off the chapter by discussing 
restoration efforts designed to ameliorate fungal legacy effects of invasive plants.

2. Biotic impact of invasive plants

Plant-soil interactions can be abiotic or biotic, meaning that plant composition 
can alter the chemical composition of the soil or the microbial composition of the 
soil and vice versa. Not until 1985, however, did papers linking the words plant 
and soil begin to appear in the BIOSIS database. Since then, papers about plant-
soil interactions have appeared at a rate of 3500 per year [2]. So while the field is 
relatively new, it is growing quickly and becoming more diverse.

Early investigations of plant-soil feedbacks focused on physical properties of 
the soil, such as texture, water content, and temperature. Researchers then began 
investigating the chemical and biogeochemical components of plant-soil feedbacks, 
such as the pH, carbon, and nitrogen content of soils [2]. Currently, there is more 
focus on the role of microbes in regulating and responding to plants and the larger 
environment. This increased focus on microbes is due to their critical importance to 
the ecology of all macro-organisms: they are major decomposers in all ecosystems, 
important to the survival of most plant species, and an integral part of both carbon 
and nitrogen cycles.
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Many studies have demonstrated shifts in microbial communities due to invasive 
plant growth [4, 12–17]. However, the phenomenon of fungal shifts in response to 
invasive plants is less understood, and potentially has many implications for main-
taining biodiversity and function of invaded ecosystems. Throughout this section we 
will explore the ways in which invasive plants alter the fungal community (Figure 1).

2.1 Arbuscular and ectomycorrhizal fungi

Fungal hyphae, or collectively the mycelium or mycelial network, are filamentous 
strands of fungal cells which compose the main body of the fungus, and the fungal 
vegetative structure that is often branching and filamentous [20]. In soils, fungal 
hyphae grow throughout the soil matrix, with the direction of apical growth (from 
the apex to the hyphal tip) often dependent on an environmental stimulus. These 
hyphae exhibit a variety of morphological structures and functional modifications. 
Arbuscular mycorrhizal fungi (AMF) form arbuscules, small branching struc-
tures within cortical root cells, which are the sites of the bi-directional exchange 
of carbon and nutrients, such as phosphorus, between the plant and fungi [20]. 
Ectomycorrhizal fungi similarly exchange nutrients with plants, but they form a 
dense hyphal sheath that surrounds the root surface, rather than penetrating the root 
cells [21] (Figure 2). This mutualism provides a fungus with carbohydrates and the 
plant with an increased surface area for water and mineral absorption.

Arbuscular mycorrhizal fungi are obligate plant symbionts. These AMF are 
arguably the most common plant mutualistic symbionts, consisting of at least 145 
groups [22]. They associate with most plant species and are especially important 
for the uptake of phosphorus [16, 18], an integral nutrient for plant growth. Over 
the years, researchers have discovered that AMF not only increases plant access to 
phosphorus, but they also provide resistance to pathogens [18, 19], stabilize soil 

Figure 1. 
Diagram showing the biotic impacts of invasive plants. Orange arrows: the invasive plant alters the chemical 
and physical soil components, which has an indirect effect on the fungal community composition. The invasive 
plant directly affects the fungal community through introduction of invasive microbes, allelopathic chemicals, 
and root exudates. Green arrow: leaf litter can alter the fungal community composition if the invasive plant 
leaf litter has a different quality (C:N) than that of the native plant leaf litter. Blue arrow: all of these 
alterations to the soil fungal community have indirect effects on the growth of native plants.
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and phosphate [3], and even facilitate plant-to-plant exchange of nutrients and 
carbohydrates [4]. These plant-fungal associations are extremely important to the 
survival of a majority (~90%) of all plant species [52].

When invasive plants are introduced to a healthy ecosystem, they can disrupt 
fungal mutualistic associations with native plants. Moreover, plant invasions may 
even prevent these mutualistic associations from occurring by altering soil nutri-
ent dynamics, changing soil food webs, or introducing plant pathogens [2, 3].  
Although not always negatively impacting mutualisms with native plants, these 
changes brought on by plant invasion can last for years [2, 4–10] after the inva-
sive plant has been removed and are termed “legacy effects” [13]. These legacy 
effects are normally defined as the abiotic and biotic impact of a species that 
persist long after the invasive species has been eradicated or extirpated from an 
area [8].

Studies focused on understanding the legacy effects of invasive plant growth 
on native plants can have either similar or conflicting results, largely dependent 
upon the native and invasive species studied [14]. As a result, many suggestions 
for improving soils after invasive species removal have been anecdotal, and are 
context-dependent.

In this chapter, we will discuss how invasive plants may change the abundance 
or diversity of three important fungal symbionts (arbuscular mycorrhizal fungi, 
ectomycorrhizal fungi, and fungal pathogens), as well as the implications these 
changes may have for ecosystem health. We will finish off the chapter by discussing 
restoration efforts designed to ameliorate fungal legacy effects of invasive plants.

2. Biotic impact of invasive plants

Plant-soil interactions can be abiotic or biotic, meaning that plant composition 
can alter the chemical composition of the soil or the microbial composition of the 
soil and vice versa. Not until 1985, however, did papers linking the words plant 
and soil begin to appear in the BIOSIS database. Since then, papers about plant-
soil interactions have appeared at a rate of 3500 per year [2]. So while the field is 
relatively new, it is growing quickly and becoming more diverse.

Early investigations of plant-soil feedbacks focused on physical properties of 
the soil, such as texture, water content, and temperature. Researchers then began 
investigating the chemical and biogeochemical components of plant-soil feedbacks, 
such as the pH, carbon, and nitrogen content of soils [2]. Currently, there is more 
focus on the role of microbes in regulating and responding to plants and the larger 
environment. This increased focus on microbes is due to their critical importance to 
the ecology of all macro-organisms: they are major decomposers in all ecosystems, 
important to the survival of most plant species, and an integral part of both carbon 
and nitrogen cycles.
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Many studies have demonstrated shifts in microbial communities due to invasive 
plant growth [4, 12–17]. However, the phenomenon of fungal shifts in response to 
invasive plants is less understood, and potentially has many implications for main-
taining biodiversity and function of invaded ecosystems. Throughout this section we 
will explore the ways in which invasive plants alter the fungal community (Figure 1).

2.1 Arbuscular and ectomycorrhizal fungi

Fungal hyphae, or collectively the mycelium or mycelial network, are filamentous 
strands of fungal cells which compose the main body of the fungus, and the fungal 
vegetative structure that is often branching and filamentous [20]. In soils, fungal 
hyphae grow throughout the soil matrix, with the direction of apical growth (from 
the apex to the hyphal tip) often dependent on an environmental stimulus. These 
hyphae exhibit a variety of morphological structures and functional modifications. 
Arbuscular mycorrhizal fungi (AMF) form arbuscules, small branching struc-
tures within cortical root cells, which are the sites of the bi-directional exchange 
of carbon and nutrients, such as phosphorus, between the plant and fungi [20]. 
Ectomycorrhizal fungi similarly exchange nutrients with plants, but they form a 
dense hyphal sheath that surrounds the root surface, rather than penetrating the root 
cells [21] (Figure 2). This mutualism provides a fungus with carbohydrates and the 
plant with an increased surface area for water and mineral absorption.

Arbuscular mycorrhizal fungi are obligate plant symbionts. These AMF are 
arguably the most common plant mutualistic symbionts, consisting of at least 145 
groups [22]. They associate with most plant species and are especially important 
for the uptake of phosphorus [16, 18], an integral nutrient for plant growth. Over 
the years, researchers have discovered that AMF not only increases plant access to 
phosphorus, but they also provide resistance to pathogens [18, 19], stabilize soil 

Figure 1. 
Diagram showing the biotic impacts of invasive plants. Orange arrows: the invasive plant alters the chemical 
and physical soil components, which has an indirect effect on the fungal community composition. The invasive 
plant directly affects the fungal community through introduction of invasive microbes, allelopathic chemicals, 
and root exudates. Green arrow: leaf litter can alter the fungal community composition if the invasive plant 
leaf litter has a different quality (C:N) than that of the native plant leaf litter. Blue arrow: all of these 
alterations to the soil fungal community have indirect effects on the growth of native plants.
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aggregates [23], alter plant communities [22], and even ameliorate the allelopathic 
effect of some invasive plants [24]. Most AMF are generalists, meaning they associ-
ate with many plant taxa, while others are specialists, and associate with only one or 
merely a few plant taxa.

The widespread distribution and low host-specificity of most AMF suggests that 
when plants invade a healthy soil system, they can readily form associations with 
AMF. Since most invasive plants can probably form arbuscular mycorrhizas [25], it is 
not surprising to find that numerous opportunistic invasive plants also associate with 
AMF to their own advantage [26]. When associating with fast-growing, small-spored 
fungal taxa, such as Glomus, which can colonize via mycelia fragments, an invasive plant 
may be even more likely to thrive [27]. These associations with generalist AMF may 
allow invasive plants to outcompete and displace native plants which are either non-
mycorrhizal (such as Brassica spp.), weakly mycorrhizal, or do not form associations 
with generalist AMF, in contrast to the generalist invader. One recent example of such 
an invader is Vincetoxicum rossicum, a forb that displaces native plants and was found 
to associate with four different AMF subgroups (Glomus intraradices, G. caledonium, 
G. fasciculatum, and G. mosseae), which are highly infective and remarkably efficient at 
phosphorus uptake. These same subgroups, however, were absent from the rhizosphere 
of each native plant growing within the invasive plant patches [27]. This finding sug-
gests that the invasive plant’s ability to associate with fungal generalists allows it to thrive 
and may improve its ability to displace native plants.

Some invasive plants have the ability to degrade local mycorrhizal fungi, a find-
ing termed the “Mycorrhizal Degradation Hypothesis” [28] (Figure 3). Degradation 
of local AMF can change the soil in ways that hinder native plants and help invasive 
plants. Examples of this include Alliaria petiolata, a non-mycorrhizal plant, which 
has been known to produce glucosinolates which are potentially toxic to AMF, and 
Myrica faya, a plant which carries nitrogen fixing microbes, from the genus Frankia 
along with it to the invaded range [29].

While researchers have only just begun exploring the impact of invasive plant 
species on AMF abundance [25–27], it is evident that invasive plants can have the 
potential to either increase [14, 28, 29] or decrease [29, 30] the abundance and diver-
sity of AMF. Increased AMF abundance with invasion may happen when the native 
intact plant community naturally associates with fewer AMF taxa than the invading 
mycotrophic (mycorrhizal) plants [4, 14, 24, 31]. In fact, if the invader is mycotro-
phic, a monoculture of the invasive plant may still harbor a more species-rich AMF 

Figure 2. 
(A) Diagram depicting the similarities and differences between ectomycorrhizal and arbuscular mycorrhizal 
fungi. (B) An arbuscule inside of a plant root. (C) Ectomycorrhizal fungal hyphae growing on a plant root.
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community than a diverse community of native plant species [17]. This increased 
abundance of AMF by the invader may actually feedback to increase invasion [36]. 
However, if the invading plant is non-mycorrhizal, then AMF abundance and 
diversity will decrease relative to pre-invasion soil [37]. A recent comprehensive 
field study [32] compared AMF abundance in soils invaded by one non-mycorrhizal 
and two mycorrhizal plant species. All three invaders reduced AMF abundance 
and richness, but the non-mycorrhizal plant reduced AMF abundance and richness 
to a greater extent. However, this pattern is not always so evident: if an invader is 
mycotrophic, but not a good host for AMF, then it may actually decrease the AMF 
abundance [33, 34]. Certain invasive plants may associate with particular groups of 
AMF, which may be different than those hosted by local native plants [39]. In these 
cases, invasion could subsequently bolster the abundance of some AMF groups, 
while decreasing the diversity or abundance of others.

In the presence of invasive plants, some studies show shifts in either AMF 
diversity [11] or from fungal specialists to generalists [3, 35], as well as differences 
in the prevalence of fungal versus bacterial utilization of leaf litter [11]. However, 
the identity and functional group status of both the native and invasive plant may 
dictate their effects on AM fungal symbionts. For instance, a recent meta-analysis 
[31] reported that invasions may not necessarily cause a shift in AMF associations, 
unless the native and invasive plant are in different functional groups. If an invader 
decreases AMF abundance or only increases the abundance of the particular AM 
fungal associate, then this could negatively impact native plant communities which 
are dependent on AMF for survival [31]. Changes to soil AMF abundance and diver-
sity may not be short-lived; in fact, they could last long after the invader is gone 
[41]. Such biotic legacy effects can occur when plant-soil interactions are altered by 
invasive plants for long periods of time.

The timing of AMF response to invasion is still largely a mystery [42]. A recent 
meta-analysis [31] reported that AMF colonization of native plants may decrease due 
to legacy effects of invasive plants. However, it is unclear how quickly these legacy 
effects occur or attenuate after an invasive plant is removed, as well as how soon the 
community may return to the structure and functioning of the previously native state 
[42]. In certain instances, after an invasive is removed, any changes in AMF abun-
dance and diversity are fleeting, because differences in abundance and richness return 

Figure 3. 
Diagram illustrating the mycorrhizal degradation hypothesis. In the left panel, we see a healthy native plant 
in a mutualistic relationship with AMF. In the right panel, the invasive plant is producing a chemical exudate 
that eliminates beneficial fungi, thereby preventing fungal association with the native plant and eventually 
native plant death.
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aggregates [23], alter plant communities [22], and even ameliorate the allelopathic 
effect of some invasive plants [24]. Most AMF are generalists, meaning they associ-
ate with many plant taxa, while others are specialists, and associate with only one or 
merely a few plant taxa.

The widespread distribution and low host-specificity of most AMF suggests that 
when plants invade a healthy soil system, they can readily form associations with 
AMF. Since most invasive plants can probably form arbuscular mycorrhizas [25], it is 
not surprising to find that numerous opportunistic invasive plants also associate with 
AMF to their own advantage [26]. When associating with fast-growing, small-spored 
fungal taxa, such as Glomus, which can colonize via mycelia fragments, an invasive plant 
may be even more likely to thrive [27]. These associations with generalist AMF may 
allow invasive plants to outcompete and displace native plants which are either non-
mycorrhizal (such as Brassica spp.), weakly mycorrhizal, or do not form associations 
with generalist AMF, in contrast to the generalist invader. One recent example of such 
an invader is Vincetoxicum rossicum, a forb that displaces native plants and was found 
to associate with four different AMF subgroups (Glomus intraradices, G. caledonium, 
G. fasciculatum, and G. mosseae), which are highly infective and remarkably efficient at 
phosphorus uptake. These same subgroups, however, were absent from the rhizosphere 
of each native plant growing within the invasive plant patches [27]. This finding sug-
gests that the invasive plant’s ability to associate with fungal generalists allows it to thrive 
and may improve its ability to displace native plants.

Some invasive plants have the ability to degrade local mycorrhizal fungi, a find-
ing termed the “Mycorrhizal Degradation Hypothesis” [28] (Figure 3). Degradation 
of local AMF can change the soil in ways that hinder native plants and help invasive 
plants. Examples of this include Alliaria petiolata, a non-mycorrhizal plant, which 
has been known to produce glucosinolates which are potentially toxic to AMF, and 
Myrica faya, a plant which carries nitrogen fixing microbes, from the genus Frankia 
along with it to the invaded range [29].

While researchers have only just begun exploring the impact of invasive plant 
species on AMF abundance [25–27], it is evident that invasive plants can have the 
potential to either increase [14, 28, 29] or decrease [29, 30] the abundance and diver-
sity of AMF. Increased AMF abundance with invasion may happen when the native 
intact plant community naturally associates with fewer AMF taxa than the invading 
mycotrophic (mycorrhizal) plants [4, 14, 24, 31]. In fact, if the invader is mycotro-
phic, a monoculture of the invasive plant may still harbor a more species-rich AMF 
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fungi. (B) An arbuscule inside of a plant root. (C) Ectomycorrhizal fungal hyphae growing on a plant root.

49

Impacts of Invasive Plants on Soil Fungi and Implications for Restoration
DOI: http://dx.doi.org/10.5772/intechopen.82108

community than a diverse community of native plant species [17]. This increased 
abundance of AMF by the invader may actually feedback to increase invasion [36]. 
However, if the invading plant is non-mycorrhizal, then AMF abundance and 
diversity will decrease relative to pre-invasion soil [37]. A recent comprehensive 
field study [32] compared AMF abundance in soils invaded by one non-mycorrhizal 
and two mycorrhizal plant species. All three invaders reduced AMF abundance 
and richness, but the non-mycorrhizal plant reduced AMF abundance and richness 
to a greater extent. However, this pattern is not always so evident: if an invader is 
mycotrophic, but not a good host for AMF, then it may actually decrease the AMF 
abundance [33, 34]. Certain invasive plants may associate with particular groups of 
AMF, which may be different than those hosted by local native plants [39]. In these 
cases, invasion could subsequently bolster the abundance of some AMF groups, 
while decreasing the diversity or abundance of others.

In the presence of invasive plants, some studies show shifts in either AMF 
diversity [11] or from fungal specialists to generalists [3, 35], as well as differences 
in the prevalence of fungal versus bacterial utilization of leaf litter [11]. However, 
the identity and functional group status of both the native and invasive plant may 
dictate their effects on AM fungal symbionts. For instance, a recent meta-analysis 
[31] reported that invasions may not necessarily cause a shift in AMF associations, 
unless the native and invasive plant are in different functional groups. If an invader 
decreases AMF abundance or only increases the abundance of the particular AM 
fungal associate, then this could negatively impact native plant communities which 
are dependent on AMF for survival [31]. Changes to soil AMF abundance and diver-
sity may not be short-lived; in fact, they could last long after the invader is gone 
[41]. Such biotic legacy effects can occur when plant-soil interactions are altered by 
invasive plants for long periods of time.

The timing of AMF response to invasion is still largely a mystery [42]. A recent 
meta-analysis [31] reported that AMF colonization of native plants may decrease due 
to legacy effects of invasive plants. However, it is unclear how quickly these legacy 
effects occur or attenuate after an invasive plant is removed, as well as how soon the 
community may return to the structure and functioning of the previously native state 
[42]. In certain instances, after an invasive is removed, any changes in AMF abun-
dance and diversity are fleeting, because differences in abundance and richness return 

Figure 3. 
Diagram illustrating the mycorrhizal degradation hypothesis. In the left panel, we see a healthy native plant 
in a mutualistic relationship with AMF. In the right panel, the invasive plant is producing a chemical exudate 
that eliminates beneficial fungi, thereby preventing fungal association with the native plant and eventually 
native plant death.
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rapidly with the return of the native vegetation type [14, 38]. In contrast, in other 
studies [37] even a highly mycorrhizal invasive plant may not rapidly alter the AMF 
community, even after 29 weeks. Another study shows some recovery of AMF com-
munities 6 years after the removal of an invasive known to decrease AMF abundance 
[13]. In some cases invasion can lead to the development of a novel AMF community 
over decadal time scales [30, 37, 39]. Overall, the recovery of the AMF community 
could take a long time. Furthermore, shifts in AMF may be dependent on an invasive 
plant’s functional traits [39–42], which may ultimately be the best predictor for the 
extent of AMF response to invasion, and subsequent recovery.

Although AMF and other groups of mycorrhizal fungi, such as the ectomycorrhizal 
fungi (ECM or EM fungi), are phylogenetically distant [45] and functionally distinct, 
they both play key roles in ecosystem functioning. In boreal and temperate forests, 
ECM are facultative symbionts that play an important role in plant nutrient acquisi-
tion [46]. In fact, ECM take up about 80% of all plant nitrogen in boreal forests [47]. 
However, the impact of invasive plants on the soil composition of ECM has not been 
well studied [48]. The few papers that do tackle this issue have either found inhibition 
of ECM in the presence of a non-mycorrhizal invader [43–45] or suggest that an inva-
sive plant may elicit an allelopathic effect on EM fungi [50]. Similarly as with AMF, 
ECM associations with native plants can be inhibited by invasive plant presence [49].

Invasive plants also introduce invasive AMF and ECM into the invaded range. 
Very little is known about the invasion process of AMF, but we do know that AMF 
propagules can be transferred long distances by wind, water, and agriculture [51]. 
When AMF is introduced to a new area, it spreads very slowly from the point of 
introduction, but can persist for up to a several years in the soil without a host [51]. 
Introduction could be problematic if the AMF are generalists and associate with 
invasive plants; in these cases it may not have an overall negative impact on an eco-
system that already harbors AMF. Normally ECM are beneficial to plants, but they 
have been shown to cause damage to invaded ecosystems by competing with native 
fungi, facilitating in the co-invasion of trees [52], and changing the soil foodwebs 
[53]. It is still unknown, however, what effect these invaders have on native host 
physiology and native fungal communities.

2.2 Fungal pathogens

Soil pathogens contribute to the spatial and temporal patterns of natural systems 
through negative plant-soil feedbacks [54] and may influence plant diversity by 
suppressing dominant plants [55]. Certain pathogens target either a group of related 
plant species or only one host plant genus.

Increase in global trade and the subsequent movement of plants has increased 
the number of introduced plant species and the pathogens they carry [56]. Some 
invasive pathogens have been introduced intentionally as biological controls [57], 
but most may be introduced inadvertently over trade routes. The fact that fungi are 
small and inconspicuous may be a major factor in their success as invaders and may 
be why these pathogens can spread faster than the host plants that carry them.

Pathogens brought over by invaders have been shown to decimate native plant 
populations. The lack of host resistance to invasive pathogens has caused severe 
environmental and agricultural damage in invaded areas [1]. Some examples of 
pathogenic microbes, often studied by plant pathologists and mycologists, are 
Phytophthora cinnamomi which infects Eucalyptus trees in Australia [58], Armillaria 
luteobubalina which has killed off 38% of plants in coastal ecosystems [59], 
Phytophthora ramorum which has infected more than 70 plant species in California 
and causes sudden oak death [60], and Phytophthora kernoviae which is the latest of 
many Phytophthoras recently found in the UK [56] (Figure 4).
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Most studies concerning the spread of invasive fungal pathogens focus primarily 
on agricultural rather than natural systems. In a majority of papers, the invading 
pathogen that causes a devastating agricultural epidemic are those that coevolved with 
crop plants and were somehow reunited with their host [1]. The most well-known 
example of this is the Irish potato famine caused by Phytophthora infestans. In contrast, 
in natural systems, most harmful invasive pathogens did not coevolve with the plants 
they infect so the host plants have never been exposed to the pathogen before [1].

The main body of research that does focus on invasive pathogens in natural 
systems primarily deals with invasive forest pathogens. North American forests 
are continually threatened by invasive pathogens and several species of trees have 
already been essentially eliminated by them. The best example of this is the chest-
nut blight which killed off most of the mature native chestnut trees in the northeast 
US in only 30 years [61], replacing them with a variety of other hardwood species. 
Pests and pathogens may be even more harmful to these hardwood forests than the 
invasive plants that carried them there [62], with over 20 invasive pathogens infect-
ing forests in the US and Canada [63].

Invasive pathogens in forest ecosystems are currently in the process of remov-
ing several foundation tree species that control productivity, water levels, forest 
structure, and microclimate [64]. When an entire species of tree is wiped out or an 
entire life stage or size class of tree is eliminated, the forest ecosystem can change 
dramatically. The loss of these species can negatively impact nutrient fluxes, water 
movement, biodiversity, and food webs [65]. The indirect effects of these species 
losses are difficult to calculate and could extend for multiple forest generations. 
If a relatively minor tree species is lost, the impact of the invasive pathogen may 

Figure 4. 
(A) Phytophthora cinnamomi, (B) Phytophthora kernoviae, (C) Armillaria luteobubalina, and  
(D) Phytophthora ramorum.
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rapidly with the return of the native vegetation type [14, 38]. In contrast, in other 
studies [37] even a highly mycorrhizal invasive plant may not rapidly alter the AMF 
community, even after 29 weeks. Another study shows some recovery of AMF com-
munities 6 years after the removal of an invasive known to decrease AMF abundance 
[13]. In some cases invasion can lead to the development of a novel AMF community 
over decadal time scales [30, 37, 39]. Overall, the recovery of the AMF community 
could take a long time. Furthermore, shifts in AMF may be dependent on an invasive 
plant’s functional traits [39–42], which may ultimately be the best predictor for the 
extent of AMF response to invasion, and subsequent recovery.

Although AMF and other groups of mycorrhizal fungi, such as the ectomycorrhizal 
fungi (ECM or EM fungi), are phylogenetically distant [45] and functionally distinct, 
they both play key roles in ecosystem functioning. In boreal and temperate forests, 
ECM are facultative symbionts that play an important role in plant nutrient acquisi-
tion [46]. In fact, ECM take up about 80% of all plant nitrogen in boreal forests [47]. 
However, the impact of invasive plants on the soil composition of ECM has not been 
well studied [48]. The few papers that do tackle this issue have either found inhibition 
of ECM in the presence of a non-mycorrhizal invader [43–45] or suggest that an inva-
sive plant may elicit an allelopathic effect on EM fungi [50]. Similarly as with AMF, 
ECM associations with native plants can be inhibited by invasive plant presence [49].

Invasive plants also introduce invasive AMF and ECM into the invaded range. 
Very little is known about the invasion process of AMF, but we do know that AMF 
propagules can be transferred long distances by wind, water, and agriculture [51]. 
When AMF is introduced to a new area, it spreads very slowly from the point of 
introduction, but can persist for up to a several years in the soil without a host [51]. 
Introduction could be problematic if the AMF are generalists and associate with 
invasive plants; in these cases it may not have an overall negative impact on an eco-
system that already harbors AMF. Normally ECM are beneficial to plants, but they 
have been shown to cause damage to invaded ecosystems by competing with native 
fungi, facilitating in the co-invasion of trees [52], and changing the soil foodwebs 
[53]. It is still unknown, however, what effect these invaders have on native host 
physiology and native fungal communities.

2.2 Fungal pathogens

Soil pathogens contribute to the spatial and temporal patterns of natural systems 
through negative plant-soil feedbacks [54] and may influence plant diversity by 
suppressing dominant plants [55]. Certain pathogens target either a group of related 
plant species or only one host plant genus.

Increase in global trade and the subsequent movement of plants has increased 
the number of introduced plant species and the pathogens they carry [56]. Some 
invasive pathogens have been introduced intentionally as biological controls [57], 
but most may be introduced inadvertently over trade routes. The fact that fungi are 
small and inconspicuous may be a major factor in their success as invaders and may 
be why these pathogens can spread faster than the host plants that carry them.

Pathogens brought over by invaders have been shown to decimate native plant 
populations. The lack of host resistance to invasive pathogens has caused severe 
environmental and agricultural damage in invaded areas [1]. Some examples of 
pathogenic microbes, often studied by plant pathologists and mycologists, are 
Phytophthora cinnamomi which infects Eucalyptus trees in Australia [58], Armillaria 
luteobubalina which has killed off 38% of plants in coastal ecosystems [59], 
Phytophthora ramorum which has infected more than 70 plant species in California 
and causes sudden oak death [60], and Phytophthora kernoviae which is the latest of 
many Phytophthoras recently found in the UK [56] (Figure 4).
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Most studies concerning the spread of invasive fungal pathogens focus primarily 
on agricultural rather than natural systems. In a majority of papers, the invading 
pathogen that causes a devastating agricultural epidemic are those that coevolved with 
crop plants and were somehow reunited with their host [1]. The most well-known 
example of this is the Irish potato famine caused by Phytophthora infestans. In contrast, 
in natural systems, most harmful invasive pathogens did not coevolve with the plants 
they infect so the host plants have never been exposed to the pathogen before [1].

The main body of research that does focus on invasive pathogens in natural 
systems primarily deals with invasive forest pathogens. North American forests 
are continually threatened by invasive pathogens and several species of trees have 
already been essentially eliminated by them. The best example of this is the chest-
nut blight which killed off most of the mature native chestnut trees in the northeast 
US in only 30 years [61], replacing them with a variety of other hardwood species. 
Pests and pathogens may be even more harmful to these hardwood forests than the 
invasive plants that carried them there [62], with over 20 invasive pathogens infect-
ing forests in the US and Canada [63].

Invasive pathogens in forest ecosystems are currently in the process of remov-
ing several foundation tree species that control productivity, water levels, forest 
structure, and microclimate [64]. When an entire species of tree is wiped out or an 
entire life stage or size class of tree is eliminated, the forest ecosystem can change 
dramatically. The loss of these species can negatively impact nutrient fluxes, water 
movement, biodiversity, and food webs [65]. The indirect effects of these species 
losses are difficult to calculate and could extend for multiple forest generations. 
If a relatively minor tree species is lost, the impact of the invasive pathogen may 

Figure 4. 
(A) Phytophthora cinnamomi, (B) Phytophthora kernoviae, (C) Armillaria luteobubalina, and  
(D) Phytophthora ramorum.
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Figure 5. 
Diagram showing the indirect, intermediate, and direct methods of biotic soil restoration. Indirect methods 
include removing invasive plants and planting nurse species. Intermediate methods include soil amendments 
such as activated charcoal, sugar, sawdust, and fertilizer. Direct methods include the addition of whole soil or 
specific AMF species to the soil.

actually be small, but if a keystone species is lost there could be long-lasting cas-
cading effects [64]. It is important to note that not all introduced pathogens are 
harmful to these forests [66], but more research is needed to identify those that are 
harmful before they spread.

The damage wrought by invasive pathogens is clearly wide-spread. 
Approximately 65–85% of plant pathogens are considered invasive [63]. Thus, there 
is a critical need for invasive pathogen ecology to elucidate the extent to which 
invasive pathogens harm natural systems. Based on our current understanding, 
it is unclear whether or not invasive fungal pathogens persist in the soil for years 
after invasive plants have been removed or whether these pathogens interact with 
other microbes in the soil to the detriment of native species. In other words, more 
research is needed to bridge the gap between plant pathology and ecology to better 
understand the impact of invasive pathogens in natural systems [1].

Introduction of non-native pathogens is one way invasive plants influence soil 
pathogen composition. However, they have also been shown to influence the abun-
dance and diversity of native fungal pathogens in invaded sites, in ways that are often 
either beneficial [67] or detrimental to their growth. Alkaloids produced by these 
pathogens can inhibit generalist pathogenic fungi, which inadvertently stimulates 
the growth of host-specific pathogens [68]. This accumulation of pathogens specific 
to the invasive plant may actually allow native plants to thrive [69]. Some studies 
have shown that certain invasive grasses may produce chemicals which are said to 
have an inhibitory effect on competitors and may deter herbivory or either repel 
pathogens [25, 66]. In contrast, some invasive plants may release chemicals known to 
attract pathogens (Accumulation of Local Pathogens Hypothesis) [71], which could 
act as a “pathogen reservoir,” leading to reduced competition by local plants [72].

3. Restoration efforts to reverse biotic changes

Plant communities are dependent upon soil microbial communities; therefore, 
native plant restorations may ultimately not be successful unless the microbial and 
plant communities are simultaneously restored. The idea of using microbes, either a 
component of the native-plant associated microbial community or an entire whole 
soil inoculum isolated from an intact ecosystem, as a biological control against the 
spread of invasive species has gained popularity in recent years.

Restoration ecologists are now applying AMF cultures [37], whole native soil, or 
biological crust to their restorations in hopes of augmenting native plant establish-
ment (Figure 5). Addition of native soil to restoration sites has been found in some 
studies to decrease invasive plant cover and increase the native plant cover [73]. It 
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is important to compare the methods of these types of studies to understand what 
inoculation method is most successful for combatting a particular invader [6, 69, 
70]. Some studies, for example, remove the invasive plant before applying soil inocu-
lum to restore soil fungal abundance [10] or combine fertilizer with the inoculum. 
Microbial soil inoculations have been found to actually inhibit the allelochemical 
effects of an invasive plant on a native plant species [75].

Other possible means of managing invasive plants at the microbial level include 
the addition of sugar, sawdust, or activated charcoal to soils. Sugar and sawdust 
can increase microbial growth and store excess soil nitrogen from invasive plants in 
the microbial biomass [76] (Figure 5). This method has been successful for some 
invasive sites, but not all [9]. Soil additions of activated carbon are believed to bind 
invasive plant allelochemicals and remove them from the soil solution [77]. Because 
allelochemicals are short-lived, this technique is most useful if the invasive plant is 
still present in a site [9]. Studies have shown that native plant growth increases with 
the addition of activated charcoal under invasion by spotted knapweed (Centaurea 
maculosa), diffuse knapweed (Centaurea diffusa), and cheatgrass (Bromus tectorum) 
[9]. Activated carbon can have numerous other effects on the soil (binding organic 
substrates, changing soil nitrogen concentration, and changing the carbon-to-
nitrogen ratio), [9] so further research is needed to decouple these effects with the 
aforementioned binding of allelochemicals.

3.1 Restoration of arbuscular mycorrhizal fungi and ectomycorrhizal fungi

Invasion by non-mycorrhizal plants can sometimes reduce the abundance of AMF 
in the soil, negatively impacting native plants that are dependent on AMF for sur-
vival. A decrease in AMF abundance can encourage further invasion by non-mycor-
rhizal plants, thus maintaining invasive plant dominance and inhibiting native plant 
growth [78]. This is of special concern considering many other studies have found 
invasive species that are less dependent than native plants on AMF [12, 21, 73–75]. In 
situations where the invader is known to be non-mycorrhizal, restoration strategies 
that increase the soil AMF abundance could be especially effective combined with 
native plant seeding and planting AM host plants. AMF addition to soil has been use-
ful in some restorations efforts [79], but not all [80]. In some cases, when an invaded 
site has sufficient AM propagule pressure, adding additional AMF may not have any 
effect on AM abundance or native plant performance [77]. Furthermore, a singular 
increase in AMF abundance may not be sufficient for restoring native plant diversity, 
but rather an increase in AMF diversity along with augmenting specialist AMF propa-
gule pressure may improve restoration outcomes [22].

Although some land managers consider the co-invasion of ectomycorrhizal fungi 
to be a threat to native communities, as of yet there have been minimal evidence-
based management strategies documented by practitioners [53]. Removal of plants 
that associate with ectomycorrhizal fungi, chemical sprays, and sporocarp removal 
have been performed, but the success of these strategies is debatable. Picking 
mushroom caps has been shown to have little impact on invasive fungal populations 
[81], but this may be because studies have focused mainly on fungi that are neither 
short-lived nor reproduce sexually [53]. Fungicide is another option, but it may also 
damage native fungi, thereby doing more harm than good to native plants.

3.2 Fungal pathogens and implications for restoration

Very few papers recommend restoration strategies for mitigating the effects 
of invasive pathogens [53] and even less recommend strategies for preventing 
the accumulation of pathogens by invasive plants. Most restoration strategies for 
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Figure 5. 
Diagram showing the indirect, intermediate, and direct methods of biotic soil restoration. Indirect methods 
include removing invasive plants and planting nurse species. Intermediate methods include soil amendments 
such as activated charcoal, sugar, sawdust, and fertilizer. Direct methods include the addition of whole soil or 
specific AMF species to the soil.

actually be small, but if a keystone species is lost there could be long-lasting cas-
cading effects [64]. It is important to note that not all introduced pathogens are 
harmful to these forests [66], but more research is needed to identify those that are 
harmful before they spread.

The damage wrought by invasive pathogens is clearly wide-spread. 
Approximately 65–85% of plant pathogens are considered invasive [63]. Thus, there 
is a critical need for invasive pathogen ecology to elucidate the extent to which 
invasive pathogens harm natural systems. Based on our current understanding, 
it is unclear whether or not invasive fungal pathogens persist in the soil for years 
after invasive plants have been removed or whether these pathogens interact with 
other microbes in the soil to the detriment of native species. In other words, more 
research is needed to bridge the gap between plant pathology and ecology to better 
understand the impact of invasive pathogens in natural systems [1].

Introduction of non-native pathogens is one way invasive plants influence soil 
pathogen composition. However, they have also been shown to influence the abun-
dance and diversity of native fungal pathogens in invaded sites, in ways that are often 
either beneficial [67] or detrimental to their growth. Alkaloids produced by these 
pathogens can inhibit generalist pathogenic fungi, which inadvertently stimulates 
the growth of host-specific pathogens [68]. This accumulation of pathogens specific 
to the invasive plant may actually allow native plants to thrive [69]. Some studies 
have shown that certain invasive grasses may produce chemicals which are said to 
have an inhibitory effect on competitors and may deter herbivory or either repel 
pathogens [25, 66]. In contrast, some invasive plants may release chemicals known to 
attract pathogens (Accumulation of Local Pathogens Hypothesis) [71], which could 
act as a “pathogen reservoir,” leading to reduced competition by local plants [72].

3. Restoration efforts to reverse biotic changes

Plant communities are dependent upon soil microbial communities; therefore, 
native plant restorations may ultimately not be successful unless the microbial and 
plant communities are simultaneously restored. The idea of using microbes, either a 
component of the native-plant associated microbial community or an entire whole 
soil inoculum isolated from an intact ecosystem, as a biological control against the 
spread of invasive species has gained popularity in recent years.

Restoration ecologists are now applying AMF cultures [37], whole native soil, or 
biological crust to their restorations in hopes of augmenting native plant establish-
ment (Figure 5). Addition of native soil to restoration sites has been found in some 
studies to decrease invasive plant cover and increase the native plant cover [73]. It 
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is important to compare the methods of these types of studies to understand what 
inoculation method is most successful for combatting a particular invader [6, 69, 
70]. Some studies, for example, remove the invasive plant before applying soil inocu-
lum to restore soil fungal abundance [10] or combine fertilizer with the inoculum. 
Microbial soil inoculations have been found to actually inhibit the allelochemical 
effects of an invasive plant on a native plant species [75].

Other possible means of managing invasive plants at the microbial level include 
the addition of sugar, sawdust, or activated charcoal to soils. Sugar and sawdust 
can increase microbial growth and store excess soil nitrogen from invasive plants in 
the microbial biomass [76] (Figure 5). This method has been successful for some 
invasive sites, but not all [9]. Soil additions of activated carbon are believed to bind 
invasive plant allelochemicals and remove them from the soil solution [77]. Because 
allelochemicals are short-lived, this technique is most useful if the invasive plant is 
still present in a site [9]. Studies have shown that native plant growth increases with 
the addition of activated charcoal under invasion by spotted knapweed (Centaurea 
maculosa), diffuse knapweed (Centaurea diffusa), and cheatgrass (Bromus tectorum) 
[9]. Activated carbon can have numerous other effects on the soil (binding organic 
substrates, changing soil nitrogen concentration, and changing the carbon-to-
nitrogen ratio), [9] so further research is needed to decouple these effects with the 
aforementioned binding of allelochemicals.

3.1 Restoration of arbuscular mycorrhizal fungi and ectomycorrhizal fungi

Invasion by non-mycorrhizal plants can sometimes reduce the abundance of AMF 
in the soil, negatively impacting native plants that are dependent on AMF for sur-
vival. A decrease in AMF abundance can encourage further invasion by non-mycor-
rhizal plants, thus maintaining invasive plant dominance and inhibiting native plant 
growth [78]. This is of special concern considering many other studies have found 
invasive species that are less dependent than native plants on AMF [12, 21, 73–75]. In 
situations where the invader is known to be non-mycorrhizal, restoration strategies 
that increase the soil AMF abundance could be especially effective combined with 
native plant seeding and planting AM host plants. AMF addition to soil has been use-
ful in some restorations efforts [79], but not all [80]. In some cases, when an invaded 
site has sufficient AM propagule pressure, adding additional AMF may not have any 
effect on AM abundance or native plant performance [77]. Furthermore, a singular 
increase in AMF abundance may not be sufficient for restoring native plant diversity, 
but rather an increase in AMF diversity along with augmenting specialist AMF propa-
gule pressure may improve restoration outcomes [22].

Although some land managers consider the co-invasion of ectomycorrhizal fungi 
to be a threat to native communities, as of yet there have been minimal evidence-
based management strategies documented by practitioners [53]. Removal of plants 
that associate with ectomycorrhizal fungi, chemical sprays, and sporocarp removal 
have been performed, but the success of these strategies is debatable. Picking 
mushroom caps has been shown to have little impact on invasive fungal populations 
[81], but this may be because studies have focused mainly on fungi that are neither 
short-lived nor reproduce sexually [53]. Fungicide is another option, but it may also 
damage native fungi, thereby doing more harm than good to native plants.

3.2 Fungal pathogens and implications for restoration

Very few papers recommend restoration strategies for mitigating the effects 
of invasive pathogens [53] and even less recommend strategies for preventing 
the accumulation of pathogens by invasive plants. Most restoration strategies for 
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combatting pathogens are primarily focused on agriculture, not natural systems, 
and those that do cover natural systems focus primarily on hardwood forests. 
Restoration of chestnut trees has been extensively studied in the wake of the afore-
mentioned chestnut blight fungus.

Recommended strategies include planting blight resistant trees [82], creating 
strains of blight fungus that are less virulent [83], and crossbreeding trees [84], such 
as naturally resistant Asian chestnut trees and American chestnuts. Although many 
papers focus on gene manipulation as a restoration strategy, others suggest more large-
scale strategies such as maintaining tree stand structure, maintaining healthy and resis-
tant tree species, and timber extraction [85]. Some researchers recommend inoculating 
specific ectomycorrhizal fungi to boost the vigor of infected trees [86]. Blight fungus 
and hardwood tree infections could potentially be used to guide further research about 
ecological restoration in other natural systems ravaged by invasive pathogens.

The most successful strategy for combatting invasive fungi is to prevent them 
from being introduced in the first place. This could involve either banning plants 
that associate with known invasive fungi or by preventing nurseries from inoculat-
ing their plants with invasive fungi [52].

4. Conclusion

Arbuscular and ectomycorrhizal fungi play important roles in the nutrient 
acquisition and maintenance of biodiversity. Evidence concerning the impact of 
invasive plants on these fungal groups has been mixed, with AMF occasionally 
illustrating an increase in abundance [14, 28, 29], a decrease in abundance [39], or a 
shift from specialist to generalist AM taxa [3, 35]. These conflicting results under-
scores the importance of future research on the response of AMF to invasion and 
invasive plant management, with an emphasis on the role of factors driving their 
response, such as invasive plant functional group [35].

Although little is known about ECM, highlighting a need for future investiga-
tion, the evidence suggests that both non-mycorrhizal invasive plants [43–45] and 
allelopathic invasive plants [50] may inhibit their EM fungal growth, which may 
interfere with plant nutrient acquisition in both boreal and temperate forests. The 
introduction of harmful invasive ECM which facilitate in the co-invasion of trees 
may further disrupt forest symbioses [53].

Invasive plant encroachment into ecosystems have unintended consequences 
for microbial pathogens, such as influencing the abundance and diversity of native 
fungal pathogens in ways that benefit their growth or harm native plants. Indeed, 
invasive plants alter soil fungal composition [63, 67, 82]. The spread of invasive 
pathogens by invasive species has been widely covered in agricultural research. 
Future research should focus on invasive pathogens that are being transported by 
an invasive host plant to natural systems other than hardwood forests. A majority of 
studies focused on natural systems, emphasize primarily hardwood forests and the 
loss of foundation tree species. The loss of these foundation species has impacted 
nutrient fluxes, water movement, biodiversity, and food webs of infected forests 
[65]. These sorts of large-scale changes could have cascading effects that last for 
many generations.

Conflicting results and a lack of microbial data has led to case-dependent, 
anecdotal restoration recommendations. The results of inoculation experiments 
are very encouraging for improving restoration efforts. However, it may be 
particularly useful in the future to evaluate exactly how the microbial composi-
tion changes for each invasive plant, especially at the species level or for plant 
functional groups.
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While more restoration ecologists are making decisions based on important 
microbial-plant mutualisms, much more information is needed concerning the long-
term impact of invasion on fungi, especially mycorrhizal fungi and fungal pathogens.
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tant tree species, and timber extraction [85]. Some researchers recommend inoculating 
specific ectomycorrhizal fungi to boost the vigor of infected trees [86]. Blight fungus 
and hardwood tree infections could potentially be used to guide further research about 
ecological restoration in other natural systems ravaged by invasive pathogens.
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interfere with plant nutrient acquisition in both boreal and temperate forests. The 
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may further disrupt forest symbioses [53].

Invasive plant encroachment into ecosystems have unintended consequences 
for microbial pathogens, such as influencing the abundance and diversity of native 
fungal pathogens in ways that benefit their growth or harm native plants. Indeed, 
invasive plants alter soil fungal composition [63, 67, 82]. The spread of invasive 
pathogens by invasive species has been widely covered in agricultural research. 
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an invasive host plant to natural systems other than hardwood forests. A majority of 
studies focused on natural systems, emphasize primarily hardwood forests and the 
loss of foundation tree species. The loss of these foundation species has impacted 
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Chapter 4

Relationship between Exotic 
Plant Species Richness, Native 
Vegetation and Climate in Forest 
Ecosystems of Chile
Pablo I. Becerra and Ramiro O. Bustamante

Abstract

In this chapter, we evaluated how native species cover, native species richness, 
and foliage periodicity of forests are related to exotic species richness in different 
forest ecosystems distributed through the Mediterranean-type and temperate climate 
regions of Chile. We compiled published and unpublished data on Chilean vegetation 
(mainly phytosociological studies) located between 30º and 41º S in which plant 
species composition and abundance (percentage of cover) per plot was evaluated and 
published. When all forests were analysed together, we found that exotic species rich-
ness was not significantly related to native species richness; it was negatively related 
to native species cover in both Mediterranean and temperate climatic regions and was 
greater in deciduous than evergreen forests, although only in the temperate region. 
In an analysis considering separately every forest type, we observed that only in 50% 
of these communities, exotic species richness was negatively related to native species 
cover. Furthermore, in 25% of forest types, exotic species richness was negatively 
related to native species richness, and in only one forest type, this relationship was 
positive. Our results suggest that native species produce some resistance against inva-
sion of exotic plants, but this effect may depend on climate and forest type.

Keywords: alien species, biotic resistance, species diversity, forest communities, 
plant invasion

1. Introduction

Given the impact of invasive species on native biodiversity, it is important to 
increase the knowledge about factors influencing invasion processes to establish 
conservation and restoration strategies [1–3]. Invasion by exotic plant species has 
been related to biotic (native vegetation and herbivory) as well as abiotic (e.g. climate 
and soil) factors [3, 4–7]. Among biotic factors, native vegetation has received more 
attention. Native vegetation may negatively affect invasion of exotic plants through 
competitive interactions as native species use resources that exotic species also 
require (space, light, nutrients, etc.) [2, 7, 8]. However, positive effects and facilita-
tion of native species on exotic plants have also been observed [9]. Amelioration of 
abiotic stress by native vegetation may facilitate recruitment and/or establishment of 
exotic species, especially under more stressful conditions [10–12]. As a consequence 
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of these negative or positive interactions, different relationships between native 
vegetation variables, such as species richness and cover, and invasibility may be 
expected. For instance, richer communities should reduce niche opportunities for 
establishing exotic species and hence resist invasion better than poorer communi-
ties, and in this case, a negative relationship between native and exotic richness may 
be expected [2, 7, 13, 14]. This pattern should occur in the absence of covarying 
extrinsic biotic or abiotic factors [15], which would mainly occur at small spatial 
scales or within community types [7]. Instead, positive relationships between exotic 
and native species richness should occur when competition is less important than 
facilitation [16, 17] or when both, native and exotic species, respond similarly to 
external environmental factors, which would mainly occur in large spatial scales 
often including different communities and climates [7]. Empirical evidence shows 
different results: negative and positive as well as absence of significant relationships 
have been documented [18–26] although negative relationships have mainly been 
observed in local scales while positive relationships at larger spatial scales.

Similarly, reductions in native species cover (e.g. by disturbance) would increase 
plant invasion through depletion of competitive interactions [13, 27]. Many studies 
have documented that more disturbed habitats, where cover of native plants has been 
eliminated or strongly reduced, present higher plant invasion [4, 5, 18–20, 25, 28–31]. 
Nonetheless, it is less clear if within forest habitats, sites with lower cover of native 
species (e.g. triggered by some natural or anthropogenic disturbance) but without 
complete elimination of the forest canopy are related to an increase in plant invasion. 
Alternatively, when facilitative interactions are stronger than competition, positive 
associations between native and exotic species are more frequent [11], and positive 
relationships between native species cover and plant invasion may be expected. 
Moreover, some studies have recently documented invasion in closed-canopy forests 
by some shade-tolerant exotic plant species [32], and hence for some of these exotic 
species, greater cover of native species may even be necessary.

On the other hand, the effect of native vegetation on plant invasion may be related 
to other variables. An attribute of native vegetation, which may affect plant invasion, 
is the foliage periodicity of dominant tree species (e.g. evergreen and deciduous) 
[33]. Forest communities dominated by deciduous species receive more light than 
evergreen forests, at least during a period of time within a year, and thus, evergreen 
forests may produce greater competitive resistance against plant invasion. However, 
the role of this factor in plant invasion has been very few times evaluated. Only 
Ibáñez et al. [33] addressed this issue and documented greater exotic species richness 
in deciduous forests than evergreen forests in a region of eastern North America.

Plant-plant interactions may strongly be modulated by abiotic conditions [34], 
and hence, the effect of native vegetation on plant invasion may be influenced by 
climate or habitat conditions. Specifically, positive interactions should be more 
frequent under more stressing conditions, while competition under more productive 
or favourable conditions for plants, which is known as the stress-gradient hypothesis 
[34]. Although some evidence for this hypothesis has been documented through 
experimental approaches in the context of plant invasions [10–12, 17], these studies 
have only been performed at local scales and for particular exotic species. Thus, it is 
less known that the pattern of relationship between native vegetation variables, such 
as cover and species richness, and exotic invasion varies between different climatic 
or habitat conditions according to the stress-gradient hypothesis (but see [25]). 
Based on the stress-gradient hypothesis, plant invasion should be positively related 
to cover and richness of native species under more stressing conditions (e.g. arid and 
semiarid climates), while negatively in more favourable conditions (e.g. temper-
ate climates). Likewise, plant invasion should be greater in deciduous forests than 
evergreen forests under more favourable conditions.
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In this study, we compiled data on exotic species richness at a plot scale in dif-
ferent forest types of Chile and assessed how exotic species richness is correlated to 
cover and richness of native species, as well as the type of periodicity of foliage of 
dominant trees in forests distributed through the Mediterranean-type and temper-
ate regions of the country.

2. Methods

2.1 Data source

We compiled several published and unpublished studies on Chilean vegetation, 
from which we obtained data on exotic and native species composition and abun-
dance at a plot scale from different types of forest communities (Table 1). Each one 
of these communities corresponded to a particular phytosociological unit, most 
of them at the association level, with homogeneous climate and soil conditions. 
However, due to differences in geographical distribution among forest types, these 
had different climatic regimes (Mediterranean-type and temperate climates) and 
are dominated by species with different periodicity of foliage (deciduous or ever-
green). We considered only studies in which species composition and abundance 
(percentage of cover) per plot were published (e.g. phytosociological tables), from 
which we obtained values of exotic and native species richness and cover. Within 
every forest type, selected plots for the analyses had the same size, although the size 
of plots varied between some forest types. In addition, the distance between plots 
varied between forest types, from 300 m in some forest types to some kilometres in 
others. Also, forest types included in the analyses did not show significant evidence 
(indicated in the publication) of strong anthropogenic disturbances (massive 
logging of trees or recent fires). This entailed that all plots within each forest types 
were at least partially covered by a tree canopy. However, forest types could pres-
ent slight perturbations such as herbivory by exotic livestock and rabbits, tourism 
impacts (e.g. tracks) and/or reduced past forest logging. This produced a gradient 
of native species cover and richness within all forests. According to these criteria, 
we found eight forest types including Mediterranean as well as temperate forests of 
Chile (Table 1).

2.2 Forest types selected for the study

Forest types selected for this study were distributed between 33 and 41°S of 
Chile, covering both Mediterranean and temperate climates (Table 1 and Figure 1). 
The most septentrional forest used in this study is a sclerophyllous forest (Becerra, 
unpublished data), which is an evergreen forest distributed in the coastal range of the 
semi-arid Mediterranean zone, dominated by the species Cryptocarya alba and Schinus 
velutina. The Mediterranean montane deciduous forest [35] is dominated by the 
deciduous species Nothofagus glauca and is distributed in coastal as well as pre-Andean 
foothills of the Mediterranean region. The Mediterranean Subantarctic Andean forest 
[36] is dominated by the deciduous species Nothofagus pumilio and is distributed along 
the Andean timberline within the humid Mediterranean region of Chile. The temper-
ate montane deciduous forest [37] is dominated by the deciduous species Nothofagus 
alpina and N. obliqua and is distributed on the foothills of the Andean range. The 
swamp deciduous forest [38] is dominated by the deciduous species Nothofagus antarc-
tica and is distributed on swamp soils in the central valley of the temperate region. The 
lowland evergreen forest [38] is dominated by the evergreen species Eucryphia cordi-
folia and Nothofagus dombeyi and is distributed on the foothills of the Andean range of 
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the temperate region. The lowland deciduous forest [39] is dominated by the decidu-
ous species Nothofagus obliqua and is distributed in the central valley of the temperate 
region. Finally, the swamp evergreen forest [40] is dominated by the evergreen species 
Myrceugenia exsucca and Blepharocalyx cruckshanksii and is distributed on the lowlands 
of the temperate region of Chile occupying mainly riverine habitats.

Climate of forests included in this study varied from approximately 350 mm of 
annual precipitation and an annual mean temperature of 14°C in the sclerophyllous 
forest, to near 2500 mm of annual precipitation and an annual mean temperature of 
10.5°C in the lowland evergreen forest [41].

2.3 Data analysis

We performed two types of analyses: first, we analysed together all data from all 
forest types, in order to examine the contribution of every variable to the variation 
in exotic species richness. Thus, in the same model, we evaluated the independent 
effects of the climatic region (Mediterranean vs. temperate), foliage periodicity of 
forests (deciduous vs. evergreen), native species richness and native species cover, 
as well as the statistical interactions between the climatic region and each native 
 vegetation variable. Although the areas of plots were in general quite similar between 
forests (Table 1), the size of plots differed between some of them (Table 1), and 
preliminary log(10) area-log (N° species) correlations were significant for all forest 
types. Hence, to compare exotic and native species richness at a plot scale among 
all forest types, we controlled the size of plots by dividing values of exotic species 
richness as well as native species richness by the log(10) of the area of each plot. On 

Figure 1. 
Geographical distribution (only referential location) of forest types included in the study. Different studies 
covered different surfaces. Nomenclature of forest types is indicated in Table 1.
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the temperate region. The lowland deciduous forest [39] is dominated by the decidu-
ous species Nothofagus obliqua and is distributed in the central valley of the temperate 
region. Finally, the swamp evergreen forest [40] is dominated by the evergreen species 
Myrceugenia exsucca and Blepharocalyx cruckshanksii and is distributed on the lowlands 
of the temperate region of Chile occupying mainly riverine habitats.

Climate of forests included in this study varied from approximately 350 mm of 
annual precipitation and an annual mean temperature of 14°C in the sclerophyllous 
forest, to near 2500 mm of annual precipitation and an annual mean temperature of 
10.5°C in the lowland evergreen forest [41].

2.3 Data analysis

We performed two types of analyses: first, we analysed together all data from all 
forest types, in order to examine the contribution of every variable to the variation 
in exotic species richness. Thus, in the same model, we evaluated the independent 
effects of the climatic region (Mediterranean vs. temperate), foliage periodicity of 
forests (deciduous vs. evergreen), native species richness and native species cover, 
as well as the statistical interactions between the climatic region and each native 
 vegetation variable. Although the areas of plots were in general quite similar between 
forests (Table 1), the size of plots differed between some of them (Table 1), and 
preliminary log(10) area-log (N° species) correlations were significant for all forest 
types. Hence, to compare exotic and native species richness at a plot scale among 
all forest types, we controlled the size of plots by dividing values of exotic species 
richness as well as native species richness by the log(10) of the area of each plot. On 

Figure 1. 
Geographical distribution (only referential location) of forest types included in the study. Different studies 
covered different surfaces. Nomenclature of forest types is indicated in Table 1.
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the other hand, cover values of native species per plot were quantified by the sum of 
cover among all native species per plot. However, due to larger plots that may have 
more species and therefore more components for this sum, to use native species 
cover in the analyses, we controlled the differences in the species number by divid-
ing the sum of cover by the number of native species per plot. Thus, we obtained a 
variable representing a mean cover of native species per plot.

Finally, we assessed the relationships between exotic species richness and native 
species richness and cover separately for each forest type with the aim to evaluate 
if these intra-forest relationships are generalised among different forest types in 
central-south Chile. In these cases, because within each forest type the size of plots 
was equal among plots, we did not control the area of them and used the absolute 
number of exotic and native species as well as the sum of native species cover 
directly.

All statistical analyses were carried out using SPSS 15.0 by generalised linear 
models (GLMs).

3. Results

3.1 Exotic flora

Among the eight forest types, we recorded 56 exotic species corresponding 
to three trees (5.4%), four shrubs (7.1%) and 49 herbs (87.5%). The most com-
mon species were Rumex acetosella and Rosa rubiginosa present in six forest types; 
Hypochaeris radicata, Prunella vulgaris and Veronica serpyllifolia present in five forest 
types; and Anthoxanthum odoratum, Holcus lanatus, Leontodon taraxacoides, Lotus 
uliginosus, Plantago lanceolata, Trifolium repens and Rubus constrictus present in four 
forest types. In general, exotic species were mostly herbs in all forests with percent-
ages greater than 80%, except in the Mediterranean deciduous forest (Table 1). 
Species composition per forest-type is shown in Table 2.

3.2 Relationship between native vegetation and exotic species richness

Regarding all forests, exotic species richness varied between 0 and 20 species 
per plot. After controlling the area of plots, exotic species richness was signifi-
cantly greater in temperate forests than in Mediterranean forests along all gradients 
of cover and richness of native species and for each type of forest canopy (decidu-
ous or evergreen) (Table 3 and Figures 2–4). Exotic species richness was nega-
tively and significantly related to the native species cover (Table 3 and Figure 2).  
This pattern seems to occur in both Mediterranean and temperate forests as we 
found no significant interaction between the climatic region and native species 
cover (Table 3). However, the slope of this relationship in plots from the temper-
ate region was greater than in plots from the Mediterranean-type climate region 
(Figure 2). In contrast, exotic species richness was not significantly related to the 
native species richness when all plots were analysed together or in each climatic 
region separately (Table 3 and Figure 3). On the other hand, exotic species rich-
ness was significantly greater in deciduous forests than evergreen forests (Table 3  
and Figure 4). Yet, the interaction between region and foliage periodicity was 
significant (Table 3), indicating that higher exotic species richness in deciduous 
forests than evergreen forests occurred only in temperate forests (Figure 4).

When analysing data separately for each forest type, they showed different 
relationships between native vegetation variables and exotic species richness. A 
significant negative relationship between native species cover and exotic species 
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Exotic species Sc Mm Sa Tm Sd Le Ld Se

Achillea millefolium 1
Agrostis capillaris 1 1 1
Agrostis castellana 1 1
Agrostis tenuis 1
Anagallis arvensis 1
Anthoxanthum odoratum 1 1 1 1
Aster vahlii 1
Bellardia trixago 1 1
Bromus hordeaceus 1
Capsella bursa-pastoris 1
Cirsium vulgare 1 1
Crataegus monogyna 1
Crepis capillaris 1
Cynosurus echinatus 1 1
Cytisus striatus 1
Chrysanthemum sp. 1
Dactylis glomerata 1 1 1
Digitalis purpurea 1 1 1
Erodium cicutarium 1
Fumaria officinalis 1
Galium aparine 1
Gastridium ventricosum 1
Holcus lanatus 1 1 1 1
Hypochoeris radicata 1 1 1 1 1
Lapsana communis 1
Leontodon taraxacoides 1 1 1 1
Leucanthemum vulgare 1 1
Lolium multiflorum 1
Lolium perenne 1 1
Lotus uliginosus 1 1 1 1
Medicago polymorpha 1
Mentha pulegium 1
Panicum capillare 1
Phleum pratense 1
Pinus radiata 1
Plantago lanceolata 1 1 1 1
Poa pratensis 1
Poa trivialis 1
Prunella vulgaris 1 1 1 1 1
Ranunculus repens 1 1
Rosa rubiginosa 1 1 1 1 1 1
Rubus constrictus 1 1 1 1

Rubus ulmifolius 1

Rumex acetosella 1 1 1 1 1 1

Salix viminalis 1

Sonchus asper 1

Stellaria media 1 1

Taraxacum officinale 1 1 1



Diversity and Ecology of Invasive Plants

68

the other hand, cover values of native species per plot were quantified by the sum of 
cover among all native species per plot. However, due to larger plots that may have 
more species and therefore more components for this sum, to use native species 
cover in the analyses, we controlled the differences in the species number by divid-
ing the sum of cover by the number of native species per plot. Thus, we obtained a 
variable representing a mean cover of native species per plot.

Finally, we assessed the relationships between exotic species richness and native 
species richness and cover separately for each forest type with the aim to evaluate 
if these intra-forest relationships are generalised among different forest types in 
central-south Chile. In these cases, because within each forest type the size of plots 
was equal among plots, we did not control the area of them and used the absolute 
number of exotic and native species as well as the sum of native species cover 
directly.

All statistical analyses were carried out using SPSS 15.0 by generalised linear 
models (GLMs).

3. Results

3.1 Exotic flora

Among the eight forest types, we recorded 56 exotic species corresponding 
to three trees (5.4%), four shrubs (7.1%) and 49 herbs (87.5%). The most com-
mon species were Rumex acetosella and Rosa rubiginosa present in six forest types; 
Hypochaeris radicata, Prunella vulgaris and Veronica serpyllifolia present in five forest 
types; and Anthoxanthum odoratum, Holcus lanatus, Leontodon taraxacoides, Lotus 
uliginosus, Plantago lanceolata, Trifolium repens and Rubus constrictus present in four 
forest types. In general, exotic species were mostly herbs in all forests with percent-
ages greater than 80%, except in the Mediterranean deciduous forest (Table 1). 
Species composition per forest-type is shown in Table 2.

3.2 Relationship between native vegetation and exotic species richness

Regarding all forests, exotic species richness varied between 0 and 20 species 
per plot. After controlling the area of plots, exotic species richness was signifi-
cantly greater in temperate forests than in Mediterranean forests along all gradients 
of cover and richness of native species and for each type of forest canopy (decidu-
ous or evergreen) (Table 3 and Figures 2–4). Exotic species richness was nega-
tively and significantly related to the native species cover (Table 3 and Figure 2).  
This pattern seems to occur in both Mediterranean and temperate forests as we 
found no significant interaction between the climatic region and native species 
cover (Table 3). However, the slope of this relationship in plots from the temper-
ate region was greater than in plots from the Mediterranean-type climate region 
(Figure 2). In contrast, exotic species richness was not significantly related to the 
native species richness when all plots were analysed together or in each climatic 
region separately (Table 3 and Figure 3). On the other hand, exotic species rich-
ness was significantly greater in deciduous forests than evergreen forests (Table 3  
and Figure 4). Yet, the interaction between region and foliage periodicity was 
significant (Table 3), indicating that higher exotic species richness in deciduous 
forests than evergreen forests occurred only in temperate forests (Figure 4).

When analysing data separately for each forest type, they showed different 
relationships between native vegetation variables and exotic species richness. A 
significant negative relationship between native species cover and exotic species 

69

Relationship between Exotic Plant Species Richness, Native Vegetation and Climate in Forest…
DOI: http://dx.doi.org/10.5772/intechopen.82233

Exotic species Sc Mm Sa Tm Sd Le Ld Se

Achillea millefolium 1
Agrostis capillaris 1 1 1
Agrostis castellana 1 1
Agrostis tenuis 1
Anagallis arvensis 1
Anthoxanthum odoratum 1 1 1 1
Aster vahlii 1
Bellardia trixago 1 1
Bromus hordeaceus 1
Capsella bursa-pastoris 1
Cirsium vulgare 1 1
Crataegus monogyna 1
Crepis capillaris 1
Cynosurus echinatus 1 1
Cytisus striatus 1
Chrysanthemum sp. 1
Dactylis glomerata 1 1 1
Digitalis purpurea 1 1 1
Erodium cicutarium 1
Fumaria officinalis 1
Galium aparine 1
Gastridium ventricosum 1
Holcus lanatus 1 1 1 1
Hypochoeris radicata 1 1 1 1 1
Lapsana communis 1
Leontodon taraxacoides 1 1 1 1
Leucanthemum vulgare 1 1
Lolium multiflorum 1
Lolium perenne 1 1
Lotus uliginosus 1 1 1 1
Medicago polymorpha 1
Mentha pulegium 1
Panicum capillare 1
Phleum pratense 1
Pinus radiata 1
Plantago lanceolata 1 1 1 1
Poa pratensis 1
Poa trivialis 1
Prunella vulgaris 1 1 1 1 1
Ranunculus repens 1 1
Rosa rubiginosa 1 1 1 1 1 1
Rubus constrictus 1 1 1 1

Rubus ulmifolius 1

Rumex acetosella 1 1 1 1 1 1

Salix viminalis 1

Sonchus asper 1

Stellaria media 1 1

Taraxacum officinale 1 1 1



Diversity and Ecology of Invasive Plants

70

Source of variation Chi2 P

Climatic region 54.999 <0.001
Foliage periodicity 8.377 0.004
Native cover 5.201 0.023
Native richness 2.241 0.134
Climatic region × foliage 17.278 <0.001
Climatic region × native cover 0.029 0.864
Climatic region × native richness 0.066 0.798

Table 3. 
Statistical results (generalised lineal models) for the effect of climatic region (Mediterranean vs. Temperate), 
foliage periodicity (evergreen vs. deciduous), native species cover and native species richness on exotic species 
richness (N = 167 plots).

Exotic species Sc Mm Sa Tm Sd Le Ld Se

Teline monspessulana 1 1

Trifolium dubium 1 1

Trifolium pratense 1 1 1

Trifolium repens 1 1 1 1

Urtica dioica 1

Verbascum thapsus 1

Veronica scutellata 1

Veronica serpyllifolia 1 1 1 1 1

Table 2. 
Exotic species recorded in each forest type. Nomenclature of forests is in Table 1.

Figure 2. 
Relationship between exotic species richness and native species cover per climatic region. Exotic species richness 
per plot was divided by the logarithm (10) of the area of plots to control the differences of area between plots. 
Native species cover per plot was divided by the number of native species in the plot to control the differences of 
richness between plots.
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richness was observed in four forest types, representing 50% of studied forest types, 
two forests from the Mediterranean-type climate region and two from the temperate 
region (Table 4 and Figure 5). There was no positive relationship between native 
species cover and exotic species richness. In turn, a significant relationship between 
native species richness and exotic species richness was observed only in three forest 
types, representing 38% of forests included in this study, all of them corresponding 

Figure 3. 
Relationship between exotic species richness and native species richness per climatic region. Exotic species 
richness and native species richness per plot were divided by the logarithm (10) of the area of plots to control the 
differences of area between plots.

Figure 4. 
Exotic species richness per climatic region and foliage periodicity type (mean ± 1 S.E.) (N = 167 plots). 
Different letters indicate significant statistical differences between each combination of region and foliage 
periodicity (P < 0.05).
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Forest type Native species 
richness

Total native cover

Chi2 P Chi2 P

Sclerophyllous forest (Sc) 1.901 0.168 0.626 0.429

Mediterranean Subantarctic Andean forest (Sa) 1.217 0.270 7.337 0.007

Mediterranean montane deciduous forest (Mm) 1.043 0.307 8.109 0.004

Lowland deciduous forest (Ld) 11.351 0.001 0.012 0.913

Swamp deciduous forest (Sd) 7.781 0.005 0.550 0.458

Lowland evergreen forest (Le) 0.074 0.786 0.058 0.810

Temperate montane deciduous forest (Tm) 4.526 0.033 11.450 0.001

Swamp evergreen forest (Se) 0.004 0.951 6.160 0.013

Table 4. 
Statistical results (generalised linear models, ordinal multinomial distribution of data and logit function link) 
of analyses per forest type for the effect of native species richness and native species cover on exotic species richness. 
Significant relationships in bold.

Figure 5. 
Relationships between exotic species richness and native species cover in every forest type. Curves are shown only 
for significant relationships.
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to temperate forests (Table 4 and Figure 6). However, in this case, in two forests 
the relationship was negative while in one forest type (Swamp deciduous forest) the 
relationship was positive (Figure 6).

4. Discussion

In this study, we document that exotic species richness is related to variation in 
native species cover, foliage periodicity and, at a less extent, native species richness. 
Additionally, these relationships depend on climate and/or forest type in forest 
communities of Chile.

The significant negative relationships between exotic species richness and 
native species cover pooling all forests as well as within some forest types suggest 
competitive effects of native vegetation on invasion of exotic plants [27]. Variability 
of native cover within forests may be produced by natural causes (including  natural 
disturbances) as well as anthropogenic disturbances. Regardless of the cause 
determining this variability, lower native cover entails more resources for invasive 
species [13, 14, 27]. Therefore, our results suggest a high importance of competition 

Figure 6. 
Relationships between exotic species richness and native species richness in every forest type. Curves are shown 
only for significant relationships.
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in invasion processes of exotic species in these forest communities. Similarly, other 
observational studies performed within forest ecosystems [19, 28, 31, 42] as well as 
an increasing number of experimental studies have demonstrated the importance of 
resource availability and competition liberation for plant invasion [8, 12, 21, 23, 43].  
Therefore, although many exotic plant species may also invade closed-canopy 
forests, as documented by Martin et al. [32], our results suggest that more covered 
sites within or between native forests may better resist plant invasion.

Globally within the study area, we observed no significant relationship between 
exotic and native species richness. Instead, when every forest was separately 
 analysed, two of them showed a significant negative relationship, which is con-
sistent with the idea that negative relationships between exotic and native species 
richness would only occur when other factors are controlled (i.e. within each forest 
type) [3, 7, 15, 21]. This result suggests that, at least in these two forest types, 
exotic and native species may be competing by resources. However, our results did 
not agree to Shea and Chesson [7] and some empirical studies [6, 19, 22, 25, 44, 45],  
which proposed that in geographical comparisons (in our case in the analysis pool-
ing data from all forests), positive relationships between exotic and native species 
richness should emerge. In particular, the absence of a positive correlation between 
native and exotic species richness when all forests were analysed together con-
trasts to Fuentes et al. [26], who found similar geographical tendencies between 
native and exotic species richness along Chile, although in this case, using much 
larger scales to measure species richness. Davies et al. [46] proposed that positive 
relationships between exotic and native species richness would mainly occur when 
richness is quantified at large spatial scales [26]. This would occur because greater 
environmental heterogeneity within large quadrants would favour both exotic and 
native species. Instead, this would not occur at small spatial scales such as a plot-
scale (this study), even though plots are compared at a geographical scale [46]. 
However, Souza et al. [47] found that native and exotic species richness may be 
positively correlated both at local and landscape scales. Consistent to Souza et al. [47], 
 we observed a positive relationship between exotic and native species richness 
occurring within a forest type (at a local scale). This positive correlation could 
be produced by a similar response of native and exotic species to environmental 
factors [7, 47], or because native species are facilitating exotic species [16, 47]. In 
the forest type in which this positive relationship was observed (swamp deciduous 
forest), soil conditions are extreme, with soils permanently saturated with water 
and low soil oxygen [38]. Therefore, it is probable that within this community, 
only in microsites (at a scale of 100 m2 or less) where soil conditions are a little 
more favourable, more species, exotics as well as natives, can coexist. Nevertheless, 
it is not possible to rule out facilitative effects of native on exotic species in this 
case either.

We observed that in the temperate region, deciduous forests presented greater 
exotic species richness than evergreen forests, which suggests that the seasonal 
increase in light conditions in deciduous forests may be a factor contributing to an 
increase of invasion probability in temperate forests. Higher light requirement of 
exotic species has been proposed as an important life history attribute favouring 
the invasion in low-cover sites [14, 43], for instance, ruderal habitats. In fact, most 
of the exotic species of central-south of Chile have been documented as shade-
intolerant species [48]. Although the relationship between foliage periodicity and 
plant invasion has scarcely been evaluated, our results agree to Ibáñez et al. [33] 
who documented greater exotic species richness in deciduous forests than evergreen 
forests in eastern North America. Thus, this factor may be an important driver of 
plant invasion in forest ecosystems although more studies are needed to assess the 
generality of this relationship.
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On the other hand, our results show that under the same conditions of cover, rich-
ness and foliage periodicity of native species, forests from the temperate climate region 
were richer in exotic species than forests from the Mediterranean-type climate region. 
This suggests that the Mediterranean-type semiarid region of Chile represents a more 
stressful condition than the temperate region for exotic species invading forest ecosys-
tems, which agrees to several studies documenting that greater exotic species richness 
seems to establish mainly in more productive climates [6, 20, 26, 33]. For instance, 
Lonsdale [6] found a lower number of exotic species in deserts and savannas than in 
forest habitats around the world, and Stohlgren et al. [20] found a positive relationship 
between productivity and exotic species richness within North America. Ibáñez et al. 
[33] documented higher exotic species richness in areas with warmer temperatures and 
higher summer precipitation in a region of eastern North America. Finally, in the same 
country, Chile, Fuentes et al. [26] observed greater exotic species richness at a regional 
scale (10 × 10 km) within Mediterranean and temperate regions than in deserts or 
colder areas. Nevertheless, in contrast to our results, Fuentes et al. [26] observed 
higher exotic species richness in the Mediterranean region than the temperate region 
although, in this case, using larger scales to measure exotic species richness.

If more xeric climates such as in the Mediterranean region of Chile entail more 
stressful conditions for exotic species (as suggested by the greater exotic species 
richness in the temperate climate), based on the stress-gradient hypothesis [34], in 
the Mediterranean region, facilitative interactions and positive relationships may be 
expected between native vegetation and exotic species richness, while competitive 
and negative relationships in temperate forests. Thus, the fact that the relationship 
between native cover and plant invasion was observed in both climatic regions 
only partially supports the stress-gradient hypothesis [34]. However, the slope of 
this relationship was steeper in the temperate region than in the Mediterranean-
type climate region, suggesting that competitive effects of native vegetation on 
exotic species were stronger in the less stressful climatic region, which agrees to 
the stress-gradient hypothesis [11, 34]. Additionally, we did not find a significant 
negative relationship between native cover and exotic species richness in the most 
xeric forest included in this study (sclerophyllous forest), which again suggests that 
under more stressing conditions in terms of water availability, competition would 
be weaker, or that facilitative effects of native vegetation on exotic species counter-
acted any competitive interaction (e.g. [10, 12, 17]). Furthermore, two among five 
temperate forests presented negative relationships between native cover and exotic 
richness, and in the other temperate forest (lowland deciduous forest), a negative 
relationship between native and exotic species richness was observed. These results 
suggest that in temperate forests negative relationships between native vegetation 
and exotic species are more frequent than in Mediterranean forests, which agree 
with the stress-gradient hypothesis. On the other hand, the fact that deciduous 
forests presented greater exotic richness than evergreen forests only in the temper-
ate region suggests that in more humid regions the light conditions may be a more 
important limiting factor for exotic species than in Mediterranean-type climates. 
This result may also be consistent with the stress-gradient hypothesis since compe-
tition by light would be stronger under less stressful abiotic conditions (temperate 
region). In consequence, our results suggest that the stress-gradient hypothesis may 
be useful to predict patterns of relationship between exotic species richness and 
native vegetation when species richness is analysed at small spatial scales. Other 
studies [11] have also found support for this hypothesis in the context of interac-
tions between native and exotic species.

Finally, our results suggest that maintaining or increasing native species cover may 
help to control or reduce plant invasion, at least in terms of exotic species richness. 
This may be a successful management strategy for the control of invasion mainly in 
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temperate forests as well as in some Mediterranean-type climate forests. Instead, in 
more xeric Mediterranean forests (e.g. sclerophyllous forest), an increase in cover of 
native species does not seem to be enough to reduce exotic species richness, and other 
actions are needed to control plant invasion.
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Japanese Knotweed (Fallopia 
japonica)
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Abstract

Fallopia japonica as an invasive alien species in Europe and North America 
presents a significant problem to the existing flora as well as to infrastructures 
and agricultural land. That is why measures and attempts to control the plant are 
increasing rapidly. However, conservationists are not yet able to agree on the most 
suitable method. In the research project ‘Game of Clones’, a team of scientists 
together with the help of high school students is spatially modeling the spreading 
behavior of knotweed under different circumstances and is creating and providing 
a board game as well as a computer simulation as an experimental platform. To 
develop sustainable assumptions to be able to model the responses of knotweed to 
each control measure, a vast understanding of the plant is necessary. The chapter 
covers the results of research activities and experiments within the project and gives 
a comprehensive review about Japanese knotweed.

Keywords: Japanese knotweed, invasive species, dispersal, modeling, computer 
simulation, board game

1. Introduction

The spread of non-native species and their impact on the environment are a 
much-noticed topic in science and nature conservation. Recently, also a broader 
public is becoming increasingly interested, especially as the annual economic 
loss caused by alien species is estimated to be up to 5% of the world economic 
output [1]. Moreover, invasive alien species are an important factor in the loss of 
biodiversity. In fact, an analysis of the IUCN Red List shows that it is one of the 
most common threats associated with extinct species. Invasive alien species can 
also lead to changes in the structure and composition of ecosystems that have a 
significant negative impact on ecosystem services and affect the economy and 
well-being of humans [2–4]. Although the number of documented invasive spe-
cies is underestimated in many countries, the introduction of invasive species has 
increased significantly. In Europe, for example, the number of invasive alien species 
increased by 76% between 1970 and 2007 (IUCN). Only a few of the thousands 
of species introduced into new areas actually become invasive, which is why their 
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identification is the main objective of invasion biology. In Austria, 1110 alien vascu-
lar plant species have been identified, which account for 27% of the total Austrian 
flora. Of these, 17 species are problematic for nature conservation as they invade 
near-natural habitats [5]. Japanese knotweed, Fallopia japonica, is one of them and 
is considered to cause large changes to the communities and ecosystems it invades. 
Its large size and its clonal, monocultural growth lead to the visual, structural, and 
chemical transformation of ecosystems. Wherever the plant takes root, the diversity 
of plant species decreases. The remaining competing species are mostly non-native 
[6–9] and show strong reductions in height, biomass, and specific leaf area (SLA) 
[10]. Once a F. japonica stand is established, the clonal connectivity increases its 
ability to grow further [6]. The vast spreading in riparian areas also results in the 
reduction of an overall abundance of invertebrates [3, 7]. Therefore, a large-scale 
invasion of Fallopia species is likely to seriously affect the biodiversity and quality 
of ecosystems and should be prevented [7].

Not only does Japanese knotweed have a negative effect on the environment, 
but it also causes damage to infrastructure and costs effort and money for removal 
work. Each year, a considerable sum is spent on vegetation management on rail-
way and road networks [11]. Fallopia japonica prefers manmade locations where 
other plants do not have a chance; in railway structures these are graveled areas, 
platforms, and loading areas. Weed control is primarily carried out in the track 
area in order to avoid fine soil and humus accumulation and thus reduce increased 
water retention capacity. Also, for the treatment of the track-accompanying paths, 
security is the main reason [12]. The urgent need for action can also be seen in our 
current projects: the project “Vegetation control on roads and railways” aims for 
vegetation control of traffic infrastructure areas with a balanced consideration 
between conventional and effective eco-alternative methods. In another project we 
are taking over the scientific monitoring for railway embankment grazing on the 
Koralm railway in order to control Japanese knotweed [13].

In agriculture, in addition to knotweed competing with crops, contaminated 
goods such as humus landfills pose a real problem. Open soils and disturbed vegeta-
tion provide an opportunity for problematic plants to colonize. One centimeter of 
root is enough for Japanese knotweed to form a new population [14]. According to 
Section 21 of the Carinthian Nature Conservation Act, the release or sowing of wild 
plants […] into areas in which they are not native requires a permit. A permit may 
only be granted if neither the natural habitats nor the native wild animal and plant 
species are damaged. Large economic losses can therefore occur if humus landfills 
partly or fully overgrown with knotweed can no longer be used as such.

At present, there is no fully effective method to control knotweed. Still, in the 
literature, there is a long list of control methods ranging from mechanical methods 
such as pulling out and mowing [15] to grazing with sheep and goats [16], planting 
competitive native species [17, 18], covering the roots with tarpaulin, and using herbi-
cides [18, 19] to biological control such as the use of Japanese knotweed psyllid [20].

In summary, characteristics, effects, and control measures of Japanese knotweed 
are subject to numerous research projects in Central Europe and North America; 
“Game of Clones” is one of them and approaches the topic in a somewhat different 
and playful way. A team of scientists together with the help of high school students 
aims to spatially model the spreading behavior of knotweed under different cir-
cumstances and to create and provide a computer simulation as an experimental 
platform as well as a board game. Considering that multiple components are 
required, first, a vast understanding of knotweed, especially regarding its ecologi-
cal optima, its dispersal strategy, and its response to different control measures, 
is necessary. Therefrom, sustainable assumptions can be developed to be able to 
model the responses of knotweed to each control measure. For answering some of 
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the questions, experiments will be used. The outcomes will lead to the creation of a 
board game and a computer simulation model based on a cellular automaton to be 
able to analyze and demonstrate the spreading behavior of knotweed in an interac-
tive manner. Players will try out different measures to eradicate the clones and to 
keep particularly valuable areas clear from the weed. Doing this, they should go as 
easy on resources as possible. Depending on the individual starting points, different 
measures and combinations of measures will lead to success, in other words, reduce 
or stop the plant growth. The game takes place on actual existing land (satellite 
images), so the computer simulation can also be consulted for concrete action 
planning. The students in the research project will also play a part in the browser-
based programming of the strategy game; in this way, they will simultaneously be 
an important reference group regarding its user-friendliness and functionality. The 
present chapter covers the results of the research activities and experiments within 
the project and gives a comprehensive review about Japanese knotweed. Section 2 
starts with a description of all methods used, and Section 3 will be about the corre-
sponding results. Section 4 finally discusses the question of the necessity of invasive 
species removal, summarizes the results, and concludes with a range of further rec-
ommendations for improving the existing evaluation and monitoring frameworks.

2. Methods

In “Game of Clones”, a multitude of methods have been and are used. This is 
especially important because it is the only way to fully understand Japanese knot-
weed in all its parts and behaviors. The following chapter will describe each method 
with all its limitations and challenges in detail to be able to relate to the results.

2.1 Literature research

As a start, the team of researchers has carried out an extensive literature search. 
The contributions and articles collected were reviewed and classified as more or less 
relevant to the research question of the project. With the support of the Regional 
Museum of Carinthia (Landesmuseum Kärnten), a bibliography of over 200 relevant 
papers on Fallopia japonica was compiled and divided into various topics: classifica-
tion, taxonomy, identification, characteristics, history, growth, reproduction, spread-
ing, usage, impacts, monitoring, control, management, invasions, and modeling.

2.2 Phenotypic and genotypic identification

For a serious discussion about the plant, the most urgent question that needs to be 
clarified and cannot be answered by the literature is what exact species we are dealing 
with in our project area. In Central Europe, there is evidence for two introduced 
species, Fallopia japonica and Fallopia sachalinensis; their hybrid Fallopia × bohemica 
has begun spreading as well [6, 21, 22]. The two original species are relatively easy to 
distinguish based on the shape and size of their leaves, but discriminating them from 
hybrids is challenging, even for experts. Hence, we will make use of DNA-barcoding, 
a taxonomic method for species identification using the DNA sequence of a marker 
gene [23]. The sequence of base pairs is used as a marker for a particular species, 
analogous to the barcode on food packaging. Since the DNA sequence changes by 
point mutations at a generally uniform rate, more closely related individuals (and spe-
cies) have more similar sequences. As long as a species remains undivided, i.e., has a 
common gene pool, differences between different populations are compensated again 
and again by gene flow. So, if samples from two individuals have clearly different 
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sequences, this is a sign that they come from different species [24]. The analysis of 
two marker genes (chloroplast marker and nuclear marker) should provide infor-
mation on hybridization and distribution of the species in our project area of the 
Austrian federal states of Carinthia and Styria. The chloroplast marker is inherited 
from the maternal organism, so by using it we will see what species was maternal. The 
nuclear marker will indicate if the plant is homo- or heterozygote, therefore a hybrid.

In the months of July and August 2018, 95 leaf samples were collected and sent 
to the Canadian Centre for DNA Barcoding (CCDB) in Guelph for DNA sequenc-
ing. For 3 weeks, 72 of the leaf samples were taken from individuals in Carinthia 
and Styria. Care was taken to ensure that different locations and morphologically 
different stands were chosen. If a site was selected, a tissue piece with an area of 
1 × 0.5 cm was sampled with clean forceps. Preference was always given to the 
youngest and greenest parts of the plant, rich in plastids and meristematic cells such 
as the tip of a leaf. The samples were then placed in airtight bags of silica gel and 
kept to dry. Before proceeding to the next sample, it was crucial to ensure that no 
residual tissue remained on the forceps by rinsing them in 95% ethanol and wiping 
them with a clean absorbent paper. For each sample, a herbarium voucher of several 
leaves and flowers was collected, dried, and archived in the Regional Museum of 
Carinthia. Additional metadata included the assumed species, age, and sex as well 
as a detailed description of the site consisting of GPS coordinates, address, and site 
conditions. A photo documentation comprising location, entire plant, leaf surface 
and underside, and flower complements the sample collection (Figures 1 and 2).

Each sample was assigned to a Museum ID, which links it to the voucher, the meta-
data, and the photo documentation. A total of 13 of the 95 samples were collected 
from reliably identified individuals of all three species from the herbarium in the 
Regional Museum of Carinthia to serve as a reference. Ten of the 95 samples were not 
taken from the field, but CCDB offered to organize reference samples from Eastern 
Asia to have some samples from Japanese knotweed’s native range.

The analysis is still ongoing; in case the sequencing will be successful, the data 
will be fed into the global Barcode of Life Data System (BOLD).

Figure 1. 
Required tools for field sampling (E.C.O Institute of Ecology).
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2.3 Transect monitoring

Growth rates and propagation patterns are crucial parts of the basic data needed 
for the modeling of Fallopia populations. That is why we set up two transects on 
the campus of the Lakeside Science & Technology Park, a science and technology 
park in Klagenfurt. A transect is a straight line along which one counts and records 
occurrences of a species. The main advantage of transect mapping is its repeatability 
and standardization even under difficult terrain conditions. Both our transects 
(10 m each) were border on infiltration areas. The exact position of the transects was 
chosen in such a way that the shoots are rather in the middle of the observation area 
in order to be able to measure the propagation better. All methods were implemented 
according to the manual of vegetation-ecological monitoring by Andreas Traxler 
[25]. The transects were divided into 10 subplots (1 × 1 m each); the measured plants 
were each marked with a piece of yarn. In a weekly monitoring (April–July), the 
growth and propagation of Fallopia japonica was observed with two methods. On the 
one hand, three shoots were selected in both transects, in which the shoot width (at 
a height of 10 cm) and the height itself were measured with a caliper and meterstick. 
On the other hand, the number of shoots in each subplot was counted, and new 
shoots were marked and measured for their exact position. The data gain significance 
if they are interpreted in connection with the weather data for the period in question, 
as it is intended for the compilation of the logarithms of the computer simulation.

2.4 Rhizome uncovering

A good understanding of the underground processes in the Fallopia clone is of 
central importance for our research. To understand the connection between plant 
growth above- and underground and the knotweed’s reaction to obstacles, we 
laid bare the entire root network of two stands in a large-scale field experiment. 
The method we used was already developed and successfully applied for the root 
exposure of forest trees in the past [26].

Figure 2. 
Herbarium voucher of a sample of Fallopia sachalinensis (Herbarium collection code: KL—Kärntner 
Landesherbar).
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The stands are located on the campus of the Lakeside Science & Technology 
Park in Carinthia that borders directly on the Natura 2000 site Lendspitz-
Maiernigg. During construction works 2 years ago, building rubble was piled up 
and populations of Japanese knotweed were able to colonize the area. The first 
location is a 4 m high hill with a 2-year-old stand; the second location borders on 
the parking lot, and its stands already exist for 4 years.

After the excavation work had been carried out and the site on the hill and next 
to the parking lot had been dug down by 2 m, the manual excavation work began. 
Together with the students, teachers, and soil experts of our two cooperating schools 
“BORG Spittal” based in Carinthia and “HBLFA Raumberg-Gumpenstein” based in 
Styria, the roots were then uncovered in a period of 2 days (Figures 3 and 4). The 
rough work was done with shovels, spades, and picks; the fine work was mainly done 
with screwdrivers. Bit by bit, the earth was dug away along the rhizomes and roots, 
thus exposing the roots. The results were documented in writing, in photographi-
cally, and in overview and detail drawings. The excavated shoot and rhizome parts 
were disposed of by the waste management department of the city of Klagenfurt so 
as not to contaminate further soil. After the two work days, the holes were dug up 
again by the excavator.

2.5 Rhizoboxes

Rhizoboxes are a non-invasive investigation method, which offers the possibil-
ity to survey the root system growth dynamics in time and space. Based on the root 
uncovering in Carinthia and the knowledge gained about length and width growth 
of the underground biomass, the experimental arrangements for the rhizoboxes 
were proposed. After a test experiment, adaptations took place; further experi-
ments will follow. The method of using rhizoboxes aims to answer the following 
questions: how quickly do the rhizomes of knotweed grow (growth rates and 
depth and width growth) in vertical and horizontal rhizoboxes? What are the 
limiting factors (e.g., aboveground biomass, drought, cold, light, etc.)? For this 
purpose, 10 rhizoboxes in size of 30 × 100 cm were built, five in horizontal and 
five in vertical alignment (Figures 5 and 6).

Figure 3. 
Excavation work at location 1 (E.C.O. Institute of Ecology).
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Figure 4. 
Measuring the length growth of the rhizome (HBLFA Raumberg-Gumpenstein).

Figure 5. 
The earth material must be sieved before the boxes are filled (HBLFA Raumberg-Gumpenstein).
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Attempt 1: For the first experiment, fresh rhizome mass of Japanese knot-
weed was used to illustrate the growth in length, height, and width. On 13 July 
2018, the first two boxes were filled with fresh earth material and the rhizome 
mass was planted (box 1 = 4 cm piece and box 2 = 7 cm piece). The first attempt 
was aborted because of glass jumps, mold formation, and too much soil and 
water.

Attempt 2: The second attempt started on July 27, 2018; four boxes were filled 
with fresh earth material. The length growth of the rhizome was measured approx. 
every 3–4 days, and the growth spurts were documented in an Excel file. The 
alignment of the boxes was optimized; the rhizome parts cast less intensively. After 
about 3 weeks, the growth directions and lengths were traced with a white marker. 
The boxes are still filled, and the rhizomes are moving inwards. Next steps will 
include:

• leaving some earth and rhizome material in the boxes and storing it over the 
winter (covered with fleece) in order to test whether there will be further 
growth next year,

• experimenting with two boxes being filled and sampled and simulating a 
longer growing period in the boarding school at a nearly constant tempera-
ture—the results are then evaluated in spring 2019, and

Figure 6. 
The rhizome was traced to simplify the measuring (HBLFA Raumberg-Gumpenstein).
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• starting a new rhizobox experiment with fresh material in spring 2019 and 
precisely documenting length and width growth.

The rhizobox experiments were all conducted by the students Philipp Poier and 
Julian Heywood and their teachers Renate Mayer and Irene Sölkner from the HBLFA 
Raumberg-Gumpenstein. Next year, observations will be longer and more regular. 
The present studies served as first pilot experiments to get familiar with the method.

2.6 Board game and computer simulation

All experiences gained in our research will influence and have influenced 
the development of both the analog and the digital version of the strategy game 
‘Game of Clones’. The game is based on a spatial model using cellular automatons 
(Figure 7) to display dynamic vegetation patterns [27]. The basic approach of 
cellular automatons is a subdivision of the area into equally sized, mostly quadratic 
fields. The dynamics of the modeling results from an interaction between the neigh-
boring cells, in which a “state” is set to overlap the neighboring field (discretely 
modeled temporal development). When defining neighborhoods for quadratic cells, 
the van Neumann neighborhood and the Moore neighborhood are being distin-
guished. Whereas in the van Neumann neighborhood only cells with common edges 
are considered neighbors (this results in 4 neighbors per cell), the Moore neighbor-
hood also defines diagonally adjacent cells as neighbors (this results in 8 neighbors 
per cell). For “Game of Clones”, we chose the approach of a model with hexagonal 
cells, in which there are always exactly six neighbors. An application of a hexagonal 
model can be found, for example, in the SCIDDICA model, which models the 
behavior of landslides during strong water accumulations [28].

The modeling of the game includes biological parameters such as nutrient 
uptake, growth, and propagation rates as well as system parameters such as the 
shape and size of the cells to be simulated. This intersection of disciplines requires 
a close cooperation between expert biologists and modelers. Starting from the 
literature and empirical findings (reference area and experiments), the model is 
developed in an iterative process.

Figure 7. 
Principle of the cellular automaton with hexagonal cells (Institute of Networked and Embedded Systems, 
University of Klagenfurt).
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To be able to run the model with as many systems as possible, a browser-based 
implementation using html5 is provided to make the system compatible. Html5 
supports the execution on operating systems and is—with certain restrictions with 
regard to screen size—also suitable for mobile devices. NetLogo, a multi-agent 
programming language with an integrated modeling environment, will be used for 
the simulation. The development process requires a repeated feedback of the results 
with biologists, whereby the model parameters and assumptions are repeatedly 
adjusted and compared with available findings (literature and experiments). This 
process is of particular scientific interest and value. The user interface is developed 
at the same time as the model is created. For this purpose, early user tests proto-
types of the user interfaces to ensure ease of operation and an attractive design. 
The separation of model, view, and controller (Model-View-Controller Design 
Paradigm) allows a largely independent further development of program parts and 
supports a later independent use for other projects. The software is developed under 
an open source license and made available as a project result.

The board game “Game of Clones” is the analog version of the computer simula-
tion and focuses on playability and fun instead of enforcing fully realistic scenarios. 
In the cooperative game, players work together in order to compete against Japanese 
knotweed, either winning or losing as a group. The board game was developed 
during biweekly meetings of the experts of the E.C.O. Institute of Ecology and the 
Institute of Networked and Embedded Systems from the University of Klagenfurt. 
A prototype of the board game is already available. During the development 
process, the students of BORG Spittal played through several test rounds and made 
a strong contribution to improving the game. The computer simulation will be com-
pleted by October 2019. In contrast to the board game, full attention will be paid to 
the closeness to reality whereby the program will be filled with all recorded data.

3. Results

3.1 Literature research

Fallopia japonica (Houtt.) from the knotweed family (Polygonaceae) has a 
number of synonyms, which makes literature research more difficult (frequently: 
Polygonum cuspidatum (Sieb. & Zucc.), Reynoutria japonica (Houtt.), and Polygonum 
japonicum (Meissn.)) as well as a number of phenotypically similar species and 
hybrids (in Austria in particular: F. sachalinensis and F. × bohemica) [29–31]. Until 
the definitive identification of the species in our study area, we use Fallopia japonica 
as the provisional collective name for these species.

Screening the literature, one of the main findings was that considering that 
it is only one single species, there is a huge amount of papers that revolve around 
Japanese knotweed. The articles cover various aspects of the plant, having a focus 
on morphology, systematics, spread, and control. Following a brief story-time 
about knotweed’s introduction into Europe, this subchapter will be about the find-
ings which proved to be relevant for the project.

Fallopia japonica was first introduced to Europe in 1825 by Philipp von Siebold, 
a Bavarian physician who worked for the Dutch government in Japan. Von Siebold 
had a strong interest in botany and natural history and sent a large shipment of live 
plants—over 500 different species—from Japan to the Netherlands, one of them 
being Japanese knotweed (under the name Polygonum sieboldii). It was intended to 
make a career as an ornamental and cattle feed plant and to be used in forestry as a 
feeding ground for red deer and as a covering plant for pheasants. The career as a use-
ful plant did not start so well: it is of little use as a cover for pheasants, since it loses 
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its leaves in winter and red deer do not eat it, neither our grazing livestock. However, 
since in early autumn it is an excellent bee pasture when most of the European native 
plants have already flowered, the beekeepers have discovered Japanese knotweed for 
themselves [32]. Although the German Federal Nature Conservation Act and most 
of the Austrian Federal State Conservation Acts prohibit the planting of alien plants 
in the wild, beekeepers generously distributed the Japanese knotweed in the area—a 
first step on the way to a spread that currently places Japanese knotweed at No. 37 in 
the “Global Invasive Species Database”, a database managed by the Invasive Species 
Specialist Group (ISSG) of the IUCN Species Survival Commission.

When Japanese knotweed got introduced into Europe, they only introduced 
a female (male sterile) individuum, never the male indiviuum. A significant 
proportion of knotweed in Central Europe is not F. japonica, but the hybrid 
between it and F. sachalinensis—F. bohemica. This hybrid can reproduce with 
either parent and thus can replace the missing male specimens of F. japonica. In 
the same process, the hybrid produces the genetic diversity that F. japonica lacks 
so strikingly [33, 34].

All Fallopia species have a strong clonal growth, which allows them to surpass 
the surrounding species as well as to colonize new areas quickly. The basic unit of the 
rhizome system is a shoot clump that varies in size in different Fallopia species. In 
general, the apex of a rhizome branch eventually becomes an aerial shoot. When the 
shoot clump no longer produces new aerial shoots and dies, some lateral buds break 
the dormancy and begin to grow horizontally as new rhizome branches sometimes 
extending over 1 m. While F. japonica has rather large shoot clumps connected by long 
thin rhizomes, F. sachalinensis produces smaller shoot clumps that are more closely 
connected and grow in rows. F. × bohemica combines the characteristics of both parents 
and has an intermediate patch structure with smaller shoot clumps than F. japonica 
and longer rhizome connections between individual shoot clumps than F. sachalinensis. 
The fragmentation and spread of rhizomes by flooding or human activity are the most 
important means of propagation, as rhizome fragments of 1 cm length and 0.7 g weight 
can regenerate. Fallopia species can also regenerate from stem parts, but with lower 
regeneration rates. F. × bohemica had the highest regeneration rate of all taxa (61%) and 
is the most successful in regenerating and establishing new shoots. F. japonica and F. 
sachalinensis show lower regeneration rates (39 and 21%, respectively) [35].

The ability to regenerate in very poor soils with low nutrient requirements allows 
the plant to occur in a variety of habitats. It is not unusual for F. japonica to grow 
at the foot of buildings or on concrete surfaces [36]. The plant achieves it competi-
tive superiority primarily by limiting access to light [37]. A factor, Japanese knot-
weed is very sensitive to, is frost. The plant is exposed to significant damages by late 
spring frosts when the shoots appear and by early frosts in autumn when the leaves 
senesce at the end of the growing season. This situation suggests that minimum 
spring temperatures may limit its range expansion [38]. However, climate change 
will open up habitats within threshold values, and frost conditions in these areas 
will be less severe and restrictive [39].

All these circumstances and many more make it extremely hard to get control 
over the invasive species. In the literature, there are many control methods and 
attempts described, but there are none that are completely convincing, and it 
amounts to a combination of different methods. Mechanical regulations focus on 
mowing, and although mowing during the vegetation period reduces the height and 
the diameter growth of shoots, the total weight of the biomass more or less stays 
the same [15]. The combination of cutting or mowing and using glyphosate has 
shown to be the most efficient and least time-consuming strategy so far [19, 40]. It 
is important to replant the area immediately with competitive native species to fight 
against invasive recolonization. On average, a suppression of knotweed is necessary 
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its leaves in winter and red deer do not eat it, neither our grazing livestock. However, 
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senesce at the end of the growing season. This situation suggests that minimum 
spring temperatures may limit its range expansion [38]. However, climate change 
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All these circumstances and many more make it extremely hard to get control 
over the invasive species. In the literature, there are many control methods and 
attempts described, but there are none that are completely convincing, and it 
amounts to a combination of different methods. Mechanical regulations focus on 
mowing, and although mowing during the vegetation period reduces the height and 
the diameter growth of shoots, the total weight of the biomass more or less stays 
the same [15]. The combination of cutting or mowing and using glyphosate has 
shown to be the most efficient and least time-consuming strategy so far [19, 40]. It 
is important to replant the area immediately with competitive native species to fight 
against invasive recolonization. On average, a suppression of knotweed is necessary 
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for 2 years, before native species can be successfully established [18]. Another 
option is a long-term grazing of cows, sheep, or goats to keep the area knotweed-
free [16]. A strategy which is becoming more popular is biological control, not least 
since Japanese knotweed was introduced without all its natural enemies. Aphalara 
itadori (itadori being the Japanese word for Fallopia japonica), a species of psyllid 
from Japan which feeds on Japanese knotweed, is the subject of an application for 
release into the wild in Great Britain. It has been licensed by the UK Government 
for the biological control of Japanese knotweed in England; this is the first time 
that biological control of a weed has been sanctioned in the European Union [41]. 
Other biological controls include a leaf beetle, Gallerucida bifasciata [42] or snails, 
Succinea putris, and Urticicola umbrosus [43].

3.2 Phenotypic and genotypic identification

So far, the leaf samples have been sent to the Canadian Centre for DNA 
Barcoding (CCDB), the analysis is not yet complete though. The expected results 
should clarify which Fallopia species occur in Carinthia and Styria and in what 
proportion. The phenotypic determination suggests that only sporadic samples 
of F. sachalinensis are expected. Due to insufficient morphological differences, the 
phenotypic discrimination between F. japonica and F. x bohemica was not possible.

3.3 Transect monitoring

The weekly monitoring of the two transects provided information on growth 
rates in height and diameter. The average height growth of the six plants studied 
decreased as the vegetation period progressed. While the growth of the shoots in 
April was averagely 21.7 cm per week, it dropped to an average of 14 cm in May and 
to an average of 1.2 cm in June. As a percentage, the plants grew by 40, 1, 15, and 
0.9%, respectively. In Figure 8, the growth rate is visualized for each individual, 
and the initial length of the shoots is as follows: 117.6 cm (A.4.1.), 35 cm (A.5.1.), 
77.5 cm (A.6.1.), 32 cm (B.6.1.), 26 cm (B.9.1.), and 36.7 cm (B.9.1.). The average 
diameter growth was between 1.2 and−0.5 mm per week. The negative values result 

Figure 8. 
Height and diameter growth of shoots in two transects (A&B).
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from the fact that knotweed does not have woody shoots and the diameter size 
depends strongly on the water balance of the plant. Thus, it can happen that the 
diameter shrinks temporarily. While the growth of the diameter in April was aver-
agely 0.3 mm (5%) per week, the growth rose to 1.8 mm (17%) in May. The plants 
lost biomass in the end of May/beginning of June resulting in negative values of 
−0.25 mm (−33%) and recovered in June with 1 mm (13%) growth rate. The initial 
diameters of the shoots as visualized in Figure 8 are the following: 12 mm (A.4.1.), 
2.1 mm (A.5.1.), 8.5 mm (A.6.1.), 3 mm (B.6.1.), 3 mm (B.9.1.), and 6 mm (B.9.1.). 
B.9.1. has low values starting in May; this results from a sudden wind break in the 
shoot, which has shortened the shoot and weakened the plant.

3.4 Rhizome uncovering

The rhizome uncovering could not confirm the assumption that the largest 
biomass of Japanese knotweed is underground. At site 1, the 2-year-old stand 
grew at a height of 4 m—the longest rhizomes reached a depth of 80 cm and were 
mainly horizontal. The reason to assume is that the plant mainly invests in the 
above-ground mass in the first few years. Site 2, a 4-year-old stand, underlines this 
assumption. The rhizomes reach 2 m into the deep until they stand at the ground-
water body, which is generally high in Klagenfurt.

3.5 Rhizoboxes

The initial length of the rhizome pieces put in the rhizoboxes ranges from 5 to 
24 cm. The results show that there is no correlation between initial rhizome length 
and growth rate. The boxes have been positioned horizontally and vertically, which 
showed a slight advantage for the rhizomes put in the horizontal boxes. All rhizomes 
started growing at a slow pace and speeded up at the end. These preliminary results 
have been conducted by students; further experiments are planned (Figures 9–11) 
and (Table 1).

3.6 Board game and computer simulation

All data and experiences gained in the project result in the development of a 
computer simulation. Along the way, we also created a board game for children and 
adults from the age of 10 years, which is currently on its way to a game publisher. 
The cooperation game allows players to work together as teammates against the 
opponent, Japanese knotweed. The game starts with a landscape full of differently 

Figure 9. 
Overview drawing Site 1 (E.C.O. Institute of Ecology).
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Figure 10. 
Detail drawing of a rhizome (E.C.O. Institute of Ecology).

Figure 11. 
Board game version of “Game of Clones”.
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suitable habitats for knotweed, occupied by randomly distributed Fallopia clones. 
The players will try out different measures to eradicate the clones and to keep 
particularly valuable areas clear from the weed. Doing this, they should go as easy 
on resources as possible. The player team wins if they manage to displace all plants 
from the game plan and loses if one of the nature conservation areas is overgrown 
or destroyed by clones of knotweed. The game is based on event and action cards. 
Each round starts with an event card, meaning Japanese knotweed moves in a 
specific speed and a specific spreading mechanism. Then, it is the players’ turn and 
they can choose between action cards that portray control methods such as mowing, 
pulling out, sheep grazing, glyphosate, cover foil, or biological control (Aphalara 
itadori). Depending on the individual starting points, different measures and 
combinations of measures will lead to success, i.e., reduce or stop the plant growth.

In several test rounds, we could see that the players started to realize how fast 
and determined Japanese knotweed can spread and how little can be done about it, 
if one does not take it seriously. The only way is to cooperate, to combine control 
measures and to act as soon as possible. Whenever the population is little, it is still 
quite easy to get rid of, and once the board is mostly overgrown by knotweed, it is 
extremely hard to push back the plant. The game is designed close to reality, and in 
terms of controlling knotweed, it shows that mechanical methods are time-consum-
ing and inefficient, and that poison and cover foils are more efficient, but that they 
are not resource-saving and that one has to live with the consequences. Thus, Game 
of Clones creates awareness of invasive species in a playful way. The digital version 
is still in process, and the students in the research project will also play a part in the 
browser-based programming; in this way, they will simultaneously be an important 
reference group regarding its user-friendliness and functionality.

(E.C.O. Institute of Ecology, Institute of Networked and Embedded Systems at 
the University of Klagenfurt)

To our knowledge, the presented game is the only board game applying a 
cellular automata model to depict the spread of invasive plant species. While 
modeling plant growth with cellular automata is a well-established approach (a 
good overview can be found in [27]), there are only a few examples for usage of 
cellular automata simulations in board games: Franzel describes the usage of a 
board game to assess farmers’ preferences among alternative agricultural tech-
nologies in [44]. Kang et al. [45] depict a computer simulation model addressing 
evolutionary game theory within a five-species jungle game, which is based on a 
Chinese board game. The work most related to our approach is the board game 
“Alien Invaders!” which teaches students how introduced species can affect 
native species with the example of native birds being affected by introduced 
species [46].

Date Rhizobox 1 Rhizobox 2 Rhizobox 3 Rhizobox 4

27 July 2018 5 5 24 4

30 July 2018 6 7 27 5.5

2 August 2018 6 7.5 30.5 5.5

6 August 2018 6 7.5 31 5.5

10 August 2018 7 8.5 31.5 6.5

31 August 2018 13.5 15.5 42.5 9.5

Table 1. 
Rhizome length growth in rhizoboxes (rhizome pieces in cm); rhizoboxes 1 and 2 are positioned horizontally, 
and rhizoboxes 3 and 4 are positioned vertically (HBLFA Raumberg-Gumpenstein).
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4. Conclusion

The project at the time of this publication still has a duration of 1 year, which 
means that many of the results are not yet complete and require further research.

The current results show that the issue of Japanese knotweed is very complex, 
and numerous studies and research projects have already been carried out and 
many are still ongoing. Due to the complexity and the costs of the control, the 
question arises whether the extensive control of knotweed is really necessary. 
But it turns out that even if one is of the opinion not to additionally intervene in 
the ecosystem and let nature take its course, Fallopia japonica also has significant 
economic effects, which cannot be ignored [1]. The need for further studies also 
arises from several disagreements in the literature such as the one regarding the 
gender of the species. Some say that the plant is clearly dioecious with distinct 
male and female individual organisms, and others speak of the plant being gyno-
dioecious, which is the existence of male sterile and hermaphrodite individuals. 
There is not so much literature on the underground growth of Japanese knotweed. 
Hence the root uncovering was very informative, which is exactly why it would 
be advantageous to uncover the roots at another site, especially with older stands 
in order to present comparisons and observe the underground growth after the 
initial years.

The one method to fight knotweed does not exist. For every area, every situa-
tion, and every circumstance, a different strategy makes sense and mostly only the 
combination of different methods achieves an impact. When combating invasive 
species, however, one must always think in years. The computer simulation “Game 
of Clones” will be able to be underlaid with satellite images in order to establish a 
relationship to real areas. On the basis of the simulation, control strategies can be 
considered in advance of a measure concept. The project will also result in a practi-
cal guide and an explanatory video because the best way to combat an invasion is 
prevention and environmental education. During the collection of samples, there 
were numerous encounters with neighbors who were not aware of the problem and 
planted Japanese knotweed as a screen or threw plant remains into the compost. We 
hope that as many people as possible can be picked up by the game and sensitized to 
this topic. It would also be interesting to test whether the cooperative game method 
could be applied to other invasive plants in an adapted form.
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cal guide and an explanatory video because the best way to combat an invasion is 
prevention and environmental education. During the collection of samples, there 
were numerous encounters with neighbors who were not aware of the problem and 
planted Japanese knotweed as a screen or threw plant remains into the compost. We 
hope that as many people as possible can be picked up by the game and sensitized to 
this topic. It would also be interesting to test whether the cooperative game method 
could be applied to other invasive plants in an adapted form.
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